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Abstract

Tuning Thiol-Functionalized Nanosized Metal-Organic Frameworks for

Applications in Ophthalmic Drug Delivery

Samantha Prelaz

The work described herein explores the synthesis and characterization of porous,
crystalline materials known as metal-organic frameworks (MOFs) — comprised of metal nodes
bridged by multitopic organic linkers. Owing to their high modularity, tunable pore shapes and
sizes, and high surface areas, they are promising drug vectors for applications in drug delivery.
Chapters 2 and 3 delve into the different approaches for applying MOFs in ophthalmic drug
delivery applications.

Chapter 2 explores the design and synthesis of nanosized MOFs including MOF-808, UiO-
66, and UiO-67. The synthesis and characterization of the nanoMOFs is described and the
nanoMOFs are subject to post-synthetic modification with thiolated ligands to study the potential
for mucoadhesive properties in these materials towards drug delivery applications. A series of
characterization techniques, including probing the mucoadhesion, are presented with the goal of
understanding how the nanoscale size and thiol-functionalization can affect the mucoadhesive
properties of MOFs.

Chapter 3 looks into the synthesis and characterization of a series of nanosized thiol-
functionalized MOFs with mixed linkers. A series of UiO-66 analogues comprised of increasing
concentrations of 2,5-dimercaptoterepthalic acid (BDC-(SH),) is synthesized mixed with the
standard UiO-66 linker, 1,4-benzenedicarboxylic acid (BDC). The mixed-linker MOFs are
characterized with the goal of understanding how increasing incorporation of BDC-(SH), affects

the surface area, mucoadhesive properties and potential drug delivery capacity of these materials.
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Chapter 1
Introduction

1.1. History and Definition of Metal-Organic Frameworks

Coordination compounds, first introduced by Alfred Warner in the late 19" century, are
structures involving bonding between ligands and a central metal ion - the foundation for studies
of coordination chemistry.! Later advancements in coordination chemistry gave rise to
coordination polymers in the early 1960’s, defined as metal ions connected to bridging ligands.?
Metal-organic frameworks abbreviated as MOFs (Figure 1.1), have emerged during the past 30
years in the field of inorganic chemistry. Some of the earliest work reported in 1965 from Tomic
showcases the synthesis of coordination polymers differing in metal ions and di-, tri-, and
tetratopic carboxylic acid-based linkers, with the resulting materials investigated for thermal
stability.® In the early 1990’s, preliminary work from Hoskins and Robson reported scaffolding-
like materials with potential cavities that are accessible, demonstrating the possibility and prospect
of this work in the growing field of MOFs.* Additional understanding of MOFs structures and
synthesis was detailed by Yaghi in an ever-growing field known as reticular chemistry. This field
explores diverse approaches to connecting molecular components using coordination bonds. This
work also investigates the structural porosity of MOFs, granting them the ability to enclose guest
molecules.> ® The first ever named metal-organic framework, MOF-5, showcases the universal
design and synthesis of a stable yet crystalline MOF with permanent porosity as confirmed by

crystal structure and gas sorption experiments.’

MOFs are often referred to as coordination networks, a subclass of coordination solids
described as 2D and 3D coordination polymers.® The International Union of Pure and Applied
Chemistry (IUPAC) states that MOFs are 3D coordination networks containing organic ligands
with potential voids and long-range order (crystalline)’ and that MOFs can also be 2D with short-
range order (amorphous).” However, what distinguishes MOFs from coordination polymers and
coordination networks is the presence of potential voids in the overall structure.” Owing to their
seemingly endless combination of building units, MOFs are characterized by their high structural
tunability. These materials are composed of inorganic metal nodes, that can be in the form of

0

clusters, ions or chains,!” which are bridged together by multitopic linkers, often containing

nitrogen and oxygen.!! The individual cluster entities that are formed when the metal node is



surrounded by linkers are referred to as secondary building units (SBU)s and have defined
geometries.!? Depending on the metal and ligand chosen, the connectivity and stability of the
framework will be influenced, with high-valent metal cations requiring more coordinating linkers
and ligands to balance the overall charge.!” The key features of these materials are the ability to
tune the identity and functionality of the building blocks to achieve defined porosity, surface area
and stability. Owing to the variety of metals and organic linkers that can be combined, the design

and structure of MOFs is highly diverse. MOFs continue to be studied as emerging materials in

16, 17 —

many different applications including gas storage and release,'*~!> drug delivery, catalysis,'®

20 removal of contaminants from wastewater,>!>* and degradation of chemical warfare agents to
name a few.?» 2>
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Figure 1.1. Periodic construction of a metal-organic framework (MOF).
1.2. Fundamental Principles of MOF's

The synthesis of MOFs has attracted much attention over the years due to their vast
tunability and potential for many applications. The properties of MOF building blocks including
coordination geometry of the metal node and its connectivity with the linker are factors that

directly contribute to the overall structure and characteristics of MOFs.26

1.2.1. Reticular Chemistry

The chemistry of network structures by linking molecular building units together through
strong bonding to form an extended porous assembly is referred to as reticular chemistry.” The

approach was first introduced by MOF researchers, Yaghi, and O’Keeffe, who addressed the



importance of stable, yet defined SBUs that maintain their overall stability to direct the synthesis

and design of predetermined structures and compositions.?’

1.2.2. Topology

The network structure of a MOF and its connectivity are the basis to understanding the
overall topology. What makes up the topology of a MOF are the metal nodes, which often represent
the vertices of a net, and the multitopic linkers that often represent the edges of a net.?® Predicting
the topology of a MOF is not always straightforward due to the number of possible varieties of
coordination geometries and interconnectivities that can occur within different building blocks.?®
Several reaction parameters influence the network structure of a MOF such as solvent,
temperature, and pH, giving rise to endless possibilities for topologically different vertices and
edges.?¢ The topology is designated with a code represented by three bolded letters (i.e., fcu face-
centered cubic, Figure 1.2) and can be accessed in the Reticular Chemistry Structure Resource

(RCSR) database.?®

Figure 1.2. Representation of a MOF with fcu topology, showing the extended unit cell of UiO-
66; Zrs-based metal cluster (magenta), oxygen (red), and carbon (brown).

1.2.3. Open-metal sites in MOF's

Open-metal sites (OMS) are defined as unsaturated coordination sites on metal ions or
coordination sites that have labile terminal ligands that can be easily substituted.” A Cu-based
MOF, HKUST-1, was first reported in 1999 by Chui ef al. having a defined open-framework with

easily obtainable OMS.*® The initial stable coordination geometry of a MOF node often consists



of structural organic linkers as well as coordinated solvent molecules or modulators from the
reaction.?? OMS can be achieved by the removal of labile terminal ligands (Figure 1.3), such as a
solvent molecules and modulators that are initially coordinated to a metal node, and removed
during activation with acid or under heat and vacuum.?® When generating OMS in MOFs, it is
crucial to ensure that the overall structure does not collapse.” OMS can increase surface area,

interactions with guest molecules, and catalytic activity.?’
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Figure 1.3. Representation of labile terminal ligands that can be removed and generate
coordinatively unsaturated open-metal sites in MOFs.

1.2.4. Postsynthetic Modification of MOF's

A key approach in the advancement of MOFs that was first suggested by Hoskins and
Robson in 1990 and later introduced by Cohen, is postsynthetic modification (PSM). It is a concept
that was developed in the field to introduce functionality to MOFs after they have been
synthesized.?! The potential advantages that can be offered by PSM include a diverse range of
functional groups that can be added onto an existing MOF structure, and the control of the degree
of modification to systematically tune MOF properties.’> 3 Additionally, PSM can be
advantageous to obtain MOFs that are difficult to synthesize de novo and various PSM methods
can be implemented including solvent-assisted ligand incorporation (SALI)** through
functionalization of the metal cluster and solvent-assisted-linker exchange (SALE)?® allowing for
the incorporation of new linkers into a MOF network having the same topology as the parent

MOF.3¢

With much recent work on using SALI with Zr-based MOFs, the technique has attracted

much attention. SALI works by functionalizing the OMS on a metal node with charge



compensating functional groups to introduce a wide variety of modularity to synthetic MOF
structures.’” The earliest works of SALI were first demonstrated by Deria ef al. using the Zr-based
MOF NU-1000, which involves replacing terminal -OH and -OH; ligands on neighbouring metal
sites with an incoming ligand bearing a carboxylate (-COOH) functional group.’® 3° The
interaction is based on acid-base chemistry between the terminal hydroxyl groups or aqua moieties
on the metal center and the incoming ligand bearing a charge compensating functional group,
thereby not replacing any bridging hydroxyl groups from the metal cluster.* 37- 40 The general
conditions favouring the accessibility of the metal cluster with the incoming ligand require mild

heating and short reaction times with occasional swirling (Figure 1.4).3% 4!
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Figure 1.4. Schematic of solvent-assisted ligand incorporation (SALI) on a Zre-cluster node.

1.3. Characteristics and Properties of Zr-based MOFs

As one of the most widely studied and largest families of MOFs, Zr-based MOFs are
promising materials for a wide array of applications. Owing to their intrinsic characteristics such
as the high coordination number of Zr(IV) ions, they can form strong metal-linker bonds with
carboxylate oxygen atoms.*? In addition, Zr(IV) is abundant and its low toxicity makes it an
interesting building block to work with for biological applications.*> With excellent porosity, high
stability, and structural diversity, Zr-based MOFs have numerous possibilities.** This thesis will

focus on three Zr-based MOFs, MOF-808 and the isoreticular MOFs UiO-66 and UiO-67.



1.3.1. MOF-808

Furukawa et al. discovered the Zr-based MOF, MOF-808 (Figure 1.5), which has
permanent porosity and large pores, useful for many applications.*> The MOF is synthesized
solvothermally by combining zirconyl chloride octahydrate (ZrOCl;) and 1,3,5-
benzentricarboxylic acid (H3BTC) linker in a solvent mixture of N, N-dimethylformamide (DMF)
and formic acid modulator.** * The overall structure is comprised of a six connected Zrs-cluster
node where six BTC linkers and six formate ligands are coordinated to one SBU.** Further
characteristics of the MOF network include it’s spn (spinel) topology, giving rise to two pore
shapes and sizes; tetrahedral small pores of 4.8 A and one adamantine large pore of 18.4 A in
diameter.*- 4> With some of the capping ligands pointing into the channels and having open-metal
sites accessible, this topology provides many advantages to introduce functionality through PSM
processes and accessibility for guest molecules.* Single crystal data show that MOF-808 has a
cubic space group, Fd3m, with the spinel network.*® Attributed with a high surface area of 2060
m?g! and a pore volume of 0.85 cm?/g, MOF-808 is one of the most highly robust MOFs with

permanent porosity.*6

b) o

Figure 1.5. Representation of MOF-808 constituents a) Zrs hexanuclear cluster b) tritopic 1,3,5-
benzenetricarboxylic acid BTC linker ¢) MOF-808 with spn topology and two cages of d)



tetrahedral cage (yellow spheres) and e) one adamantine (blue sphere). Zrs-based metal cluster
(magenta), oxygen (red), and carbon (brown).

The presence of the modulator in any MOF synthesis is to ensure a dynamic process where
the overall framework of the MOF is stabilized throughout the synthesis and the rate of crystal
growth is controlled. Specifically, formic acid is the most commonly used modulator for the
synthesis of MOF-808, however, propionic acid and acetic acid have also been reported as
modulators (Figure 1.6).4*47 The activated form of MOF-808, free of formate capping ligands, is
achieved by heating the MOF in fresh solvent or soaking in a diluted hydrochloric acid (HCI)
solution.** 4 The resulting activated MOF material yields six —OH and six —OH, ligands

coordinated to each of the six-connected metal nodes.**

O O
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Figure 1.6. Modulators used in the synthesis of MOF-808.
1.3.2. UiO-66 and UiO-67

As one of the most studied and widely used MOFs, UiO-66 is a benchmark for its
outstanding performance in many applications. Named after the University of Oslo (UiO) where it
was first reported and synthesized, UiO-66 has gained increasing attention for its high stability,
and reproducible and straightforward lab-scale synthesis.*® The overall MOF structure is
comprised of Zre-clusters bridged by a ditopic 1,4-benzenedicarboxylic acid (H2BDC) linker
(Figure 1.7).%% 4 According to the RCSR, UiO-66 exhibits an feu topology with an Fm3m
crystallization space group.*® Described as 12-connected, there are twelve linear ditopic BDC
linkers coordinated to the Zrg-metal clusters.’® The Zrs-based cluster is bridged by oxygen atoms
in the form of u3-O and u3-OH ligands, giving rise to the strong Zr-O bonds defining the overall
stability.*% 3% 3! The MOF structure is defined as having two different types of cages: a small

tetrahedral cage of 7.5 A and a large octahedral cage of 12 A in diameter.*® With a pore volume of



0.77 cm?/g and a surface area of 1160 m?g’!, UiO-66 showcases permanent porosity and accessible

8

surface area for many applications.*

b)

o

Figure 1.7. Representation of UiO-66 structure, building blocks and pores. a) Zrs-based metal
cluster, b) linear ditopic benzene dicarboxylic acid (BDC) linker, c¢) feu topology, d) tetrahedral
cage (yellow spheres) and e) octahedral cage (blue spheres). Zrg-based metal cluster (magenta),
oxygen (red), and carbon (brown).

Early work on the solvothermal synthesis of UiO-66 reported mixing a Zr*" metal salt with
the BDC linker dissolved in a DMF solvent and heated overnight.*® As the first generation of Zr-
based MOF, the lack of a modulator led to a rapid reaction resulting in a gel-like product.*® The
modulator used to synthesize UiO-66 normally consists of a carboxylic acid (-COOH) functional
group (i.e., acetic acid, benzoic acid) that will compete with the linker in binding to the metal
node.*® The amount of modulator plays a role in nucleation as too low concentrations of modulator
can result in a material with short-range order and a gel-like product.*® On the other hand, too high
concentrations of modulator result in a high number of defects in the MOF, including missing
linkers or missing metal nodes.*® Introducing defects (i.e., missing linkers) in a MOF can be
advantageous as it can result in higher surface areas and larger pores for the encapsulation of guest

molecules, but too many defects can affect structural integrity.*®



Owing to the versatility of UiO-66, functionalized analogues can be synthesized with amine
(UiO-66-NH>), bromine (UiO-66-Br) or fluorine (UiO-66-F) groups, to name a few and giving rise

to a series of isostructural MOFs.#8:32:33

Also a Zr-based framework, UiO-67 is comprised of a Zrs-based metal cluster bridged by
a biphenyl-4,4’-dicarboxylate (H.BPDC) linker (Figure 1.8).>3 Having similar solvothermal
synthesis and reproducibility as UiO-66, UiO-67 exhibits high thermal and chemical stability.>*>*
Compared to UiO-66, UiO-67 has a higher expected surface area of 2500 m?g™! and pore volume
of 0.85 cm?/g.>* 3> Owing to the longer BPDC linker used in the UiO-67 synthesis, the tetrahedral
cage is of 11.5 A and the octahedral cage of 23 A in diameter, making the pores larger for the
encapsulation of guest molecules.> UiO-67 also follows the same topology as UiO-66, exhibiting

an fcu unit cell with an Fm3m crystallization space group.*®: %3

b) o

Figure 1.8. Representation of UiO-67 structure, building blocks and pores. a) Zrs-based metal
cluster, b) linear ditopic biphenyldicarboxylic acid (BPDC) linker, c) feu topology, d) tetrahedral
cage (yellow spheres) and e) octahedral cage (blue spheres). Zrg-based metal cluster (magenta),
oxygen (red), and carbon (brown).



1.3.3. Isoreticular MOF's

Isoreticular chemistry can allow for the addition of functional groups and tunable pores in
MOFs. It is defined as the same overall spatial arrangement of the MOF (i.e., topology and
network), but the chemical components can be different.>® Isoreticular series of MOFs can be
synthesized by (i) tuning the parent framework precursors (i.e., linker size, or metal ion), and (ii)
post-modification (i.e., metal site or linker replacement, or modification).’® Yaghi and co-workers
have studied and synthesized a class of porous frameworks and introduced a series of isoreticular
MOFs from the parent MOF-5 by introducing different functional groups on the ditopic
carboxylate BDC linker including -Br, and -NH>, all while maintaining the primitive cubic (pcu)
topology.>” 38 In addition, combining the octahedral Zn-O metal node with extended ditopic linkers
including BPDC, gives a MOF-5 analogue with an expanded pore size.’’ In order to design
derivative structures without altering the topology from the parent framework, it is important to
consider (i) the properties of the precursors necessary for the assembly of the framework, (ii) the
synthesis must be flexible for the use of derivatives, and (iii) the final framework should maintain

the same topology.>’

1.3.4. Isostructural MOFs

Ui0-66 and UiO-67 are isoreticular MOFs that are also considered to be isostructural,
defined as having the same overall crystal structure (same 12-connected metal cluster and
topology) but different unit cell dimensions owing to the extended BPDC linker used in the UiO-
67 synthesis.>

1.3.5. Nanosized MOFs

Nanoscale MOFs, also commonly referred to as nanoMOFs, present a leading discovery in

the field of MOFs with a variety of promising new properties and structural diversity for

59-61 62, 63

implementation in many applications such as catalysis, gas storage and separation, and

biomedicine.®*¢7

The unique properties that make nanoMOFs of interest include (i) fast
adsorption/desorption kinetics, (ii) high surface areas coupled with high surface to volume ratio,
and (iii) ease of accessibility to internal active sites and pore space.®® NanoMOFs can be
synthesized through (i) solvothermal synthesis, (ii) microemulsion, (iii) microwave-assisted
synthesis, and (iv) ultrasound-assisted synthesis to name a few.%® ¢ Solvothermal synthesis

remains the most efficient and flexible approach for controlling the nucleation and growth rate of

10



nanoMOFs by modifying synthesis parameters including (i) modulator concentration, (ii) reaction
time, (iii) pH, and (iv) temperature to regulate the particle size of MOFs.%% 70 In addition, the
uniform morphology and monodispersity can be controlled by regulating the above-mentioned
synthetic parameters, notably (i) modulator concentration and type to give precise control over the
crystallization process by separating the nucleation and growth steps — as fast nucleation leads to
smaller but more uniform size distributions, and (ii) constant stirring of the reaction mixture —
allowing the precursors to be dispersed in a homogeneous way.®7! For some applications
including drug delivery, nanoMOFs of less than 200 nm in size are desired and must have good
colloidal stability to avoid aggregation when dispersed in solution.”® The advantages of nanoMOFs
in drug delivery include (i) increased velocity and diffusion in physiological conditions, (ii)
prolonged blood circulation time, (iii) good biocompatibility, all while remaining tunable with
physiological stability.®® For the scope of this thesis, the use of nanoMOFs for drug delivery will

be explored and discussed.

1.4. Methods in MOF Synthesis

1.4.1. Synthetic Approach

The approach used for MOF synthesis stems from understanding coordination of the
inorganic building blocks and the organic linkers, as well as the kinetics and dynamic processes
that give rise to nucleation and crystal growth.’® 73 Several methods have been proposed to
synthesize  MOFs including microwave-assisted heating,’* electrochemistry,””  and
mechanochemistry’® to name a few. The most widely used synthesis route is solvothermal under
conventional heating.”” Also referred to as de novo synthesis, the self-assembly process consists of
mixing the metal salt and the organic multitopic linker with a high-boiling point solvent in a closed
screw-top vessel or reaction jar and heated in an oven or hot plate at temperatures varying between
80-150 °C for typically 12-48 h.3% 77 Different reaction parameters can be varied to tailor the
synthesis such as (i) solvent, (ii) temperature, (iii) reaction time, (iv) concentration, and (v) pH.*¢
Choosing the right solvent is very important in MOF synthesis as it will provide the medium for
crystal growth and allow for structure propagation.’® In addition, the choice of solvent also acts to
deprotonate the carboxylic acid ligands and provide a basic environment.”® Commonly used high-

boiling solvents for MOF synthesis include DMF, N,N’-dimethylacetamide (DMA), or N,N -
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diethylformamide (DEF) as most precursors are soluble in these solvents and they remain liquid at

temperatures at which crystallization occurs.”

Another important parameter in MOF synthesis is the presence of a modulator. Modulators
are defined as non-structural monotopic ligands that compete with multitopic linkers for binding
to metal nodes.*® The purpose of a modulator is to ensure a dynamic process and overall slow
crystal growth.’® As often the metal to linker bonding in solution is so strong, that bonding will
lead to precipitation out of solution and result in premature structure termination.*® Therefore, with
the presence of a modulator, one can favor the formation of metal to ligand bonds all while
breaking and reforming those bonds in order to fully propagate a structure in 2D or 3D.3% 8% Typical
examples of monotopic modulators that have been widely used in Zr-based MOF synthesis include
hydrochloric acid, and -COOH-based functional groups such as acetic acid, benzoic acid, and
formic acid.*® The dynamic process of the modulator has not only facilitated MOF synthesis but
has offered insight into controlling particle size, introducing defects, and controlling physical

properties.’!

1.4.2. MOF Activation

To achieve the highest possible surface area and porosity of a MOF, it is important to
perform an activation step following MOF synthesis. Many precursors (i.e., solvent, reagents),
impurities, and by-products can be trapped within the pores and on the surface of the MOF,
impeding overall access, and lowering the surface area of the resulting material.>® Activation
involves washing and soaking the MOF with the solvent that was used throughout the MOF
synthesis for a few hours or days to allow full infiltration of the fresh solvent into the pores and on
the surface of the MOF.*¢ By performing a cycle of washes and soakings, it can ensure the removal
of any guest molecules and uncoordinated linkers impeding accessible areas of the MOF.3¢ The
most desirable MOFs are those with permanent porosity and high surface areas to allow

encapsulation of guest molecules for many applications.®?

There are a few ways to perform the activation step including solvent-exchange and
vacuum drying, as well as supercritical CO, drying (scCO»).%? Activation by solvent-exchange is
the most widely performed method of activation which involves the exchange of a high-boiling
solvent (i.e., DMF) for a lower boiling-point solvent (i.e., acetone, ethanol, or methanol) (Figure

1.9).32 First, the MOF is washed and soaked multiple times with the high boiling-point reaction
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solvent in a centrifuge tube and it is collected by centrifugation.’® Following is the exchange and
soaking with a lower boiling-point solvent.?? Essentially, lower boiling-point solvents have weaker
intermolecular interactions and have little surface tension effect on the framework of the MOF,
impeding capillary force tension that can be destructive to the MOF.5% 8 Using a lower boiling-
point solvent has been proven to retain not only the overall structure but porosity of the MOF as
observed with powder X-ray diffraction (PXRD) and N> adsorption-desorption measurements,
compared to using water as an exchange solvent.®* Once the solvent-exchange process is complete,
the MOF is then placed under vacuum with applied heating that is between the boiling point of the
solvent but below the decomposition temperature of the MOF structure.’® Alternatively, scCO; is
a complementary activation process where the high boiling-point reaction solvent is replaced with
liquid CO», followed by conversion of liquid CO; to scCO; at high pressure and temperature, and

then venting the scCO;, at temperatures above the critical point.®?

Essentially, this activation
process is less invasive to the framework as it avoids passing through the liquid-to-gas phase that

is critical for high capillary forces, and alternatively passing directly to the gas-phase.’?
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Figure 1.9. Schematic of MOF activation process through solvent exchange.
1.4.3. MOFs for Drug Delivery

The use of MOFs for drug delivery applications (Figure 1.10) has expanded over the past
few decades owing to their ease of functionality coupled with tunable surface areas and pore sizes,
allowing for the encapsulation of drug molecules while also targeting specific sites in the body.5*

As such, many parameters including the (i) metal, (ii) linker, (iii)) SBU, (iv) morphology, and (v)
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the potential for open-metal sites are important to consider for drug delivery and predetermine the
fate of the adsorption, release, and degradation of the MOF in biological applications.!” In addition,
MOFs have demonstrated high drug loading capacities, controlled release of drug cargo and allow
for precise control of surface functionalization, making them versatile and adaptable for the
loading of a variety of drug molecules and improving retention times for efficient targeting.!”
Tuning PSM of MOFs has also been widely studied to improve the drug loading and release
capacities. Examples include, but are not limited to, surface modification with a polymer coating
(i.e., polyethylene glycol) to improve MOF biocompatibility®> and functionalization of a linker to
introduce a surface charge for charged drug molecules.!” To further optimize the biocompatibility
of MOFs and their performance in biological applications, the properties of the building blocks
(i.e., metal and linker) need to be considered to ensure their toxicity threshold is not too high for
human bodies.?¢ The size of the MOF is also an important factor for the biodistribution and
circulation lifetime of the drug loaded MOF, which should not exceed a particle size of 200 nm.
The interaction of the drug molecules and the MOF is governed by a concentration gradient and
has been found to occur through chemical interactions such as van-der-Waals forces, m —m
stacking, electrostatic interactions, and hydrogen bonding.!”-®” The use of MOFs for drug delivery
has been explored for cancer therapy with the encapsulation of anticancer drugs like doxorubicin,®
nucleic acid delivery to activate biological treatments for a variety of diseases,*® and protein
macromolecules in which they are protected from enzyme deactivation and improve their overall

efficacy.”®

= drug molecule

Figure 1.10. Schematic of UiO-66 as a drug carrier with the encapsulation and release of the drug
molecules.

14



1.5. MOF Characterizations

1.5.1. Overview of MOF Characterization Techniques

MOFs are complex structures with many diverse properties and characteristics defining
their potential for many applications. As such, to understand their unique features and properties,
a series of characterization techniques are explored post MOF synthesis which can allow us to
understand the wide array of MOF materials. In this thesis, the techniques that are used include (i)
PXRD that can provide information on the overall bulk crystallinity and phase purity of the MOF
structure, (ii), N2 adsorption-desorption to measure the surface area and porosity, (iii), proton
nuclear magnetic resonance (H-NMR) spectroscopy to quantify linker incorporation and linker
ratios, (iv) dynamic light scattering (DLS) to gain information on the crystallite size of the MOF,
(v) diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) that measures the IR
active functional groups in the MOF structure, (vi) scanning electron microscopy (SEM) that is a
qualitative and quantitative technique providing insight into MOF topology and particle size,
respectively, and (vii) transmission electron microscopy (TEM) that is also a qualitative and
quantitative technique offering information on MOF morphology and particle size mainly for
nanosized MOF materials. In addition to these standard techniques used for MOF characterization,
ultraviolet-visible (UV-Vis) spectroscopy is used to quantify the surface accessible thiol groups

of the thiolated MOFs.

1.5.2. Powder X-ray Diffraction (PXRD)

One of the preliminary characterization techniques used to confirm the synthesis of MOFs
is PXRD. A diffractogram is collected and yields useful information on MOF integrity, unit cell
dimensions, phase composition, and crystallite size. A diffractogram includes an experimental
pattern and a simulated pattern (in some cases accessed using the Cambridge Crystallographic Data
Centre (CCDC)) to which the experimental pattern can be compared to confirm the phase purity
of the MOF (Figure. 1.11). In addition, a set of allowed reflections represent all the possible
reflections for a given MOF and are included to indicate if there are any impurities present in the
MOF identified by the presence of additional or missing peaks in the pattern. It is also greatly
important to include allowed reflections to circumvent confusion caused by preferred orientation
that can lead to missing peaks and differences in peak intensities.*® It is best to have sample rotation

to observe random crystallite orientations.
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Figure 1.11. PXRD diffractogram of the simulated (bottom) and experimental (top) patterns for
MOF-808. The allowed reflections are shown with black tick marks.

The general PXRD sample preparation consists of placing the dry powdered MOF sample
onto a zero-background silicon holder. Composed of a monocrystalline silicon-grown base and
sliced across a plane that will not diffract most routine analysis, one can obtain high-quality data
with no interferences from scattered or diffracted peaks from the silicon substrate.”! MOF samples
can also be drop casted onto the sample holders with volatile solvents. A set of X-rays are generated
by a cathode ray tube and further accelerated by a copper anode (Cu K-alpha (Ka) 1.5406 A)
targeting the sample on the rotating sample holder and upon X-ray exposure, a 1D semiconductor
detector will translate to an intensity count.”> Most PXRD instruments are also equipped with a
nickel filter (i.e. Ni (Kp)) that is essential to block out the Kj radiation that can result in a
polychromatic peak leading to the presence of two peaks or peak broadening. When the X-rays
interact with the sample material, the diffraction can produce constructive (in-phase) or destructive
(out-of-phase) interference at specific angles. The angle at which the constructive interference is
produced can be calculated with Bragg’s law (nd = 2dsin@) to gain information on the d-spacings
between the lattice planes and the diffractogram is obtained once Bragg’s law is satisfied at varying

angles.
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1.5.3. N2 Adsorption-Desorption Experiments

Gas adsorption is the most widely used technique to determine MOF surface areas, pore
sizes and pore volumes. Nonreactive gases (i.e., nitrogen (N2) at 77 K, argon (Ar) at 87 K, and
carbon dioxide ((CO) at 273 K) have been used for such measurements owing to some of their
physical properties including (i) their high stability owing to their full valence electron shells
meaning they are unlikely to form chemical bonds when in contact with the adsorbent,” and (ii)
their weak interatomic forces result in low-boiling and melting points suitable for the analysis of
gas adsorption.”* However, N, gas remains the most widely and commonly used gas for isotherm
measurements due to its well-defined properties. N> gas is widely available, inexpensive, non-
reactive with most materials, and has a constant effective adsorbate area (16.2 m?g!) allowing the
gases to closely pack with the surface and pores of the material and form reasonably defined
monolayers.”> The type of adsorption that can occur includes physisorption and chemisorption;
physisorption being more suitable for determining surface area and pore sizes. That said,
physisorption occurs when an adsorbate gas encounters an adsorbent material forming Van der
Waals® interactions giving rise to a reversible process.”® A typical gas isotherm measurement
consists of weighing an activated powdered sample in a tube with a filler rod inserted and capped
with a seal frit. The sample tube is then mounted onto a vacuum manifold instrument with
controlled heating to undergo a preliminary degas step where the material inside the tube is heated
and evacuated under vacuum. The sample tube is then filled with an inert gas (i.e., Helium) to
measure the void space and undergoes another round of degas to ensure all the helium has been
removed. Following, the sample tube is then mounted onto a gas adsorption instrument where Na
gas is adsorbed and pumped into the tubes at increasing pressure. Once the pores have been filled
with N> gas, a monolayer is formed, and the desorption step occurs where the N> is evacuated at
decreasing pressure. The adsorption and desorption process are represented by an isotherm where
the relative pressure (P/Po) represented by the equilibrium pressure and the saturation vapor
pressure at the adsorption temperature is plotted as a function of the amount of N, gas adsorbed in
cm’/g at standard relative pressure (1 atm) and temperature (298 K). There exist six classifications

of adsorption isotherms as represented in (Figure 1.12).

17



L(a) L(b)
1 I
«
Quantity - Y "
Adsorbed
(cm3/g STP) | 1V (a) IV (b)
ﬁ "
v VI

Relative Pressure (P/P,)

Figure 1.12. Classification of adsorption isotherms ranging from Type I to Type VI.

The accessibility of the gas adsorbate to the pores of the MOF is dependent on the shape
and size of the MOF internal pores and surface area.”® According to the [UPAC definition and
classification of pore sizes, there exist three types of pore widths. Pores exceeding a width of 50
nm are termed macropores, pores widths between 2 nm and 50 nm are termed mesopores, and pore
widths less than 2 nm are termed micropores.®® The isotherm classification is based on the above-
mentioned pore widths and provide insight on MOF porosity. Type I reversible isotherms are
designated for microporous solids, represented by a steep uptake at high pressure. Type I isotherms
can be subcategorized into Type I(a) — microporous materials with narrow pore widths and Type
I(b) — microporous materials with slightly larger pore widths. The Type II isotherm classification
is designated for macroporous or non-porous materials, as represented by a plateau caused by an
initial monolayer completion, followed by an unrestricted monolayer and multilayer adsorption.
Type III isotherms are related to macroporous, or non-porous materials represented by a weak
adsorbent-adsorbate interaction. Type IV isotherms are given by mesoporous materials and further

subcategorized into Type IV(a) — as represented by an initial monolayer coverage, followed by a
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non-reversible adsorption-desorption curve, most termed by hysteresis. Hysteresis is generally
associated with pore condensation when the pore width exceeds a critical width of more than ~ 4
nm.” Type IV(b) — is represented by a reversible process with mesopores below the critical width.
Type (V) isotherms are related to Type III isotherms with weak adsorbent-adsorbate interactions
and pore fillings at higher relative pressures. Type (VI) isotherms are designated for uniform, non-

porous materials and represented by a stepwise layer-by-layer adsorption.®’

To determine the surface area from an adsorption isotherm, the Brunaeur-Emmett-Teller
(BET) theory is the most suitable for a broad range of isotherm types and porous materials. BET
theory predicts the number of gas adsorbate molecules needed to form a monolayer, even when
some adsorbent sites are more energetic resulting in a multilayer adsorption prior to a monolayer
formation. Contrarily, the Langmuir theory is used for surface area analysis and calculations but
assumes that only a perfect monolayer is formed. Hence, this is not an acceptable theory for fitting
MOF isotherms since it is best for simple materials with limited pores sizes and surface areas. In
addition to surface area calculation, pore density and size/volume profiles can be analyzed by the
non-local-density functional theory (NLDFT) that models the microfluid density at cryogenic
temperatures (N2 gas at 77 K).”8

1.5.4. Nuclear Magnetic Resonance (NMR) Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a characterization technique that
provides information on linker ratios, MOF purity, ligand incorporations, leftover modulator, and
the presence of solvent in a MOF (Figure 1.13).3¢ The general sample preparation for NMR
spectroscopy samples requires digestion of the MOF with a few drops of deuterated acid (i.e.,
sulfuric acid (D2SOs), or a mixture of diluted deuterated sodium hydroxide (NaOD) with
deuterated water (D>0)) followed by sonication to ensure that the MOF is well dispersed in the
acid.>® % This step is a fundamental requirement for MOF samples as MOFs are not soluble in
conventional NMR solvents (i.e., deuterated dimethylsulfoxide (DMSO-d¢), or deuterated
chloroform (CDCls)). Hence, by digestion with concentrated deuterated acid or base, the bonds in
the MOF (i.e., metal-linker, or metal-modulator) are broken, followed by the addition of NMR
spectroscopy solvents to dissolve the components.”® Solid-state NMR spectroscopy (ssNMR) is a
complementary technique used for the analysis of whole MOF structures, characterizing host-guest

interactions, and probing the local environment of metal clusters.!0-102
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Figure 1.13. 'H-NMR spectra of UiO-67 digested in D2SO4 and DMSO-ds to digest and dissolve
the mixture.

1.5.5. Ultraviolet-Visible Absorption Spectroscopy (UV-Vis)

The amount of light transmitted through a sample can be measured by UV—Vis absorption
spectroscopy. It is a quantitative technique that provides information on the intensity of light
passing through a sample with an analyte, with the only requirement being that the analyte absorbs
in the UV—Vis region of the electromagnetic spectrum. Based on the Beer-Lambert law (4 = €lC),
where A is the absorbance, ¢ is the constant molar absorptivity, 1 is the length of light path, and C
is the concentration, one can calculate the concentration of a sample based on the linear relationship
between absorbance and concentration. Samples for UV—Vis can include solutions, but also solid
state samples by UV—visible diffuse reflectance spectroscopy (UV—Vis DRS) and can be applied
to measure the absorption of light reflected off the sample interior and surface.!®> Most commonly
carried out in solutions, the samples are prepared in quartz cuvettes and a reference cuvette
(without the measured substance) is prepared to avoid error due to the reflected light at the cuvette
surfaces or absorbance of solvents.!* For any quantitative technique, a standard calibration curve

is plotted with known concentrations of a standard analyte, followed by measuring the absorbance
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of the unknown analyte of interest to determine the concentration based on the Beer-Lambert law.

UV-Vis spectroscopy is used in this thesis for thiol quantification as explained in section 1.5.10.

1.5.6. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) is a useful
characterization technique that will confirm the presence or absence of IR active functional groups
in a MOF, as well as the interaction with guest molecules.’® The IR spectrum is obtained when
incident infrared light interacts with the sample using an instrument equipped with mirrors and
optics to reflect the light in multiple directions. A stream of inert gas (i.e., N») is purged throughout
the instrument at a regulated flowrate to ensure no accumulation of water or moisture condenses
on the mirrors.!% DRIFTS can be used to measure functional groups that are found internally (i.e.,
pores) as well as the surface of the MOF. The general experimental approach of DRIFTS consists
of mixing activated dry MOF powder and potassium bromide (KBr) pellets to increase the
reflectance coming off from the sample, into a finely ground solid powder with a mortar and
pestle.’® The use of a mortar and pestle to compress the powders together is more mild than
applying direct mechanical strain on the MOF itself like in other IR spectroscopy techniques (i.e.,
ATR), hence DRIFTS remains more suitable for MOF samples.!? The MOF samples should also
be properly activated and vacuum dried prior to DRIFTS analysis as water or exposure to air can
influence spectral features, more specifically perturbing the hydroxyl bands (3500 — 3800 cm!).3¢:
196 Tn addition, the presence of water can block open-metal sites and the ability to probe interactions

with guest molecules.!%
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Figure 1.14. DRIFTS spectra of MOF-808 showcasing the characteristic peaks in the region of
3670 cm’!, 2900 cm, 1600 cm™ and 1590 cm™ and 1395 cm! attributed to the terminal and
bridging -OH stretches of the metal node, -CH and -C=O stretches from the organic linker,

respectively.

A DRIFTS spectrum (Figure 1.14) for most Zr-based MOF samples will include absorption
bands stemming from common functional groups. Specifically, -OH bridging and terminal
stretches from the metal cluster will appear at 3671 cm!, and 3674 cm’!, respectively.’® The
carbonyl -C=0 appear as two stretches around 1395 cm™ and 1590 cm™! attributed to the symmetric
and asymmetric vibrations from the organic linker, followed by the asymmetric and symmetric -

CHj3 and -CHa stretches of the organic linker in the region of 2900 cm!.1%

1.5.7. Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS), also referred to as photon correlation spectroscopy (PCS),
is a useful characterization technique that provides information on particle size and size
distribution. Based on Brownian motion, the hydrodynamic diameter of the particles (i.e., MOF
crystallites) can be studied by their diffusion through a solvent medium and bombardment with

solvent molecules.!?” A typical DLS experiment consists of a beam of light from a monochromatic
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light source interacting with the particles in suspension and a photon detector will detect that signal

as a function of intensity.!%” The hydrodynamic diameter can be calculated from the translational

diffusion coefficient (D) stemming from the Stokes Einstein equation ( d(H) = 3:%). The (1)

shape, (i1) size, (ii1) temperature, (iv) viscosity, and (v) ionic strength of the solution are parameters
that can directly influence the intensity and motion of the particles.!’” As such, the larger the
particle sizes, the slower they will diffuse in solution, whereas the smaller the particles, the faster
they will diffuse in solution.!” Owing to the aggregation that arises from nanoparticles in
concentrated solutions, it is often recommended to perform dilutions as to avoid measuring
aggregates and obtain smaller size distributions.!%® 1% A typical DLS profile (Figure 1.15) will
include one narrow peak indicating a monodisperse sample with a uniform size distribution. A
cumulants analysis is often used as a method for fitting the coefficient from an algorithm where
the mean size and polydispersity index (PDI) can be extrapolated. The PDI is a dimensionless
measure indicating the broadness of the size distribution.!!? Typically, values between 0 to 1 are
suitable for DLS measurements and values above 1 indicate that the sample has a high

polydispersity.!°
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Figure 1.15. DLS profile of nanosized UiO-66 with an average particle size of 212 nm.
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1.5.8. Scanning Electron Microscopy (SEM)

Determination of static particle size and morphology for porous materials can be
characterized by scanning electron microscopy (SEM) (Figure 1.16). It is a technique that offers
magnification of up to 150 000x and is performed under vacuum where electrons with voltages
between 5-15 kV are accelerated and focused onto the sample surface and scanning is performed
by the electron beam across the sample to generate information including size, morphology, and
chemical composition in some cases. The SEM is equipped with condenser and objective lenses to
focus the electron beam into a narrow point on the sample. Once the electrons have interacted with
the sample, they will be scattered depending on the electron energies, atomic number (Z) of the
elements in the sample, and the density. A secondary electron detector (SED) and backscattered
electron detector (BSD) are most used to understand the interaction of the electrons with the sample
surface and dictates the information we can obtain. SED detectors can provide topographic
information as the electrons are generated from the surface of the sample, whereas a BSD can
provide compositional information as the electrons originate from deeper regions of the sample.
Dry powdered MOF samples are prepared on metal stubs and are often coated with a thin
conductive layer of metal as MOFs are insulating.>® As such, by sputter coating the MOF samples,
the risk of charging effects can be minimized and mitigate issues of sample analysis and sample
destruction. SEM can be coupled with energy dispersive X-ray spectroscopy (EDS or EDX) where

an X-ray characteristic of the element is emitted to quantitate elemental composition and ratios.
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Figure 1.16. SEM micrograph of UiO-67 showcasing the octahedral morphology.
1.5.9. Transmission Electron Microscopy (TEM)

Also an electron microscopy characterization technique, transmission electron microscopy
(TEM) allows for high resolution images that can be used to analyze what is inside and beyond the
surface of MOF samples. TEM does not only analyze particle size, morphology, and composition
of the MOF, but electron diffraction patterns as well as they can be useful to study polycrystalline
or mixed crystalline phases.!!! The general instrumental components are like SEM however, TEM
operates at much higher accelerating voltages (60 — 300 keV) and higher magnification levels.
Sample preparation consists of creating a solution of MOF powder in a volatile solvent followed
by sonication and dropcasting onto a carbon grid. There are different illumination modes in TEM
including parallel (TEM) and convergent (STEM). Scanning transmission electron microscopy
(STEM) is an illumination mode in TEM that produces an image based on converging the electron
beam, producing signals that cannot be spatially correlated by TEM. Hence, with STEM, inelastic
scattering can allow for analysis of X-ray emission (EDS) for elemental mapping,'!? and electron

energy loss spectroscopy (EELS) for information on the local environment of atomic electrons.!!3
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1.5.10. Thiol Quantification: Ellman’s Test

Ellman’s reagent, also commonly referred to as 5,5,’-dithiobis-(2-nitrobenzoic acid) DTNB
for short, is used to quantify and estimate the external thiol groups on the surface of the thiolated
materials.!'* 15 The test consists of the DTNB reagent reacting with the surface thiols on a
material to result in a mixed disulfide and 2-nitro-5-thiobenzoate (TNB), as depicted in Figure
1.17.114 115 The yellow-colored product of the TNB can be quantified at ~ 400 nm by UV—Vis
spectroscopy.'!'* A standard calibration curve is prepared with N-acetyl-L-cysteine reagent at
different concentrations ranging from 0 mM to 60 mM. The diluted solutions are then dissolved
with a sodium phosphate reaction buffer, DTNB reagent, and 2-amino-2-hydroxymethyl-propane-
1,3-diol (TRIS) buffer. The determination of free thiols can then be calculated based on the

absorbance of the mixed disulfide.
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Figure 1.17. DTNB reagent with a thiol group reaction scheme represented by Zrs-based metal
cluster (magenta), oxygen (red), and carbon (brown).

1.6. Mucoadhesion Experiments

1.6.1. Properties of Mucins and the Mucosal Layer

Ophthalmology encompasses the study of major eye diseases associated with vision loss,
including the risk factors and potential treatments with ongoing scientific research.!!® The external
barrier on the surface of the eye is called the mucosa. The mucosa layer is comprised of 95% water,

and 1-5% of lipids, salts, and other enzymes.!!” The gel-like layer of the mucosa stems from the
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main component of the mucosa, that being mucins.'!” Mucins are a family of glycosylated proteins
commonly characterized by their enriching properties including (i) high molecular weight (0.5-40
MDa), (ii) polypeptide backbone with amino acids rich in threonine, serine, and proline, (iii) high
degree of glycosylation, and (iv) negative charge. 10% of mucins consist of cysteine amino acid
regions, making them susceptible to many interactions.!!”- '8 Mucins can be subdivided into two
categories, (1) secreted mucins, described as gel-forming and small soluble with their main function
to excrete pathogens, provide lubrication by their viscous properties, and provide antimicrobial
activity,'"” and (ii) cell-surface associated mucins with lower molecular weight and extended cell
surface up to 500 nm, providing surface protection, barrier, and osmosensing.!!” 11 There exist up
to 20 mucin gene types ranging from MUC1-MUC?21 that each represent their gene expressions,
11 belonging to the cell-surface associated mucins (MUC1, MUC3A, MUC3B, MUC4, MUCI12,
MUCI13, MUCI15, MUC16, MUC17, MUC20, MUC21) and 7 belonging to the subcategories of
soluble mucins (MUC7, MUC9) and gel-forming (MUC2, MUCSAC, MUC5B, MUCS6,
MUC19).11%- 120 Both secreted and cell-surface mucins share common features, that being that they
consist of up to 80% of oligosaccharide carbohydrate chains, mainly N-acetylgalactosamine, that
can form moderate branching by O-glycosidic bonds to the hydroxyl group chains found on the

serine and threonine amino acids protein cores.!?!

1.6.2. Mucoadhesion

Mucoadhesion is described as the ability of a material to form interfacial forces and
interactions to adhere to mucosal tissue found in ocular, nasal, and oral mucous, to name a few.
18, 122With much work and studies on mucoadhesion in recent years, it has attracted much attention
to expand drug delivery systems and to fully understand the complexity of interactions. Current
ophthalmic drug delivery systems are inefficient resulting in (i) poor corneal permeability, (ii)
reflex blinking, (iii) tear secretion, and (iv) dosage spillage to name a few.!!” As a result, only a
small percentage of the administered drug reaches the intended target, leading to a low residence
time of the drug and frequent drug administration.!'® One way to circumvent this limitation is to
introduce mucoadhesion. Mucoadhesion has been reported to (i) increase drug retention times, (ii)
improve bioavailability, (iii) reduce drug administration frequency, and (iv) improve targeting.!?*
Ocular mucoadhesion can occur by two different types of interactions; (i) electrostatic interaction

between the negatively charged carboxylate groups of the sialic acid of the monomers found in the
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mucins with positively charged systems and,!?? (ii) disulfide bonds between free thiol groups found
within the mucins and a thiol-functionalized system.!!® In this thesis, mucoadhesion will be
explored taking advantage of the disulfide bond type of interaction between the cysteine amino

acids in the mucins and thiol-functionalized MOFs.

1.6.3. Periodic Acid—Schiff (PAS) Coloration Mucoadhesion Characterization

The mucoadhesive properties of MOF crystallites can be characterized by a periodic acid-
schiff base coloration protocol originally proposed in 1978.!'® This quantitative study was
developed to understand the level of mucoadhesive content of materials (i.e., gold nanoparticles)
as well as to understand their interaction with mucins. The general reaction scheme as explained
in (Figure 1.18) shows periodate oxidizing vicinal hydroxyl groups of carbohydrate molecules to
aldehydes.!?* When reacted with Schiff’s reagent, a pink-purple colored basic fuchsin is formed
(Figure 1.18b). In parallel, the basic fuschin is decolored by the addition of sodium metabisulfite,
as the central carbon atom of the triarylmethane system is no longer highly delocalized.!'® 2> Upon
reaction of the decoloured fuchsin with the oxidized mucin species, the fuchsin regains its color
and highly delocalized 7 system.!'® Followed by centrifugation upon specific protocols and UV—

Vis spectroscopy, the quantification of mucins adhered to the MOF can be determined.!!®
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Figure 1.18. PAS coloration reaction scheme where a) represents the oxidation of hydroxyl groups

by periodate, and b) represents the Schiff reagent reacts with aldehyde groups to form the fuchsin
pink-purple colored compound.
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1.6.4. Fluorescence Spectroscopy for Mucoadhesion Characterization

Fluorescence spectroscopy is a technique that is used to probe the mucoadhesion
interaction between the cysteine amino acids within the mucins and the thiol-functionalized MOFs
(Figure 1.19). A Stern-Volmer plot best describes the static and collisional quenching between the
fluorescent molecules, that being the mucins and the thiolated MOFs. The interaction is plotted as
a function of thiol-functionalized MOF concentration vs. relative fluorescence intensity
considering the fluorescence intensity of the mucins alone and the fluorescence intensity of the
mucins interacting with the thiolated MOFs. The general protocol consists of a fluorophore, being
the mucins, that will emit light at 337 nm after excitation at 285 nm due to tryptophan, resulting
in high fluorescence intensity.!'® The fluorescence emission is measured from 300 nm to 450
nm.''® When MOFs are introduced, they will interact with the mucins and result in a decrease in
fluorescence intensity owing to the collisional quenching that arises when the excited-state
fluorophores (mucins) are deactivated when in contact with the quencher (MOFs), returning to the
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ground-state in a non-radiative process.''® In this thesis, fluorescence spectroscopy is used to

measure the mucoadhesion of the thiolated MOFs and the cysteine amino acids of the mucins.
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Figure 1.19. Fluorescence quenching of mucins upon interaction with MOFs (Gabrielle Raiche-
Marcoux).

1.7. Scope of Thesis

The following chapters of this thesis will focus on the design and synthesis of MOFs for
their potential application in ophthalmic drug delivery. The general scope of both thesis chapters
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aims to discuss and provide insight into (i) the synthesis and characterization of nanosized thiol-
functionalized Zr-based MOFs, and (ii) their mucoadhesive properties with the goal to develop a
better shuttle for ophthalmic drug delivery providing slow and sustained release of the drug to the

intended target.

Chapter 2 of this thesis explores the synthesis of three Zr-based MOFs; MOF-808, UiO-
66, and UiO-67. All MOFs are synthesized in the nanoscale size regime under solvothermal
conditions, and further washed and activated prior to characterization. The MOFs are then thiol-
functionalized by a PSM process, specifically SALI wusing thioglycolic acid, and
mercaptoundecanoic acid. The MOFs are characterized by PXRD, N> adsorption-desorption
experiments, DLS, SEM, TEM, 'H-NMR spectroscopy, and DRIFTS. The thiol-functionalized
MOFs are investigated for thiol quantification by UV—Vis spectroscopy, and their interaction with

mucins by PAS coloration and fluorescence spectroscopy measurements for mucoadhesion.

Chapter 3 of this thesis explores the synthesis of mixed-linker analogues of UiO-66 in the
nanoscale size regime. Using BDC and 2,5-dimercaptoterephthalic acid (BDC-SH>), mixed-linker
UiO-66 analogues with a varying number of thiolated linkers are synthesized with the goal of
providing insight into the number or density of thiol groups required for mucoadhesion. The MOFs
are characterized by PXRD, N adsorption-desorption experiments, 'H-NMR spectroscopy, DLS,
and SEM. The thiol-functionalized MOFs are investigated for thiol quantification by UV—Vis
spectroscopy, and their interaction with mucins by PAS coloration and fluorescence spectroscopy

measurements for mucoadhesion.
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Chapter 2

Thiol-Functionalized Nanosized Metal-Organic Frameworks Synthesized by
Solvent-Assisted Ligand Incorporation for Ophthalmic Drug Delivery

2.1. Introduction to Cataracts and the Anatomy of the Eye

The anatomy of the eye is complex as the organ has many different parts serving different
purposes. Optical eye diseases include (i) glaucoma, (ii) allergic conjunctivitis, (iii) age-related
macular degeneration, and (iv) cataracts, which can be responsible for vision impairment.!?®
Cataracts specifically, are the leading cause of blindness with an estimated 95 million people
affected worldwide.!?” Cataracts are most often described as the clouding or loss of transparency
of the lens leading to vision loss (Figure 2.1).12% 12 When the lens of the eye is clouded, the light
that would normally be focused onto the lens, is now scattered, and sends a blurry image through
the optic nerve and to the brain.!?° Most often caused by age-related developments between 45-50
years of age resulting from (i) protein breakdown, and (ii) damage of the fiber cell membranes,
cataracts can also be caused by secondary effects — such as (i) diabetes, (ii) smoking, and (iii)
alcohol consumption, as well as traumatic effects — including (i) accidents, (ii) injuries, leading to

the physical damage of the lens and, (iii) hypertension — caused by the rearrangement of protein
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structures in the lens.
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Figure 2.1. Representation of a lens with no cataracts (left) and with cataracts (right). Reprinted
with permission from Li, Q.; Weng, J.; Wong, S.N.; Lee, W.Y.T.; Chow, S.F. Mol. Pharmaceutics.
2021, 18(2), 506-521. Copyright 2023 American Chemical Society.!*

To better recognize the impact of cataracts, it is important to understand the optical design

of the eye. The overall structure of the eye is divided into two segments: the anterior and the
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posterior segments (Figure 2.2).!2¢ The anterior segment is responsible for tissues such as the (i)
cornea, (i1) conjunctiva, (iii) iris, and the (iv) lens, whereas the posterior segment is where the (i)
sclera, (ii) choroid and the (iii) optic nerve can be found, to name a few.!?® Most optical diseases
affect both the anterior and posterior segments, with age-related macular degeneration affecting

the posterior segment, and cataracts affecting the anterior segment.!2°
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Figure 2.2. The broad division of the different structures of the eye. Reprinted with permission
from Cheng, K-J.; Hsieh, C-M.; Nepali, K.; Liou, J-P. J. Med. Chem. 2020, 63, 10533-10593.
Copyright 2023 American Chemical Society.!*3

Made of a spherical structure, the ocular surface and front liners to the external environment
are composed of the (i) cornea, (ii) conjunctiva, and the (iii) tear film.!?* The cornea is responsible
for providing a barrier to external or foreign particulates, and a passageway for light to enter
through to the lens. The cornea consists of five innermost layers including; (i) epithelium — the
outermost layer of the cornea made of several different cells to ensure enough lubrication and
prevent foreign materials from penetrating through, (ii) bowman’s layer — with the primary
function to provide structure and integrity to the cornea, and composed of collagen arrangements
that can resist trauma events, (iii) stroma — mainly made from a mix of water and collagen, it

provides the elasticity and rigidity to form the cornea, (iv) Descemet’s membrane — regeneration

32



layer made from tissue that protects the cornea from exposure to injuries and infections, (V)
endothelium — the innermost layer of the cornea that maintains overall proper stroma and
Descemet’s membrane functionality.!** The second innermost layer of the eye is the iris — a thin
colored and circular structure that separates the eye into the anterior and posterior segments and
controls the amount of light the pupil focuses in.!3> 136 The pupil — is the main entry way for light
penetration and changes its shape upon how much light enters.!3® The pupil is in direct contact
with the retina in which the light focused by the pupil will be translated into electrical signals in
order for the brain to understand it as an image.!3® The sclera — represents the white elastic region
of the eye encompassing the circular shape of the eye.!** The lens located behind the iris, is an
elastic and transparent organ composed of proteins and water that allows penetration of light to
obtain clear images at various distances.!*” However, in the event that a cataract is present, the
clouding of the lens will result and scatter the light instead, leading to a blurry image.!? A cataract
can develop in any one of the following forms and areas; (i) nuclear cataract — results in a yellow
and brown pigmented nucleus at the center of the lens, (ii) cortical cataract — a wedge-like cataract
surrounding the lens, and (iii) posterior capsular cataract — a rapidly developing cataract located at

the back of the lens.!?®

Several cataract surgeries are administered every year where topical treatments in the form
of eye drop formulations have become the most widely preferred drug administration post-cataract
surgery. Accounting for more than 90% of ophthalmic formulations, topical treatments are non-
invasive with ease of manipulation, and high patient compliance.!?¢ Typically, pre- and post-
cataract surgery protocols include NSAID (non-steroidal anti-inflammatory drugs) accompanied
by a corticosteroid that is applied four times daily for up to four weeks post-surgery.!*® However,
owing to the current poor mucoadhesion methods and the high anatomical and physiological
constraints of the eye such as (i) reflex blinking, (ii) precorneal tear clearance, (iii) corneal—
epithelial barrier, and (iv) pH, this method of administration results in poor bioavailability.!?”- 137
In fact, only 5% of topically administered drugs reach layers deeper than the ocular tissues and it
becomes necessary to apply large doses with higher concentrations and frequent administration of

the drug in order to achieve the effective therapeutic dose.!?7- 140; 141

The tear film is the first layer exposed to the environment and protects the outer mucosal
surfaces of the eye, and the cornea (Figure 2.3). This thin transparent film consists of glands and

tissues approximately 3 pum in thickness and 3 pL in volume with three distinct layers. The

33



outermost layer is the (i) lipid layer — made of different lipids and fatty acids that interact with the
aqueous layer and block evaporation of tears, (ii) aqueous layer — provides oxygen, electrolytes
and water to the corneal tissue and blocks any foreign guest molecules, and (iii) mucin layer —
composed of proteins that provide lubrication and hydration to the ocular surface.!?’ 42
Specifically, mucins consist of a large protein core with up to 80% glycosylated oligosaccharide
chains exhibiting long branches and involving O-glycosidic bonding interactions to the protein
core.'?! The protein core is further subdivided into different regions made up of amino acids,
specifically with a high composition of cysteine-rich amino acids, making up >10% of the protein
core.!?! These cysteine-rich domains have been shown to be involved in disulfide bond formation
among interactions with thiol groups on functionalized MOFs in order to achieve mucoadhesion.
Air
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Figure 2.3. Three main layers encompassing the tear film of the eye. Reprinted with permission
from Yoshida, M.; Yamaguchi, M.; Sato, A.; Tabuchi, N.; Kon, R.; limura, K-i. Langmuir, 2019,
35, 8445-8451. Copyright 2023 American Chemical Society.!'#?

Modern day treatments for post-cataract surgery involve the use of topical applications in
the form of eye drops where anti-inflammatory drugs are immersed in saline solutions. NSAIDs
for ocular treatments are used to manage ocular inflammation and have been proven to be a safe
and effective tool for post-cataract surgery and routine analysis.!'** NSAIDs are composed of

functional groups such as (i) salicylates, (ii) fenamates, (iii) indoles, (iv) phenyl alkanoic acids, (v)
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phenyl acetic acids, and (vi) pyrazolones.'** The role of NSAIDs is to block the cyclooxygenase
(COX) enzymes (COX-1 and COX-2) that promote the production of prostaglandin which
produces inflammation.!#> 46 Commercially available topical ophthalmic NSAIDs include
Bromfenac, Indomethacin, Diclofenac, Flurbiprofen, and Nepafenac. Flurbiprofen is specifically
effective in suppressing ocular inflammation by inhibiting the COX-1 and COX-2 enzymes owing
to anti-inflammatory, and analgesic properties.!*® It is mainly used for the treatment of rheumatoid
arthritis, osteoarthritis, and topically in the form of eye drops post-cataract surgery to treat ocular

inflammation. 46

Nanomaterials for ocular drug delivery systems take advantage of submicron particles
ranging from 10 — 200 nm in size and provide many advantages for drug delivery such as (i) low
irritation, and (ii) controlled drug release, avoiding frequent administration.!?¢ They exist in the
form of a colloidal suspension where dispersed drug loaded nanoparticles are insoluble in aqueous
solvents and are retained in the pericorneal pocket found in the cornea.!*! Nanoparticles in the
form of (i) nanomicelles, (ii) liposomes, (iii) dendrimers, and (iv) gold nanoparticles (Figure
2.4),''8 have been employed, however they lack flexible structural integrity and are difficult to
control the drug release leading to toxic levels of drug concentrations.!”- ¥ Metal-organic
frameworks (MOFs) have been studied for ocular drug delivery owing to their (i) high surface
areas and porosities capable of encapsulating drug molecules, and (ii) tunable pore sizes for the
controlled release of drugs.!** Composed of inorganic metals bridged by organic polydentate
ligands, they lead to the formation of highly functionalized and uniform porous structures adapted
for the absorption of a variety of molecules not limited to drug delivery,'* but gas storage and

catalysis.!>% 151

Owing to the ease of post-synthetic modification of MOFs, their functionality and
versatility can be adapted to satisfy the biocompatibility and bioavailability requirements for drug
delivery applications. A few factors that are important for MOFs that will be studied as potential
platforms for biological applications include (i) size — determine the overall speed and diffusion,
and overall circulatory time in vivo, (ii) nature of the building blocks — metal ions and ligands, (iii)
stability — metal-ligand bond strength, basicity of the ligand, coordination number, and (iv) ease
of surface modification — post-synthetic modification with silica or organic polymers like

polyethylene glycol (PEG) to tune the stability and ability of MOFs to circulate in aqueous media.®¢
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a) Liposome b)  Dendrimer c) Gold
nanoparticle

Figure 2.4. Representation of nanoparticles in the form of a) liposomes, b) dendrimers, and ¢) gold
nanoparticles for drug delivery applications. Reprinted with permission from Zhang, Y.; Fang, F.;
Li, L.; Zhang, J. ACS Biomater. Sci. Eng. 2020, 6(9), 4816—4833. Copyright 2023 American
Chemical Society.'*?

The development of novel and conventional drug delivery systems with mucoadhesive
properties help to (i) improve patient compliance, (ii) reduce side effects, (iii) increase retention
times, and (iv) improve overall ophthalmic administration.!* Mucoadhesion is defined as
interfacial forces that form a bond with a mucosal surface for a prolonged period of time.!>* Mucins
are highly glycosylated proteins located in the mucosa and allow for mucoadhesion to occur based
on specific properties including (i) electrostatic interactions — mucins are negatively charged and
can interact with positively-charged systems, (ii) hydrophobic interactions with the

nonglycosylated protein regions,!>*

and (iii) disulfide bonding — mucins consist of highly
glycosylated proteins rich in thiol groups stemming from the presence of cysteine amino acids

capable of bonding with thiol groups on drug vector systems. (Figure 2.5).!18
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Figure 2.5. Representation of mucin glycoproteins and their potential mucoadhesive interactions.
Reprinted with permission from Wagner, C.E.; Turner, B.S.; Rubinstein, M.; McKinley, G.H.;
Ribbeck, K. Biomacromolecules, 2017, 18, 3654-3664. Copyright 2023 American Chemical

Society. '3

The present scope encompassing the study of drug delivery systems for mucoadhesion
through disulfide bonding include insights on gold nanoparticles. Owing to their multiple thiol
groups present on their metallic surface and in the core, they can interact with the mucins through
disulfide interactions as well as gold-sulfur bonds, giving rise to enhanced mucoadhesive
interactions.!!® Gold nanoparticles have provided potential drug targeting and carrier abilities in
nanomedicine, however potential toxicity of these materials owing to their intrinsic characteristics
particularly associated with their physiochemical properties, require further characterization of

their pharmacokinetics for drug delivery.!®

The mucoadhesive properties of MOFs have not yet been thoroughly explored in the
literature but offer an interesting alternative for mucoadhesive drug delivery systems. Previously
reported mucoadhesive NH>-MIL-88 showed encapsulation and controlled release of brimonidine
for topical drug delivery through a hydrogen bonding mucoadhesive property.'* Interaction
between the hydrogen-rich ligand with the hydroxyl and carboxyl functional groups of the mucins
generated a highly mucoadhesive drug vector system.!# Preliminary research of mucoadhesion by
thiolation of Zrs-based MOFs introduced a new approach that remains novel in the field. The
synthesis and characterization of bulk-size thiolated UiO-66-(SH), and UiO-67-(SH), was

explored resulting in enhanced mucoadhesion interactions through disulfide bonding with the
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mucins owing to the presence of thiols in the core and on the periphery of the MOFs.!3” However,
preliminary drug delivery experiments resulted in lower drug loadings of the thiolated MOFs due

to the large ionic radii of sulfur (1.84 A) and blocking the pores for the drug uptake.'>’

Zrs-based MOFs are of interest for this study since they are classified as some of the most
stable class of MOFs reported with biocompatibility attributed to the highly oxophilic nature of
the (Zr)! sites.® In addition, polycarboxylate linkers are highly polar and permit ease of removal
under physiological conditions.®® Herein, expanding upon the previous research of Zrs-MOFs for
mucoadhesion through disulfide bonding, the development of nanosized Zrs-MOFs will be
explored to improve the biocompatibility and bioavailability properties, followed by tuning the
thiol-functionality of the Zrs-MOFs to increase the drug loading capacity with less surface thiols
for potential drug delivery experiments. The alternative approach at functionalizing the Zrs-MOFs
with thiol groups is by a post-synthetic modification process known as solvent-assisted ligand
incorporation (SALI). This method takes advantage of available polar -OH and -OH> ligands on
the Zrs oxoclusters that can be exchanged with a thiol-functionalized ligand bearing a terminal
carboxylate (-COOH) functional group.** The two thiolated ligands of interest are thioglycolic
acid, and mercaptoundecanoic acid, each bearing a terminal (-SH) group that will serve to form
the disulfide bridge with the cysteine amino acids in the mucins, and a terminal (-COOH) group

to coordinate to the open-metal sites of the MOF (Figure 2.6).
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Figure 2.6. Schematic representation of solvent-assisted ligand incorporation (SALI) of Zrs-based
MOFs with thioglycolic acid (top) and mercaptoundecanoic acid (bottom).
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A general representation of the mucoadhesion process can be understood from Figure 2.7,
where step 1 consists of the topical application of the Flurbiprofen drug loaded SALI MOF sample
administered onto the surface of the cornea, followed by step 2 — mucoadhesion by the interaction
between the thiol group from the thiolated ligand of the MOF forming a disulfide bridge with the
cysteine amino acids found in the mucous layer, and step 3 — Flurbiprofen drug release into the
cornea and into the epithelium layers until it reaches the anterior chamber where it exerts its

pharmacological function.
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Figure 2.7. Mucoadhesion topical application process involving drug loaded MOF samples
interacting with the mucins in the mucous layer by forming a disulfide bond and resulting in the

drug release.

Epithelium

This study aims to develop a series of Zrs-based MOFs; MOF-808, UiO-66, and UiO-67,
that are synthesized in the nanoscale size regime and thiol functionalized through post-synthetic
modification using SALI in order to assess their mucoadhesive properties as characterized by

colorimetric quantification and fluorescence spectroscopy.
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2.2. Experimental Procedure

2.2.1 Materials and Chemicals

All chemicals were purchased from commercial suppliers and used with no further
purification. Zirconium (IV) chloride (ZrCls; Alfa Aesar, 99.5%), glacial acetic acid (Fisher
Scientific, 99.7%), isopropanol (Sigma-Aldrich, 99.5%), formic acid (Thermo Scientific, 97%),
1,3,5-benzenetricarboxylic acid (BTC; Alfa Aesar, 98%)), terephthalic acid (BDC; Acros Organics,
99.5+%), N,N-dimethylformamide (DMF; Fisher Chemical Certified ACS, >99.8%), 4.,4-
biphenyldicarboxylic acid (BPDC; Acros Organics, 98%), zirconium dichloride oxide hydrate
(ZrOCly; Alfa Aesar, 99.9%), thioglycolic acid (Tokyo Chemical Industry, > 95%),
mercaptoundecanoic acid (Ambeed, 98%), acetone (Fischer Chemical Certified ACS, 99.5%),
deuterated sulfuric acid (D2SOs; Sigma-Aldrich, 99-98 wt%), deuterated dimethyl sulfoxide
(DMSO-dg; Cambridge Isotope Laboratories, 99.8% D with 0.05% v/v tetramethysilane (TMS)),
sodium acetate (Sigma-Aldrich, >99.9%), Tris (Tris(Hydroxymethyl) Aminomethane) (Acros
Organics, +99%), N-acetyl-L-cysteine (Alfa Aesar, 98+%), and 5,5-dithiobis(2-nitrobenzoic acid)
(Alfa Aesar, 99%).

2.2.2. General Methods

Powder X-ray diffraction (PXRD) results were collected using a Rigaku Miniflex or a
Bruker D2 Phaser (Bruker AXS, Madison, WI, USA) both equipped with a Cu-based (Ka) X-ray
source and a nickel filter. The dry powdered samples were packed into a smooth layer onto a
silicon wafer zero-background sample holder. Results were collected from 4-40° at 0.02 6

increments in the 26-range.

N2 adsorption-desorption experiments were conducted on a Micromeritics Tristar II Plus
instrument equipped with a nitrogen dewar filled with liquid nitrogen at 77 K to obtain surface
area and porosity results. A Micromeritics SmartVac prep with a hybrid turbo vacuum pump was

used prior to BET analysis to activate the samples at 120 °C for 24 h under vacuum conditions.

Dynamic light scattering (DLS) size distribution profiles were collected with a Malvern
Panalytical Zetasizer Nano ZSP instrument at 25 °C. The MOF samples were sonicated in 18-ohm

MilliQ pore water, followed by dilutions with 500 uL aliquots of the MOF suspension in 1.5 mL
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of MilliQ pore water. The samples were analyzed in a quartz cuvette with 1 cm path length and

3.50 mL capacity.

Proton nuclear magnetic resonance ('H-NMR) spectra were obtained on a 500 MHz Bruker
spectrometer instrument equipped with a Topsin software system. The samples were digested and
sonicated with ~ 6 drops of deuterated sulfuric acid, followed by 600 uL. of DMSO-ds. The samples

were analyzed at 1024 scans and referenced to the residual solvent peaks.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) spectra were
collected with a Thermo Scientific Nicolet 6700 FT-IR equipped with an MCT detector and
resolution of 1 cm™ from 400-8000 cm™ wavelength range. The MOF samples were vacuum dried
at 90 °C prior to DRIFTS analysis to avoid measuring solvent peaks and were further suspended

with dry KBr pellets for analysis.

Ultraviolet—visible (UV-Vis) absorption analysis was conducted on a Cary 5000 series
UV-Vis NIR spectrophotometer from Agilent technologies. The solutions were analyzed using
dual beam mode from 200-800 nm and a source changeover wavelength at 350 nm. A two-sided
quartz cuvette with a 1 cm path length and maximum volume of 3.50 mL capacity was used to

measure the sample solutions.

Scanning electron microscopy (SEM) micrographs were collected on a Phenom ProX SEM
benchtop at 12 kV. All samples were first sputter coated with a 5 mm gold (Au) layer by using a
Cressington 108 Auto/SE Sputter Coater with MTM-20 high resolution film thickness controller.

Transmission electron microscopy (TEM) micrographs were collected on a Talos ™ L120C
TEM. All samples were first suspended in acetone, sonicated, and 10 uL of the solution was

dropcast onto a carbon grid.

Thiol Quantification with Ellman’s Test: A 1M TRIS Buffer solution was prepared in a
volumetric flask with TRIS base (12.220 g, 101 mmol) and MQ H>O. The pH of the solution was
adjusted to 8.0 by adding hydrochloric acid and further diluted to 100 mL. A 50 mM sodium
acetate solution was prepared in a 100 mL volumetric flask by adding sodium acetate (0.4101 g,
5.0 mmol) and MQ H>O. The pH was adjusted to ~ 4-5 by addition with acetic acid (93.5 uL) and
further diluted to 100 mL. The 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) reagent was prepared
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by dissolving 8.50 mg (0.0214 mmol) of DNTB in 10 mL of sodium acetate (50 mM) in a 10 mL
volumetric flask. The solution was then sonicated and stored in the fridge. The Ellman’s test was
followed according to previously reported methods.!*® A calibration curve was prepared with a
known N-acetyl-L-cysteine standard starting at 0 uM. The standard samples were prepared by
mixing 150 uL of DTNB reagent, 300 uL of TRIS buffer, 2520 uL of MQ H>0, and 30 uL of N-
acetyl-L-cysteine standard for a total cuvette volume of 3000 uL. A calibration curve was prepared
with concentrations of standard from 0-60 uM, with 0 uM attributed to the blank with just MQ
H>0. The solution was mixed and incubated for 5 mins at room temperature. Once the yellow
colour of the solution was produced, the cuvette was placed into the UV spectrophotometer and
the optical absorbance was measured at 400 nm. The UV—-Vis was blanked with each sample in

between runs.

2.2.3. Synthesis and Activation of nanosized Zrs-based MOFs (MOF-808, UiO-66, and UiO-
67)

Nanosized MOF-808

Nanosized MOF-808 was synthesized according to an already published procedure.*
Briefly, Zrs oxoclusters were prepared in a scintillation vial with the addition of ZrCls (1000 mg,
4.29 mmol) added to a mixture of 1.5 mL of acetic acid and 2.5 mL of isopropanol. Once all
reagents were added, the solution was heated at 120 °C with constant stirring at 500 rpm on a
standard hot plate for 60 mins. The white powdered product was collected by centrifugation at
7800 rpm for 8 mins and the suspension was washed with acetone 2x. The product was then placed

in a vacuum oven at 80 °C for 60 mins.

Following the Zrs oxocluster synthesis, nanosized MOF-808 (210 nm) was prepared in a
scintillation vial with the addition of Zrs oxoclusters (120 mg, 0.515 mmol) dispersed in 300 uL
of formic acid while stirring at 600 rpm. 500 uL of distilled water was subsequently added, and
the solution turned colorless. 1,3,5-benzentricarboxylic acid (30 mg, 0.14 mmol) was added to the
reaction mixture and was left stirring at 600 rpm overnight at room temperature. The white
powdered product was collected by centrifugation at 7500 rpm for 5 mins and the suspension was
washed with 5 mL of distilled water 3x, followed by 5 mL of acetone 3x, and was left to soak

overnight. The product was left to dry in a vacuum oven at 80 °C for 2 h. The sample was soaked
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in dilute HCI (0.1 M, 9 mL) overnight to remove excess formate ions on the surface and pores of
the MOF. The sample was washed with 5 mL of distilled water 3x, followed by 5 mL of acetone

3x, and was left to soak overnight, and further placed to dry in a vacuum oven at 80 °C for 2 h.
Nanosized UiO-66

Nanosized UiO-66 was synthesized under solvothermal conditions in an 8-dram vial
containing ZrCls (31.0 mg, 0.133 mmol) and the addition of HBDC (31.3 mg, 0.188 mmol), with
7.5 mL of DMF and 250 uL of acetic acid. The sample mixture was sonicated until a white
homogeneous solution was formed and the sample was placed in a 120 °C oven for 24 h. The white
gel-like product was collected by centrifugation at 7500 rpm for 5 mins, and washed with 5 mL of
DMF 3x for 3 subsequent days with soakings overnight, followed by 5 mL of acetone 3x for 3
subsequent days with soakings overnight. The sample was dried in a vacuum oven at 80 °C for 1

h.
Nanosized UiO-67

Nanosized UiO-67 was synthesized under solvothermal conditions by preparing two
separate solutions in 8-dram vials: solution A consisting of H.BPDC (40 mg, 0.165 mmol) and 2
mL of DMF.!>® Solution A was sonicated until a white suspension was formed. Solution B
consisted of ZrOCl, e 8H>0 (18 mg, 0.055 mmol) and 6 mL of DMF, followed by sonication. The
two solutions were combined into an 8-dram vial and 96.55 uL of acetic acid was subsequently
added. The reaction mixture was sonicated and placed into a 90 °C oven for 18 h. The white
transparent gel-like product was collected by centrifugation at 7500 rpm for 5 mins and washed
with 5 mL of DMF 3x for 3 subsequent days with soakings overnight, followed by 5 mL of acetone
3x for 3 subsequent days with soakings overnight. The sample was dried in a vacuum oven at 80

°C for 1 h.
2.2.4. Postsynthetic Modification of Zrs-based MOFs (MOF-808, UiO-66, UiO-67)

MOF-808 SALI

The SALI approach for the post-synthetic modification of nanosized MOF-808 with
thioglycolic acid consisted of weighing out 45 mg of activated MOF-808 (0.0330 mmol) in a
scintillation vial. Subsequently, 15 equivalents of thioglycolic acid (34.54 uL, 0.49497 mmol) was
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added to the vial, followed by the addition of DMF (12 mL). The reaction mixture was capped and
heated at 55 °C overnight with stirring. The product was centrifuged at 7500 rpm for 5 mins and
washed with 5 mL of DMF 3x for 3 subsequent days with soakings overnight, followed by 5 mL

of acetone 3x for 3 subsequent days with soakings overnight.

Additionally, the same approach was used to synthesize MOF-808 with
mercaptoundecanoic acid. A 45 mg portion of activated MOF-808 (0.0330 mmol) was mixed with
15 equivalents of mercaptoundecanoic acid (108.08 mg, 0.49497 mmol), followed by 12 mL of
DMF. The reaction mixture was capped and heated at 55 °C overnight with stirring. The product
was centrifuged at 7500 rpm for 5 mins and washed with 5 mL of DMF 3x for 3 subsequent days
with soakings overnight, followed by 5 mL of acetone 3x for 3 subsequent days with soakings

overnight.
UiO-66 SALI

SALI was performed on nanosized UiO-66 with both thioglycolic acid and
mercaptoundecanoic using similar procedures. A 45 mg portion of activated UiO-66 (0.0270
mmol) was mixed with 15 equivalents of thioglycolic acid (28.30 uL, 0.0374 mmol) and separately
mercaptoundecanoic acid (88.57 mg, 0.4056 mmol), followed by 12 mL of DMF in each separate
vial. The reaction mixture was capped and heated at 55 °C overnight with stirring. The product was
centrifuged at 7500 rpm for 5 mins and washed with 5 mL of DMF 3x for 3 subsequent days with
soakings overnight, followed by 5 mL of acetone 3x for 3 subsequent days with soakings

overnight.
UiO-67 SALI

SALI was performed on nanosized UiO-67 with both thioglycolic acid and
mercaptoundecanoic using similar procedures. A 45 mg portion of activated UiO-67 (0.0212
mmol) was mixed with 15 equivalents of thioglycolic acid (38.28 uL, 0.318 mmol) and separately
mercaptoundecanoic acid (69.50 mg, 0.318 mmol), followed by 12 mL of DMF in each separate
vial. The reaction mixture was capped and heated at 55 °C overnight with stirring. The product was
centrifuged at 7500 rpm for 5 mins and washed with 5 mL of DMF 3x for 3 subsequent days with
soakings overnight, followed by 5 mL of acetone 3x for 3 subsequent days with soakings

overnight.
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2.3. Results and Discussion

2.3.1. Characterization of Nanosized MOFs

Zre-based MOFs, notably MOF-808, UiO-66 and UiO-67, have been selected for this study
to evaluate how nanosizing the MOFs and post-synthetically modifying them using SALI affects
their mucoadhesive properties. Nanosized Zrs-based MOFs were synthesized according to
literature procedures.* 15° The size reduction of the resulting materials compared to standard Zre-
based MOF synthetic procedures is attributed to the faster reaction kinetics that occur when using
lower concentrations of modulator.”? As such, with lower amounts of modulator present, the metal
and linkers in solution will be quickly depleted owing to faster nucleation, and providing the
opportunity to grow a large number of nanoparticles at the same time and with a homogeneous
size distribution.!®® In addition, shortening the reaction time will decrease the overall crystal
growth of the MOF as nucleation will reach a saturation point.!®! Owing to the low amounts of
modulator implemented in each Zrs-based MOF procedure, the resulting mixture exhibited a gel-
like product owing to the weak non-covalent interactions that occur between the aggregates of the
nanoparticles.!®> PXRD determines the bulk crystallinity and phase purity of the MOFs,
confirming the successful synthesis of the nanosized MOFs according to the allowed reflections
from the simulated patterns (Figure 2.8a, c, €). The respective N> adsorption-desorption isotherms
for all MOFs are shown, collected at 77 K after activation of samples at 120 °C for 24 h under
vacuum (Figure 2.8b, d, f). N> sorption analysis for MOF-808 reveals that the material has a surface
area of 1700 m?g! with a reversible Type I(b) isotherm following the Brunaeur-Emmett Teller
(BET) analysis, confirming micropores nearing the size of mesopores. Additionally, the N»
sorption analysis for UiO-66 and UiO-67 showcase a reversible Type I(a) isotherm, confirming

micropore sizes with surface areas of 1270 m?g™!, and 1900 m?g’!, respectively.
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Figure 2.8. PXRD diffractograms of (a) MOF-808, (c) UiO-66, and (e) UiO-67. N> adsorption-
desorption isotherms for (b) MOF-808, (d) UiO-66, and (f) UiO-67.

DLS measurements were carried out to confirm the hydrodynamic particle size of each
MOF sample in solution (Figure 2.9a, c, e). The solutions were prepared in MQ water owing to
the stability of Zrs-based MOFs in water and it’s universal solvent role for biological conditions
owing to its high polarity for cell transport.!6® The particle sizes based on DLS measurements are
310 nm, 212 nm, and 171 nm, respectively for MOF-808, UiO-66 and UiO-67. An SEM
micrograph for MOF-808 (Figure 2.9b) was obtained to determine and compare the static
crystallite size, which averages 286 nm. In addition, TEM micrographs were obtained for UiO-66
and UiO-67 (Figure 2.9d, f), resulting in static crystallite sizes averaging 62 nm and 39 nm,
respectively. Comparison of SEM and TEM micrographs with the polydispersity index (PDI) of
the DLS plots reveal that MOF-808 and UiO-66 are monodisperse and highly regular.
Alternatively, the UiO-67 PDI is higher, further confirmed by a more aggregated sample
distribution observed using TEM. It can be hypothesized that the difference in nanoparticle
aggregation can arise due to the increase in surface defects, and unsaturated metal and linker sites,
resulting in high surface energies that can favor aggregation.!®* 16> DLS results for all samples
show a higher average particle size owing to the hydrodynamic layer being measured, taking into
account the surrounding hydration layer of the particles diffusing in the solvent. Complete particle

size statistical analysis for all nanosized MOFs can be referenced in the appendix (Figure A.la-i).
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Figure 2.9. DLS measurements of (a) MOF-808, (c) UiO-66, and (e) UiO-67. SEM micrograph
of (b) MOF-808, and TEM micrographs of (d) UiO-66, and (f) UiO-67.

2.3.2. Characterization of Post-Synthetically Modified Nanosized MOFs

Once the nanosized Zrs-based MOFs were synthesized and characterized, the nanoMOFs
were then post-synthetically functionalized using SALI with two thiol-containing ligands;
thioglycolic acid, and mercaptoundecanoic acid. In order to confirm the presence of these ligands

on the open-metal sites of the MOFs, further characterization techniques were performed. Figure
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2.10 showcases PXRD diffractograms of the MOFs with both ligands incorporated post-
synthetically and confirms that the structural integrity of the MOFs are maintained. In addition,
the N2 adsorption-desorption experiments were also conducted to determine the surface areas of
the post-synthetically modified MOFs. The MOFs with thioglycolic acid ligands featured surface
areas of 1780 m?g! for MOF-808, 1190 m?g! for Ui0-66, and 2300 m?g™! for UiO-67. When
mercaptoundecanoic acid is incorporated in the MOFs, the surface areas are 990 m?g™! for MOF-
808, 1090 m?g! for Ui0-66, and 2160 m?g™! for UiO-67. As presented, the surface areas are higher
for the MOFs with thioglycolic acid compared to the control MOFs without any ligands added
post-synthetically, and lower for the MOFs with mercaptoundecanoic acid. This trend is what we
would expect to observe since thioglycolic acid is smaller and lighter in mass, hence allowing for
slightly more surface area while not significantly occluding accessibility of the pores. Compared
with mercaptoundecanoic acid, a longer chain and heavier in mass, we would expect to see lower
surface areas as the large linkers can significantly block access to the MOF pores. In addition, it is
observed that some of the MOF surface areas are higher than the parent MOF which can be
attributed to the possibility of introducing defects or displacing the linkers when incorporating

thiolated ligands via SALI.
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Figure 2.10. PXRD diffractograms with thioglycolic acid and mercaptoundecanoic acid for a)
MOF-808, ¢) UiO-66, and e) UiO-67, followed by N> adsorption-desorption isotherms with
thioglycolic acid and mercaptoundecanoic acid for b) MOF-808, d) UiO-66, and f) UiO-67.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was used to

determine IR active functional groups present on the surface and inside the pores of the MOFs.

Figure 2.11 showcases DRIFTS spectra for MOF-808, UiO-66, and UiO-67 with the expected

absorption bands. The sharp stretches at 3671 cm! and 3674 cm™! corresponds to the bridging and

terminal -OH from the Zrs metal node, respectively. The stretches at 1395 cm™ and 1590 cm™ are

attributed to the symmetric and asymmetric vibrations from the -C=O organic linker, while the

asymmetric and symmetric -CHj3 and -CH; stretches of the organic linker appear in the region of

50




2900 cm!. The coordinated ligands to the metal nodes can be confirmed by the attenuated peaks
of the terminal or bridging hydroxyls, indicating that portions of the metal node are functionalized
by the carboxylates of the thiolated ligands.*! However, residual intensity can be evidence of

unfunctionalized hydroxyl and aqua ligands at the metal node termini.?®
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Figure 2.11. DRIFTS spectra for a) MOF-808, b) UiO-66, and c¢) UiO-67.

Proton nuclear magnetic resonance ('H-NMR) spectroscopy of the digested post-
synthetically modified MOF samples show structural organic linker purity and incorporation of
the thiolated ligands into the MOFs. "H-NMR spectroscopy can also be used to quantify the
amount of thiolated ligand per metal node of the MOF (Figure 2.12). All 'TH-NMR spectra
integrations were set for the total number of protons for each structural organic linker per metal
node of the MOF. 'H-NMR spectra of just the thioglycolic acid and mercaptoundecanoic acid
digested with sulfuric acid and further dissolved in DMSO was obtained to confirm the chemical
shifts of the ligands (Figure A.5a, b). Figure 2.12a, b represent the "H-NMR spectra for MOF-808
with incorporations of 2.2 and 4.9 for thioglycolic acid and mercaptoundecanoic acid per Zrs-node,
respectively. It was hypothesized that less mercaptoundecanoic acid would be coordinated into
MOF-808 compared to thioglycolic acid due to its longer ligand size. It is possible that excess
mercaptoundecanoic acid ligand was not thoroughly washed out during the washing steps.
Additionally, (Figure 2.12c, d) represents the "TH-NMR spectra for UiO-66 thioglycolic acid and
mercaptoundecanoic acid with incorporations of 0.28 and 0.36 per Zrg-node, respectively, and
Ui0O-67 (Figure 2.12e, f) with incorporations of 1.2 and 1.7, respectively. Similar to MOF-808, it
was hypothesized that more thioglycolic acid would be coordinated into the MOFs compared to

mercaptoundecanoic acid since the pores of the UiO-66 and UiO-67 are too small for the
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mercaptoundecanoic acid to be coordinated. In addition to requiring more thorough washings, it is

possible that the MOFs are becoming more defective when the thiolated ligands are incorporated

as some of the MOF linkers can be displaced when new ligands are incorporated. It is expected to

observe lower incorporations for the post-synthetically modified ligands in UiO-66 and UiO-67

when compared to MOF-808, attributed to the lower abundance of open-metal sites in the UiO-

MOFs, which are only located at defect sites.

166, 167

a)

| o H
| O
HO OH
‘ SH
HO
| HO
|
|I [
| <
« @
ﬂ #' >
(UL (]
| ‘.\/j I
| |
| L
JI ol o] JJL,F—J—‘LJ) ‘) S
| !
6.00 4.43
lé 1I2 1l1 10 8 7 é 5 . 3I i i 0
Chemical Shift (ppm)

52



b)

Chemical Shift (ppm)

O
SH
HO
Hg H
%
~
[
[}
| ~
il f o |
_/ ‘\._7 e WU 5's . 1) 1'__ JL IS S
T ¥
24.00 0.57
3 12 1 w9 8 7 6 5 a 3 1
Chemical Shift (ppm)
O
SH
HO
% | -
o
o
n
o]
=
©
| |
! JUL e AV Y A
— !
24.80 24.00 2.60
3 12 1 1w o 8 7 6. 5 a4 3 1

53




d)

8] "
H_ He H. HD D
(=]
HO SH "*
H Hg ‘|
- o |
o = |
o " [l
| | Al e
M SR __/‘\__7/-»/ S =
ol LI:
10. 58 11. 53 49 48
21 2I] 1I9 18 1I7 16 15 1‘4 13 1I2 11 llll DIQ
Chemical Shift (ppm)
O Ha O g
w
HO OH
M
o
H H R -
m |
/ | |
. [ 1. UV 1 S |
| —
6.00 10.58 11.63 49.48
13 12 11 10 ° 8 7 p 5 : 3 2 1 0
Chemical shift (ppm)
H HDO =
- -]
e
SH |'|
|
|| |I
3 .
s Al
/ |
L-«.-..Jw..._....__,m-/ N
0. 84 0 86 2 92
2120 1913171615141312111009
Chemical Shift (ppm)
™~
[--]
~
8 &3
” o -7y
A B P SO T T
" I
24.00 0.84 0.86 2.92
13 12 11 10 9 8 ' : : : 3 2 1 0

7 6 5
Chemical Shift (ppm)

54




H H Il
g- ﬁ ||‘ I|
l'TI - .J'I |
A "
I i : I VR & SSE, sl S
A — i iy
3.28 4.22 17.43

: T T T T T T T
21 2.0 19 1.8 1.7 16 1.5 1.4 13 1.2 1.1 1.0 0.9
Chemical Shift (ppm)

" S R

24.19 24.00 3.284.2217.43

T T T T T T

13 12 11 10 9 8

T T T
7 6 5 4 3 2 1 0
Chemical Shift (ppm)

Figure 2.12. '"H-NMR spectra showing ligand incorporation of thioglycolic acid in a) MOF-808
b) Ui0O-66, c) UiO-67 and mercaptoundecanoic acid in d) MOF-808, e) UiO-66, f) UiO-67.

Particle size analysis of the MOFs post-SALI were determined using DLS (Figure A.2-
A.4). Incorporation of the thiolated ligands does not have a major effect on the average particle
size of the nanoMOFs, and the hydrodynamic diameter of the MOFs after ligand incorporation

present no aggregation and remain monodisperse and uniform.

2.4. Mucoadhesion Characterization

The mucoadhesive properties of all MOFs before and after post-synthetic modification
were studied by (i) a quantitative colorimetric method to assess the % mucins retained when in
contact with the MOFs, and (ii) fluorescence spectroscopy to gather information on the strength
of the interaction between the mucins and MOFs. Typical experiments involve mixing a stock
solution of commercial-based mucins from bovine submaxillary glands with the MOF samples.
First, UV—Vis experiments were used for thiol quantification of the post-synthetically modified

MOFs using Ellman’s test to quantify the presence of thiol ligands on the surface of the MOFs.
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2.4.1. Thiol Quantification by UV-visible Spectroscopy

In order to quantify the number of thiol groups present on the surface of the thiolated
MOFs, a thiol quantification by Ellman’s test is performed and quantified by UV-visible
spectroscopy. Quantifying the surface thiols allows for the determination of the quantity of thiols
capable of interacting with the mucins, since the reagents (and the mucins) are too large to enter
into the MOF pores. The Ellman’s test involves preparing a set of N-acetyl-L-cysteine standards,
mixed with a 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) reagent and will react with the
sulthydryl groups to form a mixed disulfide and 2-nitro-5-thiobenzoic acid (TNB) molecule. The
yellow-colored TNB product can be measured by UV—Vis at 400 nm. Figure 2.13 represents a
calibration curve with the known standard concentrations ranging from 0 uM to 60 uM resulting
in a linear relationship where an increasing amount of thiols reacting with DTNB results in an
increase in concentration of TNB. As such, the protocol is further justified by the appearance of a
darker yellow colored solution when DTNB is mixed with TNB at increasing concentrations. Table
2.1 showcases the results obtained comparing the moles of thiol by 'H-NMR and UV-Vis
spectroscopy for MOF-808, UiO-66, and UiO-67 with thioglycolic acid and mercaptoundecanoic
acid. Essentially, the moles of thiol determined by "H-NMR spectroscopy represents the relative
moles of thiol when compared to the moles of linker, whereas the moles of thiol by UV—Vis
spectroscopy determines the number of thiol groups on the external surface of the MOF only. The
DTNB reagent with dimensions of ~ 17 & x 6 A is too large to be encapsulated in the pores of the
MOF. 1t is thus expected to observe a lower amount of moles of thiol by UV—Vis spectroscopy
and a higher amount of moles of thiol determined by 'H-NMR spectroscopy, as shown in Table
2.1. This data confirms that there are surface thiol groups in all cases which may be capable of

interacting with mucins.
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Figure 2.13. Representation of N-Acetyl-L-Cysteine (a) absorbance spectrum for all
concentrations, (b) linear standard calibration curve, (c) increasing TNB concentration with
increasing thiol concentration.

Table 2.1. Theoretical and experimental moles of thiol determined by 'H-NMR and UV-Vis
respectively, for MOF-808, UiO-66, and UiO-67 with thioglycolic acid and mercaptoundecanoic
acid calculated based on the absorbance of TNB at 400 nm.

Sample Moles of Thiol by 'H-NMR | Moles of Tn'gt‘:l‘:lyogg’—"is per
per metal node (surface thiols only)
Thi(l)\ggl;jgsacid 1.41x 10 2.19x107
Mercaptlt)/llglfiéigﬁoic acid 2.03x 10 L1l x10°%
Thio;;g(;?i?: acid 1.70x 107 1.51x10°8
Mercaptoliil(()iéignoic acid 2.06x 107 4.59x 10
Thio;;?c;fiz acid 5.39x 107 1.42x 107
Mercaptoljtil(()lj:Znoic acid 7.12x 107 1.23x 107

57



2.4.2. Periodic-Acid/Schiff’s Reagent Coloration Protocol

Described as a colorimetric quantification process, PAS coloration assesses the percentage
of mucins retained by the MOFs as determined by UV-Vis spectroscopy. In doing so, a set of
standards of mucins, control MOFs, and post-synthetically modified MOF samples were prepared.
MOF samples were then incubated with mucins under stirring for 2 h at room temperature, and
further centrifuged. The supernatant was then collected (600 uL) and mixed with a 180 uL volume
of periodic acid reagent and further incubated for 2 h at 37 °C, followed by the addition of 60 uL
of Schiff’s reagent, and reacted for 30 mins before UV-visible absorption spectroscopy

measurements.

Based on preliminary experiments, the standard protocol for PAS coloration is to use the
same ratio of mucins to MOFs (1 mg/mL) or to use a higher concentration of MOFs to mucins in
order to make a comparative analysis of the true mucoadhesion.''® 57 When following this
standard approach, however, it resulted in the samples falsely appearing highly mucoadhesive due
to aggregation of the nanoMOFs with the mucins. When adding higher concentrations of
nanoMOFs to the solution, aggregation increases and leads to trapping of the mucins, but that does
not represent true mucoadhesion. As this protocol depends on the size of the material and ratio of
mucins to material, the parameters were optimized by incorporating a lower concentration of
nanoMOFs (0.1 mg/mL) in order to minimize aggregation of nanosized MOF samples and trapping

of the mucins (Figures 2.14 and 2.16).

A calibration curve was collected with concentrations ranging from 0 to 150 ug/mL of
standard mucins and each mucoadhesion sample (MOF present) was subtracted from a
corresponding control sample (no MOF present) to quantify the free mucins adsorbed by the
MOFs. Based on the results presented in Figures 2.14, 2.15, and 2.16, all MOFs demonstrate
mucoadhesion, including the control and SALI samples. MOF-808 with thioglycolic acid is found
to be more mucoadhesive than the MOF-808 with mercaptoundecanoic acid, which is consistent
with the number of accessible surface thiols being higher in the former case as determined by the
Ellman’s test (Section 2.4.1). This trend holds true for the UiO-66 SALI samples but is not
observed for the UiO-67 SALI samples.

Interestingly, the control nanoMOFs with no thiols, also demonstrate mucoadhesion. This

was not the hypothesized scenario, as Zrs-based MOFs have a surface that is slightly negatively
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charged,'®8 therefore it was not expected that the control MOFs would interact with the negatively
charged mucins. Since there are no thiol groups present on the control MOFs, this suggests that
they are able to interact with the mucins without any specific disulfide interaction required. In fact,
in the case of MOF-808, the mucoadhesion in the control MOF surpasses that of the thiolated
MOFs. However, further inquiry is needed to understand the potential interactions between

nanosized Zrg-based MOFs and mucins using this type of protocol.
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Figure 2.14. Periodic Acid-Schiff (PAS) colorimetric quantification representing % mucins
retained to the thiolated MOFs for MOF-808 control and SALI samples. 0.1 mg/mL of MOF was
used in each case to prevent aggregation and to observe a difference in the retained mucins.
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Figure 2.15. Periodic Acid-Schiff (PAS) colorimetric quantification representing % mucins
retained to the thiolated MOFs for UiO-66 control and SALI samples. 1 mg/mL of MOF was used
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in each case to prevent aggregation and to observe a difference in the retained mucins. It should
be noted that the amount of MOF used for these samples is higher when comparing the data to
those in Figure 2.14 and 2.16.

30 q
] (26.23 £ 0.31)%
B &
25 A
(19.28 + 3.39)% (21.84 +£ 1.19)%
: |
[=
=
£
2
c 15 4
‘©
[
Y
o 10 H
R
5]
01
Uio-67 UiO-67 Thioglycolic acid UiO-67 Mercaptoundecanoic acid
MOF Samples

Figure 2.16. Periodic Acid-Schiff (PAS) colorimetric quantification representing % mucins
retained to the thiolated MOFs for UiO-67 control and SALI samples. 0.1 mg/mL of MOF was
used in each case to prevent aggregation and to observe a difference in the retained mucins.

2.4.3. Fluorescence Spectroscopy

In order to determine how strong the interaction is between the mucins and the MOFs, and
to understand the localization between the MOFs and mucins, fluorescence spectroscopy
measurements were gathered. The general protocol consists of a fluorophore, being the mucins,
that will emit light at 337 nm after excitation at 285 nm, resulting in high fluorescence intensity.
With the mucin concentration remaining the same, an increasing amount of MOF sample is added
to the solution to quench the fluorescence if mucoadhesion occurs. The emission spectrum in
Figure 2.17a represents the mucins in the presence of varying concentrations of thiolated MOF-
808 samples and results in two emission peaks; 315 nm representing the blank, that being water,
and the second peak from MOF samples that are fluorescing in the region of 350 nm. This emission
from the samples interferes with the fluorescence signal that is evidence of mucoadhesion at 337
nm. A Stern-Volmer plot best describes the quenching effect that occurs due to the dynamic
interaction between the MOFs and the mucins. Figure 2.17b, suggests that there are no strong
interactions between the MOFs and the mucins, however, due to interference of the fluorescence

signals, the results should not be overinterpreted.
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The thiolated UiO-66 and UiO-67 samples cannot be analyzed by fluorescence
spectroscopy because the fluorescence of the MOFs is very high. The emission of thiolated UiO-
66 and UiO-67 is also in the region where the mucins emit at 337 nm (Figure A.6) and owing to
the fact that the tryptophan emission from the mucins is weak, the MOF emission masks it. It is
interesting to note that this fluorescence spectroscopy protocol was used previously to analyze
mucoadhesion of bulk MOF materials with a similar composition to those reported herein and
there was no fluorescence observed to be coming from the MOFs. As such, the fluorescence
coming from the nanosized MOFs must be related to the materials having different properties on
the nanoscale. Hence, at the moment we can only rely on the PAS coloration results for the
nanosized MOFs, suggesting that the MOFs are highly mucoadhesive but not giving any

information about the strength of those interactions.
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Figure 2.17. Fluorescence spectroscopy measurements for mucoadhesion characterization. a)
emission spectra of MOF-808 control (no thiols) and SALTI MOF-808 samples excited at 285 nm.
b) Stern-Volmer plot for mucin fluorescence in the presence of SALI MOF-808 samples.

To summarize, the mucoadhesion characterization results from the PAS coloration
protocol suggest that the SALI MOF samples (MOF-808, UiO-66, and UiO-67) are mucoadhesive,

even with the need to use lower MOF:mucin to prevent issues associated with MOF aggregation.

2.5. Conclusions

In conclusion, nanosized Zrg-based MOFs were synthesized and characterized, and further
post-synthetically modified using SALI to thiolate the open-metal sites of the MOFs with
thioglycolic acid and mercaptoundecanoic acid and their mucoadhesive properties were assessed.

The phase purity and bulk crystallinity of all MOFs were confirmed with PXRD, and their surface
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areas were assessed with N> adsorption-desorption isotherms. DLS measurements confirm the
nanoscale size of the MOFs before and after SALI. 'H-NMR spectroscopy confirms the presence
of the incorporated thiolated ligand and quantification of thiol ligands per metal node with results
suggesting the possible presence of defects in the MOF or excess ligands trapped in the MOF pores
in some cases. Thiol quantification by UV—vis spectroscopy demonstrates accessible thiols on the
MOF surface. The mucoadhesive properties of the MOFs before and after modification with
thiolated ligands were investigated with two techniques that required modification of standard
protocols due to the unique properties of the nanosized MOFs. The PAS coloration results suggest
that all MOFs studied herein are highly mucoadhesive. The fluorescence spectroscopy results are
difficult to interpret due to fluorescent interferences from the MOF but show little to no quenching
of the mucin fluorescence when in contact with the thiolated MOF-808 samples meaning that the
mucoadhesive interaction may be weak. The SALI MOFs for UiO-66 and UiO-67 could not be
analyzed by fluorescence spectroscopy due to the high fluorescence of the MOFs. Despite this
hurdle, we can still conclude based on the PAS coloration results that all the MOFs in this study

are mucoadhesive, including the control samples and thiolated materials.
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Chapter 3
Nanosized Mixed Linker UiO-66-(SH): Metal-Organic Frameworks for Ophthalmic

Drug Delivery
3.1. Introduction and Ophthalmic Drug Delivery

Ophthalmic drug delivery has become of increasing interest and challenge over the past
few decades owing to the barriers of the anatomy and physiology of the eye, and poor
mucoadhesive properties of current eye drop formulations.!!'® 1® As such, mucoadhesion, defined
as the ability to adhere to mucosal layers or surfaces,''® paves the way for designing and
developing drug vector systems with improved performance and efficiency for long-term
application. Metal-organic frameworks (MOFs), a class of porous and highly tunable materials
exhibiting inorganic metal ions or nodes bridged by multitopic organic linkers, are promising
potential systems for drug delivery.!”® Specifically, by incorporating thiol groups (-SH) in the
structure of MOFs, a disulfide bond can form with cysteine amino acids present in the mucin layer
of the eye increasing the overall mucoadhesive properties and drug retention times.!!® The
objective of this research is to explore a mixed-linker approach for incorporating thiol groups in

MOFs for ophthalmic drug delivery.

Different approaches can be used to introduce thiol functional groups in MOFs including;
(1) post-synthetically modifying (PSM) the open-metal sites (OMSs) of MOFs with thiolated
ligands, or (ii) incorporating a thiol-based linker in the MOF structure. As discussed in chapter 2,
a PSM process called solvent-assisted ligand incorporation (SALI) was used to introduce two
thiolated ligands of interest; thioglycolic acid and mercaptoundecanoic acid. Based on the
mucoadhesive characterization results obtained, it suggests that postsynthetic incorporation of
thiolated ligands in MOFs, including the number of thiols and accessibility of those thiols, has a
moderate effect on the mucoadhesive properties of the MOFs (section 2.4). Previous research in
our group involved the use of 2,5-dimercaptoterephthalic acid (BDC-(SH),) in the synthesis of
micron sized UiO-66 and the results demonstrated crystalline and robust structures with excellent
mucoadhesive properties (Figure 3.1)."7 The periodic-acid Schiff (PAS) coloration results
indicated that 90% of mucins adhered to UiO-66-(SH)., and fluorescence spectroscopy data
confirm the increasing strong collisional and static quenching of the mucins when in contact with

the UiO-66-(SH),.!57 Preliminary drug delivery experiments with the anti-inflammatory drug
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Flurbiprofen suggest that UiO-66-(SH), is capable of encapsulating the drug, however with
loadings lower than the control (non-thiolated) MOFs. The difference in drug loading can be
attributed to the accessible surface area and porosity of the MOFs. That is, owing to the thiolated
MOFs having a sulfur atom present, the pore window capable of encapsulating drug molecules is
reduced due to the large ionic radii of sulfur (1.84 A). Building upon this previous research, some
areas that require improvement are: (i) reducing the crystallite size of the thiolated MOFs to
improve cellular uptake and control the overall speed and diffusion in vivo, and (ii) finding the
right concentration of thiol groups to increase drug loading capacities and minimize blocking of

the pore windows, while maximizing mucoadhesions.!>’

Figure 3.1. UiO-66-(SH), with 100% incorporation of the BDC-(SH); linker.

Given that enhanced mucoadhesive properties were observed in UiO-66-(SH), compared
to UiO-66, our approach is to tune the incorporation of BDC-(SH), in the UiO-66 structure by
synthesizing a series of mixed linker MOFs. More specifically, this will involve (i) synthesizing
the mixed linker MOFs based on a protocol recently established for nanosizing UiO-66, and (ii)
incorporating different percentages of BDC-(SH), compared to BDC in the MOF synthetic
protocol in order to improve pore accessibility for the drug molecules which is essential for

achieving high drug loadings.

The bulk of this chapter will be focused on the synthesis and characterization of mixed

linker nanosized UiO-66 analogues (Figure 3.2) obtained through a de novo approach (Figure 3.3).
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Furthermore, the mucoadhesive properties of the mixed linker UiO-66-(SH), are assessed by a

colorimetric assay and fluorescence spectroscopy.

b)

6A

v

Figure 3.2. Schematic illustration of mixed thiolated UiO-66-(SH): cubic structure demonstrated
by a) octahedral cages of 12 A (blue sphere), and b) tetrahedral cages of 6 A (orange sphere). Zrs-
based metal cluster (magenta), oxygen (red), carbon (brown), and sulfur (yellow).

—
Acetic acid,
DMF
120 °C, 24 h

BDC BDC-(SH),

Figure 3.3. Schematic representation of the solvothermal synthesis of mixed thiolated linker UiO-
66-(SH),. Zres-based metal cluster (magenta), oxygen (red), carbon (brown), and sulfur (yellow).

65



3.2. Experimental Procedures

3.2.1. Materials

All chemicals were purchased from commercial suppliers and used with no further
purification. Zirconium (IV) chloride (ZrCls; Alfa Aesar, 99.5%), glacial acetic acid (Fischer
Scientific, 99.7%), terephthalic acid (BDC; Acros Organics, 99.5+%), N,N-dimethylformamide
(DMF; Fischer Chemical Certified ACS, >99.8%), acetone (Fischer Chemical Certified ACS,
99.5%), 1,4-diazabicyclo[2.2.2]octane (Tokyo Chemical Industry (TCI), >98.0%), diethyl 2,5-
digydroxyterephthalate, (Sigma Aldrich, 97%), dimethylthiocarbamoyl chloride (TCI, >97.0%),
N,N-dimethylacetamide (DMA; Fisher Chemical Reagent Grade), potassium hydroxide (Alfa
Aesar, 85%), deuterated chloroform (CDCls; Cambridge Isotope Laboratories, 99.8 atom % D with
0.05% v/v tetramethylsilane (TMS)), deuterated sulfuric acid (D»>SO4; Sigma-Aldrich, 99-98
wt%), deuterated dimethyl sulfoxide (DMSO-ds; Cambridge Isotope Laboratories, 99.8% D with
0.05% v/v tetramethysilane (TMS)), sodium acetate (Sigma-Aldrich, >99.9%), Tris
(Tris(Hydroxymethyl) Aminomethane) (Acros Organics, +99%), N-acetyl-L-cysteine (Alfa
Aesar, 98+%), and 5,5-dithiobis(2-nitrobenzoic acid) (Alfa Aesar, 99%). 2,5,-dimercapto-1,4-
benzenedicarboxylic acid (H,DMBD) was prepared according to the literature (Figure A.7-A.10).

3.2.2. General Methods

Powder X-ray diffraction (PXRD) results were collected using a benchtop Rigaku Miniflex
or a Bruker D2 Phaser (Bruker AXS, Madison, WI, USA) both equipped with a Cu-based (Ka) X-
ray source and a nickel filter. The dry powdered samples were packed with a smooth layer onto a
silicon wafer zero-background sample holder. Results were collected from 4-40° at 0.02 6

increments in the 26-range.

N2 adsorption-desorption experiments were conducted on a Micromeritics Tristar II Plus
instrument equipped with a nitrogen dewar filled with liquid nitrogen at 77 K to obtain surface
area and porosity results. A Micromeritics SmartVac prep with a hybrid turbo vacuum pump was

used prior to BET analysis to activate the samples at 120 °C for 24 h under vacuum conditions.

Dynamic light scattering (DLS) size distribution profiles were collected with a Malvern
Panalytical Zetasizer Nano ZSP instrument at 25 °C . The MOF samples were sonicated in 18-ohm

MilliQ pore water, followed by dilutions with 500 uL aliquots of the MOF suspension in 1.5 mL
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of MilliQ pore water. The samples were analyzed in a quartz cuvette with 1 cm path length and

3.50 mL capacity.

Proton nuclear magnetic resonance ('H-NMR) spectra were obtained on a 300 MHz Bruker
spectrometer instrument equipped with a Topsin software system. The samples were digested and
sonicated with ~ 6 drops of deuterated sulfuric acid, followed by 600 uL. of DMSO-ds. The samples

were analyzed at 256 scans and referenced to the residual solvent peaks.

Ultraviolet—visible (UV—vis) absorption analysis was conducted on a Cary 5000 series
UV-vis NIR spectrophotometer from Agilent technologies. The solutions were analyzed with a
dual beam mode from 200-800 nm and a source changeover wavelength at 350 nm. A two-sided
quartz cuvette with a 1 cm path length and maximum volume of 3.50 mL capacity was used to

measure the sample solutions.

Scanning electron microscopy (SEM) micrographs were collected on a Phenom ProX SEM
benchtop at 12 kV. All samples were first sputter coated with a 5 mm gold (Au) layer by using a
Cressington 108 Auto/SE Sputter Coater with MTM-20 high resolution film thickness controller.

Thiol Quantification with Ellman’s Test: A 1M TRIS Buffer solution was prepared in a
volumetric flask with TRIS base (12.220 g, 101 mmol) and MQ H>O. The pH of the solution was
adjusted to 8.0 by adding hydrochloric acid and further diluted to 100 mL. A 50 mM sodium
acetate solution was prepared in a 100 mL volumetric flask by adding sodium acetate (0.4101 g,
5.0 mmol) and MQ H>O. The pH was adjusted to ~ 4-5 by addition with acetic acid (93.5 uL) and
further diluted to 100 mL. The 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) reagent was prepared
by dissolving (8.50 mg, 0.0214 mmol) of DNTB in 10 mL of sodium acetate (50 mM) in a 10 mL
volumetric flask. The solution was then sonicated and stored in the fridge. The Ellman’s test was

followed according to previously reported methods.!®

A calibration curve was prepared with a
known N-acetyl-L-cysteine standard starting at 0 uM. The standard samples were prepared by
mixing 150 uL of DTNB reagent, 300 uL of TRIS buffer, 2520 uL of MQ H>0, and 30 uL of N-
acetyl-L-cysteine standard for a total cuvette volume of 3000 uL. A calibration curve was prepared
with concentrations of standard from 0-60 uM, with 0 uM attributed to the blank with just MQ
H>0. The solution was mixed and incubated for 5 mins at room temperature. Once the yellow

colour of the solution was produced, the cuvette was placed into the UV spectrophotometer and
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the optical absorbance was measured at 400 nm. The UV—vis was blanked with each sample in

between runs.

The mixed thiolated MOF samples were prepared by weighing out the following for the
10%, 30%, 40%, 70%, and 100% thiolated linker samples in separate 15 mL centrifuge tubes; 0.5
mg, 1.7 mg, 4.8 mg, 3.1 mg, and 2.4 mg. To each centrifuge tube, the addition of Ellman’s reagents
were added (2520 uL. of MQ H>O, 300 uL of TRIS buffer, 150 uL of DTNB reagent, 30 uL of
MQ H>0). The solutions were mixed and incubated for 15 mins at room temperature. Once the
yellow colour of the solution was produced, the samples were centrifuged at 7500 rpm for 5 mins.
1.5 mL (2x) of the supernatant was removed and transferred to separate microcentrifuge tubes and
further microcentrifuged at 10000 rpm for 10 mins to ensure a clear yellow solution. The
supernatants (3.0 mL) were then transferred to the cuvette and placed into the UV
spectrophotometer and the optical absorbance was measured at 400 nm. The UV—vis was blanked

with each sample in between runs.

3.2.3. Synthesis and Activation of UiO-66-(SH): (10%, 30%, 40%, 70%, 100%)

The mixed thiolated UiO-66-(SH). were each synthesized solvothermally in seperate 8-
dram vials including ZrCls (31.0 mg, 0.133 mmol), H,BDC (28.17 mg, 0.170 mmol for 10%),
(18.6 mg, 0.112 mmol for 30%), (12.14 mg, 0.073 mmol for 40%), and (6.20 mg, 0.037 mmol for
70%), followed by H.BDC-(SH) (3.13 mg, 0.0136 mmol for 10%), (12.4 mg, 0.053 mmol for
30%), (18.6 mg, 0.081 mmol for 40%), (34.38 mg, 0.149 mmol for 70%), and (42.97 mg, 0.187
mmol for 100%). In each vial, precursors were dissolved with addition of 7.5 mL of DMF, and
250 uL of acetic acid. The reagents were sonicated for a few minutes, and a slight pale yellow
color was produced. The mixture was then heated at 120 °C for 24 h. A pale yellow precipitate was
collected by centrifugation at 7500 rpm for 5 mins and washed with 5 mL of DMF 3x for 3
subsequent days with soakings overnight, followed by 5 mL of acetone 3x for 3 subsequent days

with soakings overnight. The sample was dried under vacuum at 120 °C for 24 h.

3.3. Results and Discussion

3.3.1. Characterization of Mixed Linker MOFs

A series of mixed linker UiO-66-(SH): is investigated for this study. The mixed linker

MOFs were synthesized solvothermally and were further characterized in order to gain better
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understanding of the material for this application. Figure 3.4 demonstrates the powder X-ray
diffraction patterns for the mixed linker UiO-66-(SH)> samples, showcasing the overall bulk
crystallinity and phase purity, confirming that the overall structure remains the same with

increasing incorporation of thiolated linkers.

UiO-66-(SH), 100%
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Figure 3.4. PXRD diffractogram of mixed UiO-66-(SH). (10%, 30%, 40%, 70%, 100%).

The surface area and porosity of the mixed linker UiO-66-(SH), samples were analyzed
with N> adsorption-desorption experiments at 77 K following the Brunauer-Emmett-Teller (BET)
analysis (Figure 3.5). The samples were activated under vacuum at 120 °C and the expected
reversible Type I(a) isotherms indicating micropores were observed. Specifically, the BET surface
area results for the mixed thiolated samples are; 1070 m?g™!, 910 m?g!, 800 m?g!, 417 m?g’!, and
310 m?g! for UiO-66-(SH), of 10%, 30%, 40%, 70%, and 100%, respectively. Owing to the
presence of the sulfur atom from the thiol groups of the BDC-(SH)., the surface area decreases
with increasing BDC-(SH), incorporations in the synthesis. This is to be expected due to the large
ionic radii of the sulfur atom (1.84 A), blocking most of the pore aperture of UiO-66, and thereby
resulting in a decrease of N> uptake in the pores and accessible surface area. Furthermore, surface

area is also a gravimetric measurement where the presence of increased sulfur from the thiolated
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linker increases the mass of the MOF which potentially blocks access to the pores and the

accessible surface area decreases.
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Figure 3.5. N, adsorption-desorption isotherms of mixed UiO-66-(SH)2 (10%, 30%, 40%, 70%,
100%).

The proton nuclear magnetic resonance ('H-NMR) spectroscopy of the digested mixed
thiolated UiO-66 indicate the linker purity, and the incorporation of the thiolated BDC-(SH); in
order to quantify the ratio of BDC-(SH)>:BDC in the resulting MOFs. Figure 3.6a-d indicates a
signal at ~ 7.9 ppm assignable to the phenyl protons of the BDC linker, and a signal at ~ 8.1 ppm
assignable to the phenyl protons of the BDC-(SH): linker. The spectra were normalized to 4 BDC
protons per linker, and as a result, the proton signals of the BDC-(SH), increase gradually with
increasing incorporation. In addition, Figure 3.6e shows only the signal at 8.2 ppm of the phenyl
protons attributed to the full incorporation of the BDC-(SH) in the synthesis. The ratios of phenyl
protons from BDC-(SH), to those of BDC for each mixed thiolated sample are; 0.26:4, 0.75:4,
1.33:4, 5.20:4 which further translates to 10%, 30%, 40%, 70% incorporation, with the addition of
the 100% incorporation.
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Figure 3.6. 'H-NMR spectra of the mixed linker UiO-66-(SH), for a) 10%, b) 30%, c) 40%, d)
70%, and e), 100%. Figures f) and g) represent the non-thiolated BDC linker, and thiolated BDC-
(SH): linker, respectively. All samples were digested in D>SO4 and dissolved in DMSO-ds prior
to analysis.

The particle sizes of the mixed linker UiO-66-(SH), were measured with DLS, showing
average particle sizes of 233 nm, 262 nm, 304 nm, 193 nm, and 145 nm respectively for UiO-66-
(SH)> 10%, 30%, 40%, 70%, and 100%. The increasing percent of BDC-(SH)> leads to smaller
crystallites that are more aggregated and have less well-defined morphology as shown by the high
PDI of the DLS plots (Figure 3.7) and the SEM micrographs (Figure 3.8). This may be attributed
to the increased number of disulfide (S-S) linkages, interparticle S-S bonding when increased

ratios of thiolated ligand are added, and the effect of the MOFs being nanosized.!”!- 172
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Figure 3.7. DLS plots of mixed thiolated UiO-66-(SH): for a) 10%, b) 30%, ¢) 40%, d) 70%, and
e) 100%.

73



Figure 3.8. SEM micrographs of mixed thiolated UiO-66-(SH), for a) 10%, b) 30%, c) 40%, d)
70%, and ¢) 100%.

3.4. Mucoadhesion Characterization

3.4.1. Thiol Quantification by UV-visible Spectroscopy

In order to quantify the number of thiol groups present on the surface of the mixed linker
MOFs, a thiol quantification by Ellman’s test is performed and analyzed by UV-visible
spectroscopy. Refer to section 2.4.1 for detailed explanation on this characterization technique.
Table 3.1 showcases the results obtained comparing the moles of thiol by 'H-NMR and UV-vis
spectroscopy for the mixed thiolated MOFs (10%, 30%, 40%, 70%, 100%). The moles of thiol
determined by '"H-NMR spectroscopy represent total number of moles of thiol in the MOF
samples, whereas the moles of thiol determined by UV—Vis spectroscopy represent the number of
thiol groups accessible on the external surface of the MOF. It is thus expected to observe a lower
amount of moles of thiol by UV—Vis spectroscopy and a higher amount of moles of thiol
determined by 'H-NMR spectroscopy. In addition, the DTNB reagent with dimensions of ~ 17 A

x 6 A is too large to be encapsulated in the pores of the MOF, much like the mucins.
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Table 3.1. Theoretical and experimental moles of thiol determined by 'H-NMR and UV-Vis
respectively, for the mixed thiolated MOFs calculated based on the absorbance of TNB at 400 nm.

Mixed Thiolated Sample | Moles of Thiol by 'H-NMR/mg | "ioies of Thiol by UV-Vis

%) of MOF (surface thiols only)/mg
(o of MOF

10 7.04 x 107 5.00 x10°

30 2.02 x 107 1.60 x 10

40 2.55x 1076 9.00 x10°

70 439 x 10°6 230 x 10

100 5.83 x 107 4.80 x 10

As expected, the total moles of thiol in the MOF increases consistently as more thiolated
linker is incorporated. In addition, when comparing the moles of thiols between 'H-NMR and UV-
vis spectroscopy, there are less moles of thiol on the surface of the MOF compared to throughout
the entire structure. Given that the moles of surface thiols determined by UV—vis spectroscopy do
not demonstrate a trend, it suggests that the distribution of BDC vs BDC-(SH): linkers throughout

the MOFs (surface vs interior) is variable.
3.4.2. Periodic-Acid/Schiff’s Reagent Coloration Protocol

Described as a colorimetric quantification process, PAS coloration assesses the percentage
of mucins retained by the mixed linker MOF samples determined by UV—Vis spectroscopy. Refer

to Section 2.4.2. for detailed explanation on this characterization technique.
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Figure 3.9. Periodic Acid-Schiff (PAS) colorimetric quantification representing % mucins
retained to the mixed thiolated MOFs. 0.1 mg/mL of MOF was used in each case to prevent
aggregation and to observe a difference in the retained mucins.

Based on the PAS coloration data (Figure 3.9), the MOFs are highly mucoadhesive.
Although there is no trend observed for the percentage of retained mucins with increasing
percentage of thiolated linker, this is consistent with the Ellman’s test result suggesting that there
is no trend in the number of accessible surface thiol groups. In other words, the number of mucins
able to interact with the different thiol groups on the MOFs should be directly related to the number
of available surface thiols. Therefore, if we observe the same order of magnitude of thiols on the
periphery of the samples (observed with thiol quantification results in Table 3.1), then the % of
retained mucins on all the samples should also be similar. The mucins are large proteins, highly
glycosylated with an extended protein structure that can protrude 200-500 nm above the cell
surface, making it too large to fit into the pores of the MOFs, confirming that it is only the surface
thiols capable of interacting with the mucins. This suggests that by having a similar concentration
of accessible surface thiols among all mixed thiolated samples the mucoadhesion is 20-30% on
average. Given that the 10% mixed linker sample shows the highest mucoadhesion, having less
thiols overall but more accessible surface thiols than other samples, it may be preferrable for the
final application. It is possible that having less thiols in the MOFs overall leads to less S-S bonding

and aggregation between MOF crystallites, ultimately leading to the same (or higher) number of
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accessible thiols on the surface compared to the 100% thiolated sample. Owing to the fluorescent
interferences from the MOF (Figure A.11), the fluorescence spectroscopy protocol cannot be used

to quantify the strength of the mucoadhesion interaction for these samples.
3.5. Conclusion

In conclusion, mixed linker UiO-66-(SH), was synthesized and characterized, and offers a
possible solution for use in ophthalmic drug delivery applications. The crystalline framework and
phase purity of mixed linker UiO-66-(SH). is confirmed by PXRD and the surface area and
porosity is confirmed by N2 sorption experiments. Particle size analysis with DLS and SEM
suggest that the samples are aggregated, which may be caused by disulfide bonding between MOF
crystallites when more thiolated linker is added. The PAS coloration data suggests that by having
a similar concentration of accessible surface thiols on all the mixed linker MOFs, the
mucoadhesion does not change significantly and results in 20-30% mucoadhesion. Therefore, it is
possible that having less thiols present in the mixed thiolated MOFs, (i.e., 10% mixed thiolated
MOF), it can be beneficial to ensure minimal particle aggregation with high mucoadhesion and

increased drug delivery capacity.
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Chapter 4
Conclusions and Future Outlooks

4.1. Conclusions

The research explores synthetic approaches for enhancing the mucoadhesive properties in
metal-organic frameworks (MOFs) towards their use as drug vectors for ophthalmic drug delivery.
MOFs offer a novel and alternative platform for ophthalmic drug delivery with the potential to
reduce the frequency of drug administration and increase drug retention times for improved patient
experience. The potential of Zr-based MOFs for ophthalmic drug delivery was explored, including
synthetic methods to expand the library of MOFs for this application by post-synthetic
modification of open-metal sites in MOFs with thiolated ligands, or through mixed-linker MOFs.
The design and synthesis of nanosized Zr-based MOFs (MOF-808, UiO-66, UiO-67, and a series
of mixed linker UiO-66-(SH),) has been successfully achieved and the materials fully
characterized, demonstrating crystallinity and accessible surface areas and pores. The
mucoadhesive properties of all MOFs were studied using PAS coloration and when possible,
fluorescence spectroscopy. All MOFs studied herein exhibit mucoadhesive properties, with the
number of accessible thiol groups on the MOF surface playing a notable role in the degree of

mucoadhesion.

4.2. Future Outlooks

Based on the results in this thesis, as well as previous work in the group, incorporating thiol
groups in MOFs appears to be a valid strategy for achieving strong mucoadhesion. In some cases,
such as that of MOF-808, thiol groups are not necessary to improve mucoadhesion, although the
exact nature of the interaction between MOF-808 and mucins is not clear. Moving forward, the
key is to find a balance between mucoadhesion properties (which may include the addition of thiol
groups) and drug loading capacity. That being said, synthesizing an organic linker with only one
thiol group, such as BDC-SH instead of two (i.e., BDC-(SH)2) may help with the incorporation of
thiols while maintaining access to the MOF pores for the drug delivery. Synthesizing mixed linker
UiO-67-(SH): incorporating both biphenyl-4,4-dicarboxylic acid and increasing incorporations of
3,3’-dimercapto-1,4-benzenedicarboxylic acid may also be of interest for improving the accessible

pores for the drug delivery due to the use of a longer linker. In addition, determining a synthetic
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protocol for thiolating the tritopic 1,3,5-benzenetricarboxylic acid of MOF-808 is of interest to
have a thiol-functionalized Zr-based MOF library to compare the effect of larger pore sizes on

mucoadhesion and drug loading.

In order to fully reach the objectives on the overall outlook of this project, further efforts
should be geared towards studying the post-synthetic surface functionalization of the thiolated
MOFs with polyethylene glycol (PEG) in order to improve the biocompatibility and stability of
Zr-based MOFs in phosphate buffers and biological environments. Additionally, through the use
of reticular chemistry, the pore sizes can be tailored to encapsulate and deliver a variety of
ophthalmic drugs for glaucoma such as bimatoprost (~ 15 A x 9 A ) and travoprost (~ 13 & x 10

o

A).

Lastly, owing to the high modularity of MOFs, the metal nodes can be tuned to include
rare-earth metals or lanthanoids such as Eu(Ill) and Tb(III), to obtain materials with metal-based
luminescence properties and extend the applications of MOFs to other areas of ophthalmic therapy

such as neurotransmitter detection and imaging.
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Figure A.1. Particle size analysis represented by; a), d), g) optical micrographs, b), ), h) statistical
analyses of particle size distribution represented by histograms, and c¢), f), 1) table of particle size

statistics for MOF-808, UiO-66, and UiO-67, respectively.
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Figure A.2. DLS measurements for MOF-808 post SALI synthesis with a) thioglycolic acid and
an average particle size of 274 nm, and b) mercaptoundecanoic acid and an average particle size

of 287 nm.
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Figure A.3. DLS measurements for UiO-66 post SALI synthesis with a) thioglycolic acid and an
average particle size of 243 nm, and b) mercaptoundecanoic acid and an average particle size of

250 nm.
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Figure A.4. DLS measurements for UiO-67 post SALI synthesis with a) thioglycolic acid and an
average particle size of 158 nm, and b) mercaptoundecanoic acid and an average particle size of

168 nm.
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Figure A.5. 'H-NMR spectra of a) thioglycolic acid and b) mercaptoundecanoic acid digested in
6 drops of deuterated sulfuric acid (D2SO4), and 600 uL of dimethyl sulfoxide (DMSO-dg).
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Figure A.6. Photoluminescence spectrum of UiO-66 with a) thioglycolic acid and b)

mercaptoundecanoic acid excited both at 285 nm. 1.0 mg of each sample was incubated in MQ
H>O for 2 h prior to analysis.
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Figure A.7. Reaction Scheme for the synthesis of 2,5-Dimercapto-1,4-benzenedicarboxylic acid
(H.DMBD).
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Figure A.8. 'H-NMR spectra of 2,5-Bis(dimethylthiocarbamoyloxy)terephthalic acid diethyl ester

in deuterated chloroform.
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Figure A.9. 'H-NMR spectra of 2,5-bis(dimethylthiocarbamoylsulfanyl)terephthalic acid diethyl

ester in deuterated chloroform.
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Figure A.11. Photoluminescence spectrum of mixed thiolated UiO-66-(SH); for a) 40%, b) 70%,
and c¢) 100%.
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