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Abstract

Molecular Material Design of Nanoscale Metal-Organic

Frameworks for Cancer Therapy

Geoffrey Tristram Nash

Under the Direction of Professor Wenbin Lin

Metal-organic frameworks (MOFs) are a class of hybrid inorganic-organic crystalline
porous materials composed of inorganic cluster and organic linker building units. MOFs can
combine the advantages of material properties and molecular design into a single multifunctional
platform. With functional capabilities possible at each discrete building unit and in the framework
architecture as a whole, the tunability of the MOF platform has emerged as an attractive property
that can be harnessed to design novel nanomedicines. This dissertation focuses on the exploration
of molecular design to enhance the anticancer efficacy of various multifunctional nanoscale MOFs
(nMOFs) in combination with localized cancer therapeutic modalities, including photodynamic
therapy (PDT), sonodynamic therapy (SDT), and radiotherapy (RT).

Chapter 1 of this thesis introduces the general concept, history, advantages, and research
directions of nMOFs. The synthetic strategies and postsynthetic molecular functionalization
approaches are also discussed. Additionally, to put nMOFs’ utility in nanomedicine into context,
the advantages and disadvantages of various local cancer therapeutic modalities are weighed.

Chapter 2 describes the PDT enhancement of surface-anchored zinc-phthalocyanine

(ZnOPPc) photosensitizers (PSs) on a 2D Hfi2-based MOF, also known as a metal-organic layer

XiX



(MOL). Typically, PSs are loaded into a 3D MOF as the bridging linkers, but in this chapter we
find that surface-anchoring the PS to the secondary building units (SBUs) of a MOL changes its
local environment and makes it more accessible to ground state oxygen (°02) for enhanced
production of cytotoxic singlet oxygen ('02). The ZnOPPc@MOL assembly demonstrates highly
effective anticancer efficacy in vitro and in vivo on mouse models.

Chapter 3 presents another PDT design strategy by loading the ZnOPPc PSs into MOF
pores. The MOF pores act as cages to isolate hydrophobic ZnOPPc PSs and prevent their
aggregation-induced quenching. Non-covalent trapping of ZnOPPc PSs does not adversely affect
the photophysical properties of ZnOPPc. As a result, ZnOPPc@MOF significantly enhances the
02 generation efficiency compared to previous MOFs, thus allowing the highly potent ZnOPPc
PSs to reach their full potential in PDT. ZnOPPc@MOF exhibited extremely effective in vitro and
in vivo anticancer efficacy, with >99% tumor growth inhibition and 80% cure rates on two murine
colon cancer models.

Chapter 4 describes the synthesis of the first 3D Zr- and Hf-nMOFs with Pc-based bridging
ligands. Due to the synthetic challenges, poor solubility, and inflexible/incompatible symmetry of
phthalocyanines, Pc-based MOFs have been extremely elusive to the MOF community, with no
3D Pc-based MOFs reported to date. In this chapter we report the first example of using an N-
alkylated tetraimidazophthalocyanine to grow 3D nMOFs with Zr or Hf SBUs and a cubic PCN-
221 structure.

Chapter 5 demonstrates the SDT performance of surface-anchored sensitizers on a Hfiz
SBU- and iridium PS linker-based nMOL platform and investigates its mechanism of 'O
generation. The TBP@MOL (TBP = 5,10,15,20-tetra(p-benzoato)porphyrin) assembly efficiently

captures broad-spectrum sonoluminescence through both the Ir-PS linker and anchored porphyrin

XX



sensitizers, where the excited Ir-PS linkers (donors) can then transfer energy directly to the
porphyrin units (acceptors). The energy transfer synergizes with the highly flexible and accessible

sensitizers to significantly enhance 'Oz generation and in vivo SDT anticancer efficacy.
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Chapter 1: Introduction

1.1 Nanoscale metal-organic frameworks
1.1.1. Structure and history

As we look toward new molecular materials to provide increasingly more complex
capabilities and functionality in the pursuit of evermore effective cancer treatment methods,
structural and molecular stability, variety and tunability become paramount to reach any form of
clinical success. Considering this, reticular chemistry — the study of geometry-guided linking of
discrete molecular entities with strong bonds to form an extended periodic network — has drawn
significant attention as a developing field within nanomedicine for its potential to establish a

valuable multifaceted platform.!-

Framework channel

Figure 1-1. Illustration of a general MOF architecture with its fundamental building units.

One such class of porous crystalline networks is metal-organic frameworks (MOFs), also
known as porous coordination polymers (PCPs), which are hybrid organic-inorganic molecular

materials composed of a network of multidentate organic ligands (linkers) coordinated to inorganic
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clusters (nodes) (Figure 1-1). Accordingly, the expansive structural variety of MOFs is a result of
the following: (1) precise synthetic manipulation and modular behavior of the organic linkers; (2)
geometric and compositional diversity possible with inorganic clusters; (3) assortment of ancillary
ligands (e.g. H20, OH", AcO™ among others); (4) mesoscopic architecture, topology and porosity;
(5) postsynthetic modification (PSM) of each of the previous points; (6) linker defect sites.®!°
Reticular chemistry and hybrid organic-inorganic molecular materials resulted from a
culmination of many centuries of work and serendipitous discoveries on the synthesis and
characterization of coordination compounds. It is generally agreed that the oldest reported
synthesis of a coordination compound was the pigment Prussian blue by Johann J. Diesbach in
1706, although the chemical composition and structure was not known until much later.!! It was
not until the conceptual foundation of coordination chemistry was built by Nobel Prize-winner
Alfred Werner (awarded in 1913), for elucidating the geometric linkage of coordination
complexes, that the field could blossom and dimensionally extend these structures.'> One example
of an extended structure that came shortly after is the Hofmann clathrate, with the formula
[N1(CN)2(L)](CsHs) (L = NH3), published by Karl A. Hofmann and later found to be composed of
2D layers with linked Ni** and CN™ ions with adjacently alternating octahedral and tetrahedral
nickel center geometries and trapped benzene solvent molecules that assist in templating the
material.'>"'* Structure elucidation through X-ray crystallography sparked an influx of
modifications to the clathrate that would eventually lead to metal ions linked to longer and more
elaborate multidentate organic ligands to form 3D materials with extended crystalline networks.
While the synthesis of these new class of higher dimension materials would become more
advanced, the topological classification of these networks would be concurrently developed by

Alexander F. Wells who proposed a system to break the crystal structures into nets composed of



linkers and nodes.!® It was from this crystal engineering perspective that Richard Robson and
Bernard Hoskins would apply these principles in their 1989 seminal work to demonstrate that the
material structures can be predicted and designed based on the geometries and connectivities of
the discrete molecule building units to yield a variety of structure types.!%!” The resulting ability
to synthetically control the material structures ignited a surge of work on these extended 3D
coordination networks.'®2° These coordination networks would later be coined metal-organic
frameworks by Omar M. Yaghi in 1995,?! and both the field of reticular chemistry and the library
of MOFs would experience an incredible growth in the following decades by research from the
following scientists and their coworkers: Omar M. Yaghi, Makoto Fujita, Susumu Kitagawa,
Michael J. Zaworotko, Gerard Ferrey, Wenbin Lin, Jeffrey R. Long, Hong-Cai Zhou, Karl P.
Lillerud and many others.

Early works in the MOF field used charge neutral organic linkers to try and form non-
interpenetrated 3D networks, such as [(en)Pd(bpy)(NO3)s]s (en = ethylenediamine; bpy = 4,4’-
bipyridine) with single metal-ion nodes that sustain well-defined molecular dimension pores and
channels, similar to those found in zeolites.?>>* However, these charge neutral materials have
relatively weak coordination bonds and require charge-balancing counter ions within the pores,
leading to poor structural and chemical stability. As a result, research efforts quickly moved to
using charged carboxylate linkers and polynuclear inorganic clusters (commonly referred to as
secondary building units or SBUs) to increase the bond strengths, structural rigidity and chemical
stability with Co(BTC)(Py). (BTC = benzene tricarboxylate; Py = pyridine) in 1995,
Zn(BDC)(H20) in 1998, and ZnsO(BDC)3 in 1999.25-27 However, the issues of stability in aqueous
environments and at higher temperatures severely limited the potential applications of the growing

library of early MOFs until the seminal work by Karl P. Lillerud and coworkers in 2008, which



demonstrated the isoreticular synthesis of a 12-connected Zre-cluster MOF family (denoted as

UiO) with exceptional stability (Figure 1-2).%

This family of MOFs, with the general formula
Zrs04(OH)4(R)s (where R = linear dicarboxylate ligand), utilizes the highly symmetric SBU and
strong bonds between Group IV metals and oxygen to afford a versatile and stable MOF
platform.?°3° Although over 100,000 MOF structures have been reported to date,*! a large majority
of them incorporate relatively labile coordination bonds or soluble ligands. While this confers
intrinsic biodegradability, these MOFs consequently lack the overall structural stability to be fully
effective in some industrial and clinical applications. The search for more MOFs with functionality

and adequate stability for applications in aqueous environments, such as in nanomedicine, remains

ongoing.

UiO-66 UiO-67
Figure 1-2. Isoreticular synthesis of the Zrs cluster-based UiO MOFs.

1.1.2. Synthetic strategy and structural design

The synthesis of crystalline nMOFs occurs through the self-assembly of metal ions,
modulators [e.g. acetic acid (AcOH), formic acid (HCOOH), benzoic acid (BA), trifluoroacetic
acid (TFA)], and multidentate bridging organic ligands, driven by the minimization of the system
free energy (Figure 1-3).>? This process typically proceeds solvothermally through first forming

metastable SBUs in solution, which are then interlinked by the bridging organic ligands — in



competition with the modulators present — to generate the MOF structure.**-*3 Consequently, there
are several factors that can be modified to manipulate the overall structure and properties of the
resulting MOF, which have resulted in the extensive library of different structures.>® Perhaps the
most important aspect in the solution-based crystallization of MOFs is the solubility of the metal
precursors and organic ligands, which is determined by time, temperature and pH of the solution.
The solvent typically used in MOF synthesis is N,N-dimethylformamide (DMF), which upon
exposure to water and higher temperatures progressively undergoes hydrolysis to produce formic
acid and dimethylamine.’’-*® The latter is a base and proceeds to deprotonate the carboxylic acid
groups of the organic ligands, which can then coordinate to the formed SBUs. Thus, the
crystallization kinetics can be finely controlled by the rate of linker deprotonation and coordination

competition to the SBU.
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Figure 1-3. Schematic of the synthetic mechanism for MOF crystallization and growth.

Varying the amounts of water and modulator strongly influence the SBU structure as well

as the MOF’s particle size, crystallinity, and morphology.*® 3*#! In general, lower temperatures



and modulator concentrations tend to result in faster nucleation and smaller particle sizes, thus
reaction conditions can be optimized to yield nanoscale metal-organic frameworks (nMOFs).*
The concept of isoreticular chemistry describes the modular nature of the discrete MOF
building blocks, as the same network and topology can be used with interchangeable components
within certain limitations. For example, a simple organic ligand like 1,4-benzenedicarboxylic acid
(BDC) can be functionalized at any of the positions ortho to the carboxylic acid groups and still
result in a MOF with the same topology.** Accordingly, organic ligands which are structurally or
functionally different but contain very similar lengths and denticity can also form mixed-ligand
MOFs during the solvothermal process.***® However, this method is typically limited to linear
dicarboxylate organic ligands, and often cannot be extended to bridging ligands of higher
denticities and different geometries. Although MOFs have high tunability, the specific inorganic
cluster and its connectivities impose geometric restraints that limit the types of organic ligands that
can be used as linkers during MOF synthesis. Typically, the ligands must be rigid and the
coordinating functional groups must have a specific orientation relative to each other to form
crystalline phases. Thus, the inclusion of organic ligands with lower symmetry or restrictive
geometries either require substantial synthetic effort to overcome or a different loading method

altogether.¥’

1.1.3. Postsynthetic modification

The structural tunability of MOFs can be extended by the ability to postsynthetically
modify each of the discrete building units in a variety of ways while retaining its crystallinity and
porosity. These postsynthetic modifications (PSM) can be broadly classified into three categories:

(1) functionalization at the organic linker site;**>! (2) functionalization at the SBU site;>>>* (3)



encapsulation of various species (e.g. small molecule drugs, biomolecules, sensitizers) in the pores
and channels (Figure 1-4).5-® PSM provides an alternative method to functionalize the MOF, as
the same functionalization during the initial solvothermal synthesis may become complicated or
fail entirely. For example, organic ligands with functional groups that are either thermally labile
or can coordinate to the metal ions will be unsuitable to incorporate using conventional synthetic
conditions. However, optimizing reaction conditions for MOF synthesis using a modified ligand

can be a challenging and time-consuming task.

Coordinative PSM

Cation exchange

Figure 1-4. Illustration of different PSM strategies for MOF functionalization.

As we look toward nanomaterials with progressively complex functionalities, their
synthesis becomes exponentially difficult. Therefore, it is often a streamlined approach to build
the MOF as a stable scaffold which can then be functionalized further through PSM. This strategy
provides several advantages: (1) functional groups or entire ligands that are unsuitable
presynthetically can be introduced; (2) the organic ligand is open to a vast array of organic
chemistry transformations; (3) other metal ions can be inserted into or between SBUs or even

coordinated to the organic linker through dative bonds (e.g. 2,2’-bipyridine moiety); (4) other



molecular species unsuitable for use as a bridging ligand can be loaded physically into the MOF
pores or onto its surface.” Multiple PSMs can then be combined to afford even more complex or

multifunctional MOFs.

1.2 Nanoscale metal-organic layers

Although MOFs are typically synthesized as 3D materials with permanent porosity and
large channels, metal-organic layers (MOLs) — a 2D analogue of MOFs — have recently
demonstrated potential in catalysis, photocatalysis and nanomedicine.>* 6> MOLSs retain many of
the properties and advantages of MOFs over discrete molecular species but replace the permanent
porosity for higher surface area and capacity for surface modification. Reducing the dimensionality
eliminates diffusion barriers and allows other molecular species in solution to easily access and
form the necessary encounter complexes with the SBUs or organic ligands, resulting in enhanced
activity.®® The SBUs typically have coordinating monocarboxylate capping ligands (e.g. TFA,
HCOOH, BA, AcOH) whose pKa values can be leveraged to postsynthetically exchange with other
carboxylate-based ligands under relatively mild conditions. Surface PSM is especially
advantageous for loading larger and geometrically challenging or unstable compounds unsuitable
for solvothermal MOL synthesis. Additionally, the surface isolation of the organic ligands (e.g.
sensitizers, catalysts, sensors) prevents aggregation, results in a different local environment, and
spatially restricts their movement relative to the bridging ligands.®”-%® This loading method often
results in a synergistic effect as efficacy is increased relative to the molecular species and
additional functionality can be built in by energy transfer mechanisms (e.g. Forster, Dexter)

between the bridging and capping ligands, which are typically within 0.5-1 nm of each other.5°7°
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Figure 1-5. Schematic showing the synthetic route to Hfi2 nMOLs. TFA capping ligands on the
nMOL can be postsynthetically exchanged with other carboxylic acid-functionalized molecules
under mild conditions. Hfi2 nMOLs have a nanoplate morphology, shown by high-resolution
transmission electron microscopy (HR-TEM) and atomic force microscopy (AFM).

Despite their advantages, only a handful of MOL platforms have been synthesized as the
organic ligands and modulators must be precisely chosen and controlled to afford the monolayers.
Through several MOLs reported from our group, we postulate that directing lateral growth and
preventing vertical growth can be facilitated using the following design principles: (1) certain
modulators and capping ligands can reduce the surface energy; (2) the variation in binding energy
of the vertical and lateral coordination sites of the SBU; (3) favorable charge distribution across

the laterally coordinating metal ions of the SBU; (4) weakly coordinating electron-deficient

organic ligands that only replace the favorable lateral sites. The resulting monolayers are typically



several hundred nanometers in width and only a few nanometers in height depending on the size

of the SBU and the capping ligands.

1.3 Nanoscale metal-organic frameworks for localized cancer therapy

Cancer encompasses a group of complex diseases characterized by abnormal cell
proliferation, which can invade or metastasize to different regions of the body. It is one of the
world’s largest public health problems and remains a leading cause of death. With the rapid
advancement in medicine and healthcare accessibility, cancer death rates have been declining since
the early 1990s despite an increase in new cancer cases annually in higher income countries, with
~1.9 million new cases diagnosed in the United States in 2022.”! However, even with increasingly
positive prognosis rates, there is still a need for more effective, less toxic and cheaper innovations
in cancer therapy in order to relieve the economic pressures that prevent many patients from
receiving treatment.”” This point is becoming progressively more important as low- and middle-
income countries are expected to bear the majority of the global cancer burden within the next 50
years, with approximately three-quarters of all cancer deaths occurring in these countries.”?

Cancer treatment modalities can be generally categorized into surgery, radiation therapy,
chemotherapy, hormonal therapy and immunotherapy. Surgery is the oldest and most effective
treatment for localized primary tumors and their associated regional lymph nodes as it operates by
zero-order kinetics, eliminating 100% of excised tumor cells.”*”> However, it is not without its
downsides as it requires large excision margins, can result in collateral damage of adjacent
structures depending on the location, and lacks efficiency in resecting certain metastases.”®”’ It is
estimated that somewhere between half and two-thirds of all new cancer patients will receive

radiotherapy (RT), and is responsible for about 40% of cancer cure rates.”®” Overall, RT is an

10



extremely cost-effective treatment and, when combined with surgery and chemotherapy (CT),
results in an effective modality of palliative care for local and metastatic disease. Nevertheless,
advances in RT and CT technologies have yet to fully solve the issue of toxicity, as the techniques
lead to either local or systemic collateral tissue/organ damage.’-%

Several potential localized cancer modalities look to compliment the library of options

available to oncologists: photodynamic therapy (PDT), sonodynamic therapy (SDT), radiotherapy

(RT) and radiodynamic therapy (RDT) (Figure 1-6).
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Figure 1-6. [llustration comparing the various externally stimulated local cancer modalities.

These methods seek to irradiate sensitizers that have accumulated at the tumor with visible
to near-infrared (NIR) light,3*% ultrasound,®® or X-rays,’” respectively, to produce cytotoxic
reactive oxygen species (ROS) that can destroy tumor cells. The sensitizers provide a unique

advantage as they are non-toxic to healthy cells without irradiation and their antitumor efficacy
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can be activated using non-damaging irradiation or with lower irradiation doses (in the case of X-
rays).®”> 88 The specific mechanisms of action as well as advantages and disadvantages of these
modalities will be discussed in the following sections.

Traditionally, sensitizers have been macrocyclic organic compounds or metal-based
nanoparticles, but these can suffer from low solubility, poor pharmacokinetics, low tumor uptake,
and toxicity. nMOFs and nMOLs have recently shown promising results in applications as a
multifunctional nanosensitizer platform.* % 8-°! The nanoscale particle utilizes the advantageous
enhanced permeability and retention (EPR) effect, which exploits the abnormalities in tumor
vasculature to increase the uptake of intravenously administered drugs with diameters less than
200 nm.”?>3 Additionally, the tunable and porous framework allows insoluble sensitizers and drugs
to be loaded with high-capacity as a bridging linker or physically loaded in the pores in a
multifunctional platform. In the following sections the advantages of nMOFs and nMOLs will be

discussed relative to the specific therapeutic modality.

1.3.1. Photodynamic therapy

Photodynamic therapy (PDT) is one of the localized therapeutic modalities that utilizes a
photosensitizer (PS), usually an organic dye, a visible or NIR light source, and oxygen to produce
cytotoxic ROS that can damage or eradicate tumors (Figure 1-6).°* The mechanism of PDT is
illustrated in Figure 1-7. In PDT, the PS absorbs a photon of sufficient energy and causes the PS
to be excited from the ground state (So) to one of its singlet excited states (Sn), where it undergoes
internal conversion (IC) to its lowest excited state (S1). From this point there are several general
non-radiative or radiative transitions that can occur: fluorescence (radiative) back to So, vibrational

relaxation (non-radiative) back to So, intersystem crossing (ISC; non-radiative) to the triplet
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excited state (T1). Only the ISC pathway will result in PDT efficacy, as the triplet excited organic
PS is required to undergo triplet-triplet annihilation with ground state oxygen (*O2) to generate the
highly reactive singlet oxygen (!02), known as a type I PDT pathway.”> However, depending on
the type of PS used, the triplet excited PS can undergo an alternative type I pathway which involves
either proton or electron transfer to form reactive radicals and other ROS such as superoxide (O2"
), hydrogen peroxide (H20z), hydroxyl radical ("OH).?® These two pathways occur simultaneously
to varying degrees depending on the PS and oxygen concentration. Of the various ROS produced
in PDT, 'Oz is perhaps the most effective as it is highly reactive and can oxidize nearby tumor
cells, has a lifetime of ~3.5 ps in water or ~3 ps in cell nuclei, and a diffusion radius of ~200 nm.’”
%8 Ultimately, PDT can lead to localized destruction of diseased tissue (apoptosis and necrosis) and
acute inflammation, which stimulates the innate immune system to combat the primary tumor and

any distant tumor cells.”*1%
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Figure 1-7. Jablonski diagram illustrating the photophysical processes and chemical consequences
of photoexcitation and PDT. (VR = vibrational relaxation; IC = internal conversion; ISC =
intersystem crossing)
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The chemical structure and photophysical properties of the PS are of critical importance to
the PDT efficacy. An ideal photosensitizer must possess the following properties: (1) absorption
wavelength in the phototherapeutic window (650-850 nm) to optimize the tissue penetration depth
of visible light; (2) high molar absorption coefficient, €, to maximize the efficiency of absorbing
incident photons that reach the PS; (3) aqueous solubility to prevent aggregation-induced
quenching (AIQ) of the excited PS.'"! Porphyrins are macrocyclic molecules commonly found in
naturally occurring pigments such as hemoglobin and chlorophyll and are a staple of PDT as they
feature high ISC efficiency and high triplet quantum yield due to low radiative relaxation rates.'%?
However, their most intense absorption is the Soret band around 400 nm, while the PDT-relevant
Q-bands from 500-700 nm have very low & values (~6800 M cm™) (Figure 1-8).!% Synthetic
analogues of porphyrin, such as chlorin, bacteriochlorin, have reduced molecular symmetry and
display a red shift of the Q-band to around 740 nm in addition to a significantly higher oscillator
strength.!195  Despite these improvements, chlorins and bacteriochlorins suffer from
photoinstability and are therefore mostly unsuitable for PDT.!06-107

Phthalocyanines are a structural analogue of porphyrins except they are composed of four
isoindole subunits, as opposed to pyrrole subunits, linked together in a ring by nitrogen atoms at
the four meso positions.'”®® They are synthesized by reductive cyclotetramerization of
phthalonitriles, typically at high temperatures and in the presence of a metal salt as a templating
agent and a strong base (e.g. 1,8-diazabicyclo(5.4.0)undec-7-ene; DBU).!®-!!! Consequently,
however, this synthetic methodology is notoriously inflexible compared to their porphyrin

112-114

counterparts, as phthalocyanines cannot be built stepwise and often form regioisomeric

mixtures with asymmetric phthalonitriles.'%% 113
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Figure 1-8. Structures and UV-visible absorption spectra comparing the general PS properties of
porphyrin and phthalocyanine.

The extended conjugation and delocalization of the n-electrons imparts a strong propensity
for cofacial aggregation but also affords a sensitizer with a Q-band between 650-750 nm
(depending on functionalization) and an € value several orders of magnitude greater than that of
porphyrin (~385,000 M! cm™) (Figure 1-8).!' Additionally, unsubstituted phthalocyanines
possess tremendous thermal, chemical and photostability, but suffer from severe aggregation even
in organic solvents.!!”"!"” Metalated phthalocyanines can be substituted axially depending on the
metal center (e.g. Si or Al) or peripherally on the phthalocyanine precursor, which can confer

higher solubility but lower stability than its unsubstituted version. With aqueous solubility
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imparted through axial and peripheral substitutions, phthalocyanines have even shown promise in
clinical trials (phase 1).!20-12!

However, even with high stability and an ideal photophysical profile, synthetically
designing these organic PSs to also have the desired pharmacokinetic behavior and tumor
accumulation is an arduous if not impossible task. Multifunctional platforms such as nMOFs and
nMOLs have shown great potential in photodynamic therapy for their dispersibility, tunability,
and capacity to densely load insoluble PSs while restricting their aggregation and preventing the

loss of PDT efficacy. Therefore, it is of great interest to design and optimize the loading and

performance of these sensitizers within the MOF systems to unlock their full potential in PDT.

1.3.2. Sonodynamic therapy

Although PDT is extremely efficient at transferring energy from visible light to produce
tumor-killing ROS, it has two major drawbacks: visible and NIR light penetration through tissue
and patient photosensitivity. Light attenuation varies with different tissues but visible and NIR
light flux generally decrease exponentially over depth ranges of 1-30 mm, with photons reaching
their maximum penetration depth around 700-800 nm due to increasing attenuation by water in the
IR region (Figure 1-6).'221?* As a consequence of the penetration depth, PDT is often tested for
the treatment of skin cancers, but retention of PSs after treatment lead to undesirable
phototoxicity.'?

Sonodynamic therapy (SDT) is an alternative localized modality that potentially addresses
these issues as it utilizes the interactions between ultrasonic waves, cavitation in aqueous solutions

and sonosensitizers to locally destroy tumor cells at larger depths (Figure 1-6). SDT attempts to

branch off the success of magnetic resonance imaging guided focused ultrasound surgery
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(MRgFUS) in clinics, which was FDA-approved in 2016 for treating medically-refractory essential
tremors by ablating the ventral intermediate nucleus of the thalamus.!2%!28 However, the drawback
of MRgFUS is that it requires magnetic resonance imaging (MRI), as many medical devices (e.g.
pacemakers) are MRI incompatible and the ultrasound transducer instrument itself or any
implanted metallic devices can cause image artifacts.'”"!3! It has been shown that SDT can elicit
a general cancer killing effect at low US energy doses without precise imaging guidance and may
avoid these issues.!3133 Therefore, sonosensitizers are being developed as an intravenously
administered and externally activated drug to provide extra flexibility in ultrasound-based cancer
therapy.!**

Ultrasound (US) is a mechanical wave that propagates through particles in a medium from
continuous compression (high pressure) and rarefaction (low pressure), which is generally
produced by the expansion and contraction of a piezoelectric transducer crystal.!3* The efficiency
of energy propagation through tissue depends on the acoustic impedance — a measure of the
medium’s compressibility — which is composed of several phenomena: reflection, refraction,
scattering and attenuation.!*® The intensity loss is tissue and frequency (f) dependent, making it a
critical component of SDT as it defines the maximum effective depth of the treatment. US intensity
can be expressed in decibels (dB) and the attenuation coefficient, p, in soft tissues can be
approximated as 0.5 dB/cm x f (MHz), which means that higher frequency US will have rapidly
reduced penetration depths.!*® Therapeutic US, such as in high-intensity focused ultrasound
(HIFU) treatments, typically uses frequencies between 0.5-8 MHz, depending on the depth of
treatment. 37138 With lower frequencies (0.5-1 MHz) the effective therapeutic penetration depth
can reach up to 10 cm. However, the initial US intensity required to evoke a therapeutic effect

depends on the modality (e.g. HIFU ablation or SDT) and its required intensity threshold at the
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treatment site; the threshold to thermally induce a lesion is ~1700 W/cm?,'*° while the threshold

for cavitation-induced sonoluminescence in SDT is ~0.25 W/cm?.'4°

- -

O Sonoluminescence

©)

S @
O

@)
O-@: @) O Mechanical effects

qo

1(T 30 ,)
ROS generation

)
. ‘ Antitumor efficacy
:8} Sonosensitizers

Thermal effects
O Stable cavitation

@ Inertial cavitation

Figure 1-9. Illustration of the in vivo effects of US cavitation leading to SDT antitumor efficacy.

The mechanism of SDT is complex and multifaceted and is still being discussed. Currently,
there are three widely accepted biological consequences: (1) generation of ROS through a
sonosensitizer; (2) US cavitation effects; (3) thermal damage from US attenuation as previously
discussed (Figure 1-9).!** The most contentious is the mechanism of ROS generation, with
sonoluminescence (SL)'*! and pyrolysis'*? being the two prominent theories. Recent work has
provided strong evidence that SL is the dominant mechanism, especially with porphyrin
sonosensitizers.'* SL is produced upon the collapse of US-induced cavitation bubbles (inertial
cavitation), where high temperatures and pressures of the densely compressed gases within the
bubble lead to thermal ionization and subsequent bremsstrahlung emission.!**!45 This emission
produces continuous spectrum radiation in the ultraviolet (UV) and visible spectral regions (200-

800 nm) that can excite sonosensitizers to the Si state and ultimately produce ROS in a similar
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manner to PDT.!* However, US cavitation itself can produce therapeutically relevant non-thermal
and thermal effects.!*” Non-thermally it has been suggested to damage tumor vasculature, disturb
cell membranes, and increase permeability, accelerating the intracellular uptake of sonosensitizers
or other drugs.'*¥1%° Unstable cavitation can also produce microjets that can cause thermal damage
to tumor architecture.'>® Thermal effects are believed to be primarily responsible for the only FDA-
approved US treatment of cancer — the high intensity focused ultrasound (HIFU) treatment of

prostate cancer.

1.3.3. Radiotherapy-radiodynamic therapy

Radiotherapy (RT) has evolved in the last century to become an integral part of the frontline
clinical defense against and palliative care of many cancers and their metastases. Its therapeutic
efficacy arises from the interactions of highly penetrating ionizing radiation, such as X-rays, with
water in cancerous tissue and cells to produce highly reactive hydroxyl radicals through radiolytic
cleavage (Figure 1-6). The generated hydroxyl radicals can then diffuse and cause DNA double-
strand breaks leading to cell death, but this process does not differentiate between healthy or
cancerous cells.!®! Although RT is a highly effective local therapeutic modality, it is limited by
the maximum tolerable radiation dose that optimizes the balance between cancer killing efficacy
and collateral damage to healthy tissues and organs (Figure 1-6).!%2

To shift the balance further in favor of the patient, modern strategies have focused on using
radiotherapy in lower doses or with greater spatial control to avoid undesired tissue damage and
also in combination with immunotherapy to combat recurrence and radioresistance.!>"13¢ One
strategy is to use a radiosensitizer that can attenuate X-rays at lower and safer doses while exerting

the same therapeutic effect as full dose treatments. Although organic radiosensitizers have been
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studied for decades, they have often shown poor efficacy in preclinical or clinical trials.!3’-158

Heavy metal-based nanoparticles (e.g. Au or HfO2) on the other hand have shown promising
results as a radiosensitizer because their high atomic number (Z) enhances the photoelectric effect
and pair production, leading to electron emission and secondary water radiolysis.!**-1®2 Recently,
our group has demonstrated that nMOFs and nMOLs can have even stronger radioenhancing
effects — by the generation of ROS from high Z SBUs and sensitizing organic linkers in a process
called radiotherapy-radiodynamic therapy (RT-RDT) — while providing a multifunctional platform
that can deliver chemo- or immune-therapy drugs.3%°!-163-165 The RDT effect has been suggested
to arise due to energy transfer from the high Z SBUs to the sensitizing ligands. Despite these
advances, with a Hf-based nMOF even showing very promising results in phase 1 clinical trials
using RT-RDT,'® we believe the tunability of nMOFs offer the potential to vastly improve the
radioenhancement effect, pharmacokinetics of intravenous administration and tumor

accumulation.
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Chapter 2: Nanoscale Metal-Organic Layer Isolates Phthalocyanines for

Efficient Mitochondria-Targeted Photodynamic Therapy

2.1 Introduction

Although PDT is an effective localized anticancer treatment — with minimal collateral
damage and systemic toxicity compared to RT and chemotherapy, respectively — its clinical utility
is limited by the photophysical and pharmacokinetic properties of the PS, patient photosensitivity
after administration, and the short tissue penetration depth of visible light.!® Although
phthalocyanines possess several ideal chemical and photophysical properties as a PS, few
molecular phthalocyanines have reached clinical testing for PDT as their large extended pi system
confers poor solubility and strong cofacial aggregation in aqueous environments.”!! The excited
PSs then undergo aggregation-induced quenching back to the ground state before they can transfer
energy to 2Oz, which significantly reduces their PDT efficacy. However, even the most promising
clinical candidates, which have solubilizing axial and peripheral functional groups, still suffer from
poor tumor accumulation and require extensive functionalization to enhance their in vivo
efficacy.!?13

With the rapid development of nanotechnology and nanomedicine, nMOFs have emerged
as a promising platform to load and deliver poorly soluble PSs, while also allowing additional
modification and functionality for effective PDT.!*!® With structural and compositional tunability,
crystallinity, framework rigidity, high porosity, and biodegradability, nMOFs have been used to
incorporate PSs for PDT.'%*? The crystalline and rigid frameworks prevent photobleaching and
self-quenching of excited PSs to significantly increase PDT efficacy.?*** The physical dimensions

of typical 3D nMOFs can also be reduced to afford nMOLs with monolayer thickness, which bear
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fully accessible PSs and allow facile ROS diffusion for enhanced tumor cell cytotoxicity.?>*” The
therapeutic efficacy of PDT can also be improved by targeting PS delivery to subcellular
organelles, such as mitochondria. Generation of cytotoxic ROS in mitochondria disrupts key
biological processes, such as energy production, and activates apoptotic pathways via caspase

activation.?8-30

nMOF tunability allows the modification of bridging linkers to bestow sufficient
lipophilicity and positive charge can target mitochondria without relying on auxiliary
triphenylphosphonium moieties.*'*> However, although the design of mixed linker nMOFs to load
both ideal PSs and targeting species is flexible, it not only requires similar linker connectivity,
length and geometry, but also significant time and effort to synthesize the ligands and optimize
their nanoparticle growth.

In this chapter, we report the design and post-synthetic modification of a highly modular,
mitochondria-targeting Hfi2-Ir nMOL platform for highly effective PDT. ZnOPPc@nMOL is
composed of a monolayer of Hfi2 SBUs and H2DBB-Ir-F horizontally bridging linkers with either
trifluoroacetic acid (TFA) or ZnOPPc PSs vertically capping the Hf SBUs (Figure 2-1). ZnOPPc
was postsynthetically incorporated on the SBUs of the nMOL via carboxylate exchange with TFA
capping ligands. Upon light irradiation, SBU-bound ZnOPPc PSs absorb light and undergo
intersystem crossing (ISC) to the triplet excited state, which, in the presence of 02, efficiently
generates cytotoxic 'Oz through a type I PDT process.*®*” The rigid, ultrathin and cationic nMOL
isolates ZnOPPc PSs to prevent self-quenching, while allowing efficient ROS diffusion and
translocation of the nMOL into mitochondria to afford a highly effective PDT treatment of

colorectal cancer.’%4?
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Figure 2-1. Illustration of using the ZnOPPc@nMOL platform to enhance 'Oz generation for
effective PDT. (a) Modeled structure of ZnOPPc@nMOL showing its efficient 'O2 generation
from vertically capped and spatially isolated ZnOPPc PSs on the SBUs. (b) Schematic showing
the m—n stacking of two ZnOPPc PSs in aqueous solution leading to self-quenching of excited
states.
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2.2 Results and discussion
2.2.1 Synthesis and characterization

The phthalocyanine precursor, 4,5-bis(4-methoxycarbonylphenyl)phthalonitrile, was
synthesized via a Suzuki-Miyaura cross coupling using 4,5-dichlorophthalonitrile, 4-
(methoxycarbonylphenyl)-boronic acid, K3sPOs as base, and Pd(OAc)2/SPhos as catalysts. The
ZnOPPc ester was synthesized by refluxing 4,5-bis(4-methoxycarbonylphenyl)phthalonitrile,
Zn(OAc)2 and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) in 1-pentanol for 36 h (Scheme 2-1).
Matrix-assisted laser desorption/ionization-time of flight high-resolution mass spectrometry
(MALDI-TOF HR-MS) revealed the product contained a mixture of methyl and pentyl esters in
the product due to transesterification with 1-pentanol (Figure 2-16). Hydrolysis of the ZnOPPc
ester yielded the desired octa-carboxylic acid form, ZnOPPc, and MALDI-TOF HR-MS of the
product showed a single molecular ion peak with isotope peaks matching that of ZnOPPc (Figure
2-17).

The UV—visible spectrum of ZnOPPc in dimethyl sulfoxide (DMSO) exhibited three peaks
that are characteristic of zinc phthalocyanines (Figure 2-3).** The Soret band peak at Amax = 370
nm is assigned to a 1 — m* transition with a molar extinction coefficient of €370 = 147,200 M
cm !, which is 2-3 times lower than the Soret band maximum of 5,10,15,20-tetra(p-
benzoato)porphyrin (H4sTBP)** and 5,10,15,20-tetra-(p-benzoato)chlorin (H4TBC).!* This
difference may alleviate some photosensitivity side effects for ZnOPPc, as this region is not in the
therapeutic window of PDT.**7 The Qoz-band peak at Amax = 628 nm is assigned to an n — m*
transition with €628 = 61,000 M™! cm™!, and the Qoi-band peak at Amax = 697 nm is a © — m*
(HOMO-LUMO) transition with g697 = 343,600 M ' cm™!.*® The Qo1 band has a 72 times larger ¢

value than the longest wavelength Q-band absorption of HsTBP (g646 = 4,800 M! cm ™), which is
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the absorption peak typically used for PDT. Compared to H4TBP, the Qoi1-band peak of ZnOPPc
not only has a longer absorption wavelength for deeper tissue penetration, but also has an order of
magnitude greater € value that makes ZnOPPc significantly more light efficient. This band appears
because phthalocyanines lack the near-degeneracy of the aiu and azu orbitals and mixing of the
associated electronic configurations that lead to cancellation of transition dipole moments in

porphyrins.*

Figure 2-2. TEM and AFM images of Hf12-Ir nMOL and ZnOPPc@nMOL. (a) Large area TEM
image of Hf12-Ir nMOL. (b) AFM topographic image of Hfi2-Ir nMOL with its selected area (blue
bar), height profile (inset, right), and modeled SBU/capping ligand height (inset, left). (c) Large
area TEM image of ZnOPPc@nMOL. (d) AFM topographic image of ZnOPPc@nMOL with its
selected area (blue bar), height profile (inset, right), and modeled SBU/capping ligand height
(inset, left).

Hfi2-Ir nMOL was synthesized through a solvothermal reaction between HfCls and

H2DBB-Ir-F in N,N-dimethylformamide (DMF) at 80 °C with TFA and water as modulators
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(Scheme 2-3).°° Hf12-Ir nMOL forms an infinite 2D network with kgd topology and each SBU is
vertically capped with TFA groups to afford an ideal molecular formula of Hfi2(us-O)s(ps-
OH)s(n2-OH)6(DBB-Ir-F)6(TFA)s. ZnOPPc@nMOL was synthesized by vigorously stirring a
mixture of ZnOPPc in DMF and Hfi2-Ir nMOL in ethanol, with a final solvent ratio of
DMF/ethanol (2:1), at room temperature (Scheme 2-3). The ZnOPPc loading was determined to
be 14.9 wt% based on inductively coupled plasma-mass spectrometry (ICP-MS) analysis and
UV—visible absorption spectroscopy of digested ZnOPPc@nMOL, which corresponded to a 1.1 :
1.0 ratio of ZnOPPc : Hf12 SBU. Additionally, the TFA peak integral decreased in the ’"F NMR
spectra of digested ZnOPPc@nMOL compared to the bare Hfi2-Ir nMOL, supporting the loading
values and confirming the successful exchange of ZnOPPc with TFA capping ligands (Figure
2-24, Figure 2-26). Based on these results, the molecular formula of ZnOPPc@nMOL was

determined to be (ZnOPPc)1.1@Hfi2(p3-0)s(us3-OH)s(n2-OH)e(DBB-Ir-F)6(TFA)4.9.
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Figure 2-3. Characterization of Hfi2-Ir nMOL and ZnOPPc@nMOL. (a) Normalized UV-Vis
spectra of ZnOPPc@nMOL, ZnOPPc, Hfi2-Ir nMOL and H:DBB-Ir-F in DMSO. (b) Zeta
potentials of Hfi2-Ir nMOL in water (pH = 7), ZnOPPc@nMOL in water (pH = 7), and
ZnOPPc@nMOL in aqueous acidic buffer (pH = 4).

Transmission electron microscopy (TEM) imaging showed that ZnOPPc@nMOL
maintained the same particle size and monolayer morphology as Hfi2-Ir nMOL (Figure 2-2).
Atomic force microscopy (AFM) analysis confirmed the monolayer structure of Hfiz-Ir and
postsynthetic surface loading in ZnOPPc@nMOL with average thicknesses of 1.8 and 3.5 nm,

respectively, which are consistent with the modeled heights of Hfi2 SBUs capped with only TFA

ligands or Hfi2 SBUs capped with both ZnOPPc and TFA (Figure 2-2). The UV—visible spectrum
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of ZnOPPc@nMOL showed characteristic peaks from ZnOPPc and Hfi2-Ir even after several
washes with DMF, further confirming successful loading (Figure 2-3). Dynamic light scattering
(DLS) particle size distribution analysis of ZnOPPc@nMOL revealed a number-averaged size of
156.2 + 6.4 nm with a polydispersity index of 0.10 (Figure 2-3), which is slightly larger than that
of Hfi2-Ir nMOL at 133.2 + 8.0 nm and is concordant with the surface loading of a large
hydrophobic molecule. The Hfi2-Ir cationic framework showed a highly positive zeta potential of
+36.3 = 0.7 mV, while ZnOPPc@nMOL showed a negative zeta potential of —19.3 + 1.0 mV,
consistent with the surface installation of partially deprotonated ZnOPPc (Figure 2-3). The powder
X-ray diffraction (PXRD) pattern of ZnOPPc@nMOL matched well with the experimental and
simulated PXRD patterns of the Hfi2-Ir nMOL (Figure 2-3). ZnOPPc@MOL was found to be
stable in phosphate-buffered saline (PBS) at physiological pH, either at 37 °C or with 700 nm LED

irradiation (100 mW/cm?), by PXRD (Figure 2-3) and DLS (Figure 2-4) analysis after incubation.
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Figure 2-4. Stability studies of ZnOPPc@nMOL. (a) DLS measurements at different time points
of number-averaged sizes of ZnOPPc@nMOL samples incubated in PBS at 37 °C. (b) DLS
measurements at different time points of number-averaged sizes of ZnOPPc@nMOL in PBS after
700 nm LED irradiation (100 mW/cm?).
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2.2.2. In vitro mitochondria targeting

Confocal laser scanning microscopy (CLSM) imaging revealed time-dependent
enrichment of mitochondria with Hfi2-Ir nMOL in murine colorectal cancer MC38 cells.
Mitochondria were labeled by MitoTracker Red CMXROS and Hfi2-Ir nMOL was detected
through fluorescence of the bridging DBB-Ir-F linkers. Most of the Hf12-Ir nMOL fluorescence
was detected outside of mitochondria 15 min after nMOL incubation, likely being captured and
trapped in endo/lysosomes (Figure 2-5). From 30 min to 2 h (Figure 2-5), the fluorescence of
Hfi2-Ir nMOL outside of mitochondria decreased while colocalization between mitochondria and
Hfi2-Ir nMOL signals increased, which is consistent with previous reports of mitochondria
targeting by cationic nanoparticles.’! %42 Surprisingly, we observed the colocalization of
ZnOPPc@nMOL with MitoTracker 30 min post-incubation despite its measured negative surface
charge after ZnOPPc loading (Figure 2-5, Figure 2-3).
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Figure 2-5. Mitochondria translocation. Colocalization of mitochondria and ZnOPPc@nMOI or
Hfi2-Ir nMOL visualized by CLSM after incubation with MC38 cells at various time points with
Pearson’s coefficients (R) and overlapping coefficients (M1, M2) of the signals calculated in
Imagel. Scale bars =20 um.
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This phenomenon is likely due to the reversal of surface charge for ZnOPPc@nMOL after
protonation of ZnOPPc to its neutral form in the endo/lysosome, and not due to partial release of
ZnOPPc (Figure 2-7). This hypothesis was supported by a positive zeta potential of +21.5 £ 0.3
mV for ZnOPPc@nMOL measured in an acidic buffer (pH = 4), which mimics the acidic
environment of the endo/lysosome (Figure 2-3). At 2 h, the Pearson’s coefficients of
colocalization of ZnOPPc@nMOL and Hfi2-Ir nMOL with MitoTracker reached 0.838 and 0.979,
respectively, indicating successful translocation (Figure 2-5). Efficient translocation of nMOLs
into mitochondria was further supported by ICP-MS analysis of Hf concentrations. 8 h after PDT
treatment with ZnOPPc@ nMOL (100 mW/cm? , 10 min; “+” and “— denote with and without
light irradiation, respectively), depolarization of mitochondria membrane potential and release of
cytochrome ¢ were observed by CLSM (Figure 2-6), which are indicative of mitochondria

disruption.

ZnOPPc@nMOL(+) PBS(+) ZnOPPc(+) Hf,,-Ir N(MOL(+)

Figure 2-6. Mitochondria disruption. CLSM images of (a) loss of mitochondria membrane
potential by JC-1 assay and (b) release of cytochrome ¢ from mitochondria. Scale bars =20 um.
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2.2.3. In vitro PDT anticancer efficacy

We then examined whether the surface isolation of ZnOPPc PSs on the Hfi2-Ir nMOL
SBUs can facilitate ROS generation/diffusion and enhance cellular uptake to elicit stronger
cytotoxic effects than the molecular PS alone. Singlet Oxygen Sensor Green (SOSG) assays
revealed that ZnOPPc@nMOL significantly enhanced 'O2 generation compared to ZnOPPc in test
tube (Figure 2-7) and in vitro experiments (Figure 2-8), indicating that surface isolation of
ZnOPPc PSs on the nMOL eliminates aggregation-induced quenching and recovers its ROS
generation efficacy. As expected, ZnOPPc was sparingly soluble and suffered from severe cofacial
aggregation in serum-containing media, which ultimately led ZnOPPc@nMOL to have 12 times
higher cellular uptake than ZnOPPc (Figure 2-7). ZnOPPc@nMOL(+) displayed high cytotoxicity
with an ICso of 0.11 pM, resulting from the combination of enhanced 'O2 generation/diffusion,
high cellular uptake, and strong mitochondria translocation effect (Figure 2-7). In contrast,
ZnOPPc(+) did not inhibit proliferation or cause morphology changes at concentrations up to 10

uM (Figure 2-7).
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Figure 2-7. Test tube and in vitro anticancer efficacy. (a) Cellular uptake of ZnOPPc@nMOL and
ZnOPPc in MC38 cells quantified by UV-visible spectroscopy (n = 3). (b) Release profile of
ZnOPPc loaded in ZnOPPc@nMOL in PBS (n = 3). (c) Test tube 'O generation of
ZnOPPc@nMOL, Hfi2-Ir nMOL and ZnOPPc after 700 nm irradiation, detected by SOSG assay.
(d) MTS assay of PDT treatment with ZnOPPc or ZnOPPc@nMOL on MC38 cells (n = 6).

PDT-induced apoptosis and immunogenic cell death (ICD) were evaluated on MC38 cells
by flow cytometry and CLSM. Annexin V and propidium iodine (PI) staining revealed
ZnOPPc@nMOL(+) had more severe apoptotic cell death than both Hfi2-Ir nMOL(+) and
ZnOPPc(+) (Figure 2-8, Figure 2-9). The ZnOPPc@ nMOL(+) group also showed stronger
surface translocation of calreticulin (Figure 2-8, Figure 2-10), an “eat-me” signal during ICD that

can attract myeloid cells for phagocytosis and antigen presentation to facilitate immune responses.
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Figure 2-8. In vitro PDT-induced 'O2 generation, apoptosis, and immunogenic cell death. (a) 'Oz
generation detected by SOSG assay. (b) Cell apoptosis visualized by annexin-V and PI staining.
(c) ICD detected by CRT expression on the cell surface. Cell nuclei were stained by Hoechst 33342
in (d) and (e). MC38 cells were used for all experiments. Scale bars = 20 um.
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Figure 2-9. Flow cytometry analysis of PDT-induced apoptosis. Analysis was performed 24 hours
after PDT treatment on MC38 cells. Q1, Q2, Q3 and Q4 indicate normal, early apoptotic, late

apoptotic, necrotic populations among MC38 cells, respectively. The percentages of each
population are shown in each quadrant.
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Figure 2-10. Flow cytometry analysis of PDT-induced CRT expression. Analysis was performed

24 hours after PDT treatment on MC38 cells. The negative control without staining is shown in
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2.2.4. In vivo PDT anticancer efficacy

The in vivo PDT efficacy of ZnOPPc@nMOL was evaluated on subcutaneous MC38
tumor-bearing C57BL/6 mice and CT26 tumor-bearing BALB/c mice. Hfi2-Ir nMOL and
ZnOPPc@nMOL were PEGylated before administration to protect against proteolytic
degradation, avoid clearance from the reticuloendothelial phagocytic system (RPS) and the
mononuclear phagocyte system (MPS), and improve overall blood circulation time. ZnOPPc, Hf12-
Ir, and ZnOPPc@nMOL were intravenously injected into mouse tail veins at an equivalent
ZnOPPc dose of 0.1 umol (equivalent DBB-Ir-F dose of 0.5 umol) followed by 700 nm LED

irradiation at the tumor site, with a total light dose of 90 J/cm? (100 mW, 15 min).
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Figure 2-11. /n vivo PDT anticancer efficacy. Tumor growth curves of (a) MC38 tumor-bearing

C57BL/6 mice and (b) CT26 tumor-bearing BALB/c mice (n = 5). *P <0.05 and ***P <(0.001 by
ANOVA test.

The ZnOPPc@nMOL(+) group showed superior anticancer efficacy with tumor growth

inhibition (TGI) values of TGImc3s = 85.6% and TGlcr26 = 96.7%, as well as 2 out of 5 mice and

3 out of 5 mice being tumor free for MC38- and CT26-tumor-bearing mice, respectively (Figure

2-11). ZnOPPc(+) moderately inhibited tumor growth with TGImc3s = 59.6% and TGlcrs =
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37.7%, whereas Hfi2-Ir(+) had a minimal effect on tumor growth with statistically insignificant

TGImcss = 35.6% and TGlct26 = 10.0%.
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Figure 2-12. In vivo PDT-induced necrosis, apoptosis, and immunogenic cell death. (a) H&E
staining, (b) TUNEL assay, (c¢) and CRT staining of excised tumors from treated C57BL/6 mice.
Scale bars are 50 um for H&E staining and 20 um for the others.

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and calreticulin
(CRT) staining revealed severe apoptosis and obvious CRT surface translocation in the
ZnOPPc@nMOL(+) tumors, respectively (Figure 2-12). Hematoxylin-eosin (H&E) staining of
tumor sections also showed that ZnOPPc@nMOL(+) treatment caused severe necrosis (Figure

2-12). ZnOPPc@nMOL(+) thus exhibited remarkable antitumor activity and produced strong ICD,

which yielded excellent PDT efficacy. All treatment groups showed a lack of general dark toxicity,
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with steady trends in mouse body weights (Figure 2-13) and minimal aberration in major organ
sections. Thus, Hf12-Ir nMOL is a biocompatible and modular nano-delivery platform for PSs that

can significantly enhance their therapeutic effects.
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Figure 2-13. Body weight percentage curves. Mouse body weight percentages of (a) MC38- and
(b) CT26-tumor-bearing mice over the treatment period.

2.3 Conclusion

In this chapter, we report the surface isolation of ZnOPPc PSs on cationic Hf12-Ir nMOLs
to prevent aggregation-induced quenching of the photoexcited ZnOPPc macrocycles and to enable
mitochondria translocation. As a result, ZnOPPc@nMOL showed significantly enhanced 'O>
generation and superb anticancer efficacy over the molecular ZnOPPc species. This work
demonstrates the potential of using nMOLs to deliver highly potent PSs with nonideal

physicochemical and pharmacokinetic properties for effective PDT treatment of cancers.

2.4 Experimental section

2.4.1. Materials and methods

All chemical reagents were purchased from commercial sources and used without further
purification as follows: 4,5-dichlorophthalonitrile (Tokyo Chemical Industry), 4-
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(methoxycarbonylphenyl)-boronic acid (Boron Molecular), palladium(Il) acetate (Pd(OAc);
Thermo Scientific Chemicals), 2-dicyclohexylphosphino-2’,6’-dimethoxybiphenyl (SPhos;
Sigma-Aldrich), 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU; Oakwood Chemical).

TEM images were collected on a TECNAI Spirit TEM (120 kV). PXRD data was collected
on a Bruker D8 Venture diffractometer using a Cu Ka radiation source (A = 1.54178 A) and
processed with PowderX software. AFM images were collected on a Bruker Multimode 8-HR
AFM, and images were processed using NanoScope Analysis 1.40 software. Dynamic light
scattering (DLS) and zeta-potential measurements were obtained on a Malvern Zetasizer Nano ZS
instrument. UV-Vis spectra were collected on a Shimadzu UV-2600 UV-Vis spectrophotometer.
Fluorescence excitation/emission spectra were obtained using a Shimadzu RF-5301PC
spectrofluorophotometer. ICP-MS data was collected using an Agilent 7700x ICP-MS and
analyzed using ICP-MS Mass Hunter version B01.03. Samples were diluted in a 2% HNO3 matrix
and analyzed with "*Tb and ''°In internal standards against 10-point standard curves over the
range from 1 ppb to 500 ppb. The correlation was >0.999 for all analyses of interest. Data
collection was performed in Spectrum Mode with three replicates per sample and 100 sweeps per
replicate. 'H, 13C, and '°F NMR spectra were recorded on a Bruker NMR 500 DRX spectrometer
("H NMR: 500 MHz, '°F NMR: 377 MHz) or a Bruker NMR 400 DRX spectrometer (\H NMR:
400 MHz, '*C NMR: 101 MHz) and referenced to the proton resonance resulting from incomplete
deuteration of CDCI3 ("H NMR: § 7.26; 1*C NMR: § 77.16) or DMSO-ds (‘"H NMR: § 2.50; 13C
NMR: & 39.52). MALDI-TOF HR-MS data was collected on a Bruker Ultraflextreme MALDI-
TOF/TOF using negative-ion reflectron mode. Thermogravimetric analysis (TGA) was performed
in air using a Shimadzu TGA-50 equipped with an alumina crucible and heated at a rate of 1 °C

per min.
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Flow cytometry data was collected on an LSR-Fortessa 4-15 (BD Biosciences, USA) and
analyzed by FlowJo software (Tree Star, USA). Confocal laser scanning microscope images were
collected on a Leica SP8. Imaging was performed at the University of Chicago Integrated Light
Microscopy Facility and analysis was done with LAS X (Leica) and ImageJ software (NIH, USA).
Cell morphology and proliferation were captured and analyzed by IncuCyte S3 with standard
mode. Protein electrophoresis and electro-transfer were performed with XCell SureLock™ Mini-
Cell (Thermo Fisher Scientific, USA) and Mini Trans-Blot® Electrophoretic Transfer Cell
(BioRad, USA), respectively.

DPBS (-Mg?*, -Ca**, phosphate-buffered saline), TBST (Tris-Buffered Saline, 0.1%
TWEEN-20), NuPAGE™ 4 to 12% Bis-Tris gel, PVDF membrane, running buffer, transfer buffer,
RIPA buffer, BCA kit and ECL plus kit were purchased from Thermo Fisher Scientific. Murine
colorectal carcinoma MC38 and CT26 cells and human kidney endothelial HEK293T cells were
obtained from the American Type Culture Collection (ATCC, Rockville, MD) and were cultured
in DMEM (Dublecco’s Modified Eagle Medium; GE Healthcare, USA) or RPMI-1640 (Corning,
USA) supported with 10% fetal bovine serum (VWR, USA), 100 U/ml penicillin G sodium and
100 pg/ml streptomycin sulphate in a humidified atmosphere containing 5% CO2 at 37°C.
C57BL/6 and BALB/c mice (6-8 weeks) were obtained from Harlan-Envigo Laboratories, Inc
(USA). The study protocol was reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Chicago. The Human Tissue Resource Center at the

University of Chicago provided the histology related services for this study.
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2.4.2. Synthetic and characterization procedures

Pe0,C CO,Pe

PeO,C CO,Pe
meo,c— H-som, ’ O O \ a O
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c'j@(‘m S pnoe” O O CN DBU =N N /
—_—— —
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145°C, 36 h NN
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’d ’d
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n N

N\ /Z\ / -
N N, 2. HCl
YO
HO,C O O CO,H
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Scheme 2-1. Synthetic route to ZnOPPc.

CN K3PO,, toluene
90°C, 36 h

MeO,C O Synthesis of 4,5-Bis(4-methoxycarbonylphenyl)phthalonitrile. 4,5-

O . bis(4-methoxycarbonylphenyl)phthalonitrile = was  synthesized as

CN

MeO,C O previously reported with minor modifications.’ ' An oven-dried Schlenk
tube was charged with 4,5-dichlorophthalonitrile (2.00 g, 10.2 mmol), 4-
(methoxycarbonylphenyl)-boronic acid (5.4 g, 30.0 mmol), Pd(OAc): (44 mg, 0.2 mmol), SPhos
(200 mg, 0.5 mmol), anhydrous K3PO4 (8.48 g, 40.0 mmol), and a stir bar. The reaction vessel was
sealed and backfilled with nitrogen three times. Anhydrous toluene (40 mL) was added, and the

mixture was stirred at 90 °C for 36 h. After cooling to room temperature, toluene (~80 mL) was

added, and the reaction mixture was filtered and washed twice with water. The combined organic
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layers were dried over anhydrous Na2SO4 and then concentrated under vacuum. The crude product
was purified by column chromatography using CHCls/hexanes/EtOAc (4:4:1) and recrystallized
from EtOAc to afford the pure product as white crystals (2.11 g, 52% yield).

'H NMR (400 MHz, CDCl3): 8 7.97 (d, J = 8.6 Hz, 4H), 7.91 (s, 2H), 7.19 (d, J = 8.6 Hz 4H),
3.94 (s, 6H).

13C NMR (101 MHz, CDCl3): 8 166.21, 144.85, 141.58, 135.38, 130.46, 129.99, 129.41, 115.28,
114.99, 52.39.

TLC: Ry= 0.44 (CHClIs/hexanes/EtOAc 4:4:1).
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Figure 2-14. '"H NMR of 4,5-bis(4-methoxycarbonylphenyl)phthalonitrile (400 MHz, CDCI3).
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Figure 2-15. 3C NMR of 4,5-bis(4-methoxycarbonylphenyl)phthalonitrile (101 MHz, CDCl3).

Pe0,C CO,Pe Synthesis of zinc(1l) 2,3,9,10,16,17,23,24-0octa[4-
e O% : O cope Pentoxycarbonylphenyl] phthalocyanine (ZnOPPc

N
DY ester). A mixture of 4,5-bis(4-methoxycarbonylphenyl)

\, /

Ny /Zn N
\ \": phthalonitrile (800 mg, 2.02 mmol), anhydrous Zn(OAc):2
LS

reoe ) S QO P (93 mg, 0.507 mmol), DBU (301 pL, 2.02 mmol) and
Pe0,C cozPe anhydrous 1-pentanol (PeOH; 30 mL) was added to a 100

mL round-bottomed flask and refluxed under nitrogen for 36 h. The reaction mixture was cooled
to room temperature and MeOH (60 mL) was added to the reaction mixture and stirred for a further
30 min. The precipitated solid was collected by centrifugation, washed twice with MeOH/H20

(4:1), once with MeOH, and thrice with acetonitrile. The crude product was purified by column
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chromatography using CHCI3/EtOAc (4:1). The first dark green fraction was collected and dried
under vacuum to yield a dark green solid (823 mg, 19% yield).

HR-MS (MALDI-TOF): m/z Calcd. for C12sH12sNgO16Zn" (M"): 2096.87, Found: 2096.765.
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Figure 2-16. HR-MS (MALDI-TOF) spectrum of ZnOPPc ester showing the isotopic peaks of
the molecular ion [M].

HO,C CO,H Synthesis of zinc(I) 2,3,9,10,16,17,23,24-octa[4-
HoLC O O O O con carboxyphenyl] phthalocyanine (ZnOPPc). A mixture of

)
- N ZnOPPc ester (300 mg, 0.143 mmol) and THF/MeOH (100

N/
N Zn N
"/\ \", mL, 1:1) was added to an aq. NaOH solution (2.90 g/40 mL
N

HO,C O O Q O €o:H H,0) and ultrasonicated. The mixture was then refluxed for
HO,C COH 24 h. The reaction mixture was cooled to room temperature

and the volatile solvents were removed under vacuum. H20 (80 mL) was added to the solution and

acidified, using 1 M HCI, until pH = 3. The precipitated solid was collected by centrifugation,
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washed with H2O/MeOH (2:1), acetone, EtOAc, and DCM. The product was then dried under
vacuum overnight to yield a dark green solid (200 mg, 91% yield).
HR-MS (MALDI-TOF): m/z Calcd. for CssHasNgO16Zn" (M"): 1536.25, Found: 1536.202.

TH NMR (500 MHz, DMSO-de): 5 13.06 (s, 8H), 9.03 (s, 8H), 7.97 (s, 16H), 7.63 (s, 16H).

1538.295
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Figure 2-17. HR-MS (MALDI-TOF) spectrum of ZnOPPc showing the isotopic peaks of the
molecular ion [M*].
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Figure 2-18. '"H NMR spectrum of ZnOPPc (500 MHz, DMSO-db).
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Figure 2-19. Standard curve of ZnOPPc¢ in DMSO. (a) UV-Vis spectra of ZnOPPc in DMSO at
different concentrations. The absorption of ZnOPPc at 700 nm corresponds to the @ — 7
transition. (b) Plot of the absorbance of ZnOPPc at 700 nm as a function of concentration.
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Figure 2-20. Standard curve of ZnOPPc in PBS. (a) UV-Vis spectra of ZnOPPc in PBS at different
concentrations. Plots of the absorbance of ZnOPPc in PBS at (b) 358 nm and (c) 642 nm as a
function of concentration.
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Me,DBB Ir[dF(CF3)ppyl;Cll2 Me,DBB-Ir-F H,DBB-Ir-F

Scheme 2-2. Synthetic route to H.DBB-Ir-F.

Synthesis of H;DBB-Ir-F. Ir(DBB)[dF)CF3)ppy]2" [H2DBB-Ir-F; DBB = 4,4’-di(4-benzoato)-
2,2’-bipyridine; dF(CF3)ppy = 2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine]  was
synthesized as shown in Scheme 2-2 according to a previous literature report.>>

'H NMR (500 MHz, DMSO-de): 6 9.11 (d, 2H), 8.77 (dd, 2H), 8.48 (d, 2H), 8.43 (d, 2H), 8.15

(s, 2H), 8.04 (d, 4H), 7.81 (s, 2H), 7.67 (d, 4H), 7.11 (m, 2H), 5.89 (dd, 2H).
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Figure 2-21. '"H NMR spectrum of H2DBB-Ir-F (500 MHz, DMSO-d).
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Figure 2-22. UV-Vis standard curve of H2DBB-Ir-F in DMSO. (a) UV-Vis spectra of H.DBB-Ir-
F in DMSO at different concentrations. The characteristic absorption of H2DBB-Ir-F corresponds
to the metal-to-ligand charge-transfer (MLCT) transition. (b) Plot of the absorbance of H2DBB-Ir-
F at 350 nm as a function of concentration.
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o TFA, H,0, DMF

HfCl, + ) 2 —_— =
™ | A€ s s0°C,24h

H4,-Ir nMOL ZnOPPc@nMOL

H,DBB-Ir-F + l

[ Hf12(13-0)a(13-OH)a(1,-OH)o(DBB-Ir-F)o(TFA)

| ZnOPPc4 1@Hf12(H3-0)g(M3-OH)g(12-OH)g(DBB-Ir-F)g(TFA) 4 o |

Scheme 2-3. Synthetic route to Hfi2-Ir nMOL and ZnOPPc@nMOL (DBB-Ir-F linkers on the
Hfi2 SBU are omitted for clarity; sky blue: Hf, yellow: F, red: O, blue: N, grey: C, white: H).

Synthesis of Hfi>-Ir nMOL. Hfi2-Ir nMOL was synthesized as shown in Scheme 2-3 according
to a previous literature report.>> To a 4 mL glass vial was added 0.5 mL of HfCl4 solb ution [2.0
mg/mL in DMF], 0.5 mL of H2DBB-Ir-F solution (4.0 mg/mL in DMF), 2 pL of TFA, and 5 pL
of water. The reaction mixture was kept in an 80 °C oven for 24 hours. The yellow precipitate was
collected by centrifugation and washed with DMF and ethanol.

NMR analysis of nMOLs. 1.0 mg nMOL was dried under vacuum. To the dried solid was added
a solution of 500 pL DMSO-ds and 50 pL D3PO4. The mixture was sonicated for 10 min, followed
by the addition of 50 pL D20 just before 'H/!°F NMR analysis.

UV-Vis analysis of nMOLs. 10 uL of a dispersed solution of nMOL was added to a mixture of
940 uL DMSO and 50 pL H3PO4. The mixture was then sonicated for about 10 minutes and the
UV-Vis absorption spectrum was recorded.

ICP-MS analysis of nMOLs. 10 uL of a dispersed solution of nMOL was added to a mixture of
980 uL HNO3s and 10 pL HF. The mixture was vortexed and kept at room temperature for 3 days.

The sample was then diluted with ultrapure water to 2% HNO3 and analyzed by ICP-MS.
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Figure 2-23. "H NMR spectrum of digested Hf12-Ir nMOL (500 MHz, DMSO-d).
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Figure 2-24. ’F NMR spectrum of digested Hf12-Ir nMOL (377 MHz, DMSO-d).
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Figure 2-25. '"H NMR spectrum of digested ZnOPPc@nMOL (500 MHz, DMSO-d).
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Figure 2-26. '’F NMR spectrum of digested ZnOPPc@nMOL (377 MHz, DMSO-d).
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Synthesis of ZnOPPc@nMOL. To a4 mL glass vial was added 0.5 mL of Hf12-Ir nMOL solution
(3.6 mM in ethanol based on Hf), 1.0 mL of ZnOPPc solution (0.6 mg/mL in DMF) and a stir bar.
The mixture was stirred at room temperature overnight, collected by centrifugation and washed

twice with ethanol.

ZnOPPc@MOL loading. The weight % loading of ZnOPPc on ZnOPPc@nMOL was calculated
to be 14.9% based on two methods. The first method employed UV-Vis spectroscopy to determine
the ZnOPPc concentration (295.49 uM) based on the characteristic absorption peak at 700 nm and
ICP-MS to determine the Hf concentration (3.265 mM) to give a weight % loading of 14.9%. The
second method used UV-Vis spectroscopy to determine the ZnOPPc concentration (295.49 pM)
and the DBB-Ir-F ligand concentration (1.578 mM) based on the characteristic absorption peak at
350 nm to give a weight % loading of 15.2%. To determine the DBB-Ir-F ligand concentration,
the ZnOPPc concentration was first calculated based on the peak at 700 nm and then that
concentration was used to determine the ZnOPPc absorption at 350 nm, which was subsequently
subtracted from the absolute value to give the absorption at 350 nm arising from the DBB-Ir-F

ligand.

2.4.3. In vitro procedures

Test tube singlet oxygen detection. The time-dependent 'O> generation of Hfi2-Ir nMOL,
ZnOPPc, and ZnOPPc@nMOL was detected by Singlet Oxygen Sensor Green (SOSG, Life
Technologies, USA) assay upon light irradiation. Hf12-Ir nMOL, ZnOPPc, and ZnOPPc@nMOL
suspensions were prepared with an equivalent dose of 0.3 uM ZnOPPc and 234 uM DBB-Ir-F

(based on the ratio for ZnOPPc@nMOL) in 0.1X PBS. To 2 mL of each of these suspensions, an

64



SOSG stock solution (5 pL at 5 mM) was added (final SOSG concentration = 12.5 pM) before
fluorescence measurements. The mixed solution was exposed to an LED light (700 nm, 100
mW/cm?) for 0, 10, 20, 30, 60, 120, 180, 300, 420 and 600 seconds and the fluorescence intensity

at different time points was measured by a fluorimeter.

Cellular uptake. The cellular uptake of ZnOPPc, ZnOPPc@nMOL, and Hfi2-Ir nMOL was
evaluated on MC38 cells. The cells were seeded on 6-well plates at a density of 2.5x10°/ml in 2
mL DMEM medium followed by overnight culture. First, ZnOPPc and ZnOPPc@nMOL were
added to each well to reach an equivalent ZnOPPc concentration of 10 uM in medium (z = 3) and
the plates were shaken at 150 rpm for 1 min. The cells were put back into the 37 °C incubator and
incubated for 1, 2, 4, and 8 hours. At each time point, the medium was removed, the cells were
washed with DPBS three times, trypsinized and collected by centrifugation and counted by a
hemocytometer. The cell pellets were digested with DMSO and 10% H3POa4 in 1.5 ml Eppendorf
tubes for 48 hours with strong vortex and sonication every 12 hours and the ZnOPPc concentration
was determined by UV-Vis absorbance at 700 nm (g700 = 343,600 M cm™). With nMOL delivery,
the cellular uptake of ZnOPPc was enhanced more than 10 times. Then the uptake of
ZnOPPc@nMOL and Hfi2-Ir nMOL was measured in the same way at an equivalent DBB-Ir-F
concentration of 53.3 pM except the digestion step where the cell pellets were treated with 99%
concentrated HNO3 (67-70% trace metal grade) and 1% HF in 1.5 ml Eppendorf tubes for 48 hours
with strong vortex and sonication every 12 hours. The Hf concentration was determined by ICP-
MS and two nMOLSs showed similar uptake results. In addition, the relative cellular uptake was
also confirmed by flow cytometry after 8-hour incubation of MC38 cells with ZnOPPc@nMOL

and Hfi2-Ir nMOL. The fluorescence intensity of DBB-Ir-F ligands was monitored by BV711
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channel. The relative mean fluorescence intensity (MFI) was qualitatively consistent with I[CP-MS

results above.

Cell viability assay. The light (denoted as (+)) and dark (denoted as (-)) cytotoxicity of ZnOPPc,
ZnOPPc@nMOL, and Hf12-Ir nMOL was evaluated on MC38 cells with 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-phenyl)-2H-tetrazolium (MTS) assay (Promega,
USA, 1/10 dilution in DMEM). The cells were first seeded on 96-well plates at a density of 15000
cells/'mL with 100 pLL DMEM medium per well and further cultured overnight. ZnOPPc or
ZnOPPc@nMOL was added to the wells at an equivalent ZnOPPc concentration of 0, 0.005, 0.01,
0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5 and 10 uM and incubated for 8 hours (n = 6), followed by light
irradiation (700 nm, 100 mW/cm?, 15 min, 90 J/cm? as total dose). Hfi2-Ir nMOL was added to
the wells at an equivalent DBB-Ir-F concentration of 0, 0.027, 0.053, 0.11, 0.27, 0.53, 1.1, 2.7,
5.3,10.7,26.7, 53.3 uM, followed by the same treatment as above. During light irradiation, a water
jacket was placed above the plate to avoid heating of the plate by the LED. Then the cells were
further incubated for 48 hours before determining the cell viability by MTS assay. ICso value of
ZnOPPc@nMOL(+) was determined as 0.112 + 0.001 uM by fitting the dose response curves in
Origin Lab. As for ZnOPPc(+), no significant toxicity was found until 10 uM. No obvious toxicity

was observed for ZnOPPc(-), ZnOPPc@nMOL(-), Hfi2-Ir nMOL(+), or Hf12-Ir nMOL(-).

Cell viability and morphology. To further validate the biosafety of nMOLSs, we observed cell
proliferation and morphology by IncuCyte S3. HEK293T, MC38, and CT26 cells were first seeded
in 6-well plate with a density of 1x10° cells/mL and cultured overnight. Then ZnOPPc@nMOL or

Hfiz-Ir nMOL was added at an equivalent ZnOPPc concentration of 10 uM (or DBB-Ir-F
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concentration of 53.3 uM) and further incubated for 8 hours. The cells were washed with DPBS
three times, to remove excess nMOLs, and trypsinized to obtain a single cell suspension. The cells
were then counted and reseeded in 24-well plate at a density of 1x10* cells / mL and the plate was
put in IncuCyte S3 for 4 consecutive days. The phase images were acquired, and confluence was

analyzed by IncuCyte 2020B software.

Apoptotic cell death. The apoptosis after PDT treatment was evaluated by flow cytometry and
CLSM. For flow cytometry analysis, on two 6-well plates, MC38 cells were seeded at a density of
2.5x10° cells/ml with DMEM medium and cultured overnight. The cells on both plates were
treated with ZnOPPc, ZnOPPc@nMOL, or Hfi2-Ir nMOL at an equivalent ZnOPPc concentration
of 10 uM (or DBB-Ir-F concentration of 53.3 uM) and further incubated for 8 hours. Then one of
the plates was irradiated with LED light (700 nm, 100 mW/cm?) for 10 min. The cells on both
plates were washed with cold DPBS, exchanged with warm fresh medium and further incubated
for another 24 hours. The cells were then trypsinized and stained with Alexa Fluor 488 Annexin
V/dead cell apoptosis kit (1:20 dilution in 1x binding buffer) and propidium iodide (PI, 1 pg/mL,
15 min on ice; Thermo Fisher Scientific, USA) following the vendor’s protocol for flow cytometry
analysis. For CLSM analysis, inside 35 mm glass bottom dishes, MC38 cells were seeded at a
density of 1x10° cells/mL with DMEM medium and cultured overnight. Then the treatment and
staining were the same with flow cytometry except adding a counterstain step of Hoechst-33342
3 pg/mL 5 min at room temperature. The dishes were then added with 1 mL 1x binding buffer and

observed under Leica SP8 microscope immediately.
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In vitro singlet oxygen generation. The singlet oxygen generation of ZnOPPc, ZnOPPc@nMOL,
or Hfi2-Ir nMOL after PDT treatment was evaluated on MC38 cells by CLSM. Inside 35 mm glass
bottom dishes, MC38 cells were seeded at a density of 1x10° cells/mL with 2 mL DMEM medium
and cultured overnight. Then ZnOPPc, ZnOPPc@nMOL, and Hfi2-Ir nMOL were added at an
equivalent ZnOPPc concentration of 10 pM (or DBB-Ir-F concentration of 53.3 uM) and further
incubated for 8 hours. The cells were washed with DPBS for three times to remove excess ligands
or nMOLs and exchanged with fresh DMEM medium. To each well, 2 uL. SOSG stock (5 mM in
methanol according to the vendor’s protocol) was added and the cells were further incubated and
stained for 1 hour. The cells were then irradiated with LED light (700 nm, 100 mW/cm?) for 10
min, washed with DPBS three times, added to warm fresh medium and immediately mounted for

confocal imaging using a Leica SP8 microscope.

CRT expression. Immunogenic cell death was investigated, using flow cytometry and CLSM, by
Calreticulin (CRT) expression level after PDT treatment. For flow cytometry analysis, MC38 cells
were seeded on two 6-well plates at a density of 2.5x10° cells/mL with 2 mL DMEM medium and
cultured overnight. The cells were treated with ZnOPPc, ZnOPPc@nMOL, or Hf12-Ir nMOL at an
equivalent ZnOPPc concentration of 10 uM (or DBB-Ir-F concentration of 53.3 pM) and further
incubated for 8 hours. Then one of the plates was irradiated with LED light (700 nm, 100 mW/cm?)
for 10 min. The cells on both plates were washed with DPBS to remove excess ligands or nMOLs,
exchanged with warm fresh medium and further incubated for another 24 hours. The medium was
then discarded, and cells were washed with DPBS and trypsinized to obtain cell suspension. The
cells were stained with anti-Calreticulin Alexa Fluor 488 (NOVUS; 1:150 dilution in 1% BSA

DPBS solution) on ice for 30 min, washed with PBS once and resuspended in FACS buffer (1%
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BSA, 2 mM EDTA and 0.05% NaN3 in DPBS) for flow cytometry analysis. As for CLSM analysis,
the PDT treatment procedure was the same with flow cytometry except MC38 cells were seeded
with a coverslip in each well with a cell density diluted to 1x10° cells/mL. At 24 hours after
treatment, the cells were fixed with -20 °C methanol for 5 min, blocked with 3% BSA and 1% FBS
at RT for 1h, and then stained with anti-Calreticulin Alexa Fluor 488 (NOVUS) (1:150 dilution in
1% BSA DPBS solution) at RT for 1h. The cells were washed with DPBS and counterstained with
Hoechst (3 pg/mL 5 min RT), and the coverslips were mounted on glass slides with 50% glycerol

in DPBS and sealed for confocal imaging under Leica SP8 microscope.

Time dependent mitochondria colocalization. By CLSM, time-dependent mitochondria uptake
of nMOLSs was investigated on MC38 cells. The cells were seeded in 6-well plates with a coverslip
in each well at a density of 1x10° cells/mL with 2 mL DMEM medium and cultured overnight.
ZnOPPc@nMOL or Hfi2-Ir nMOL at an equivalent DBB-Ir-F concentration of 53.3 uM were
added to each well and further incubated for 15 minutes, 30 minutes, 1 hour and 2 hours. At each
time point, the cells were washed once with cold DPBS and exchanged with warm medium
containing 100 nM MitoTracker Red CMXROS (Thermo Fisher Scientific, USA). The cells were
incubated with MitoTracker for 15 minutes at 37 °C, and then the medium was exchanged with
fresh warm medium and further incubated for 5 minutes. The cells were washed by cold DPBS
twice and fixed with 3.7% paraformaldehyde (PFA) in DPBS (pH = 7.0) for 5 min at 37 °C. The
cells were then washed by cold DPBS three times and mounted on coverslips with 50% glycerol
in DPBS for CLMS imaging under Leica SP8 microscope. The red channel showed mitochondria
and the cyan channel showed fluorescence signals from DBB-Ir-F. The Pearson’s coefficients R

and overlapping coefficients M1&M?2 were calculated by JACoP plugin in Image].>* Scatter plots
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were generated by Colocalization Finder plugin in ImageJ (the particles obviously out of cells were

manually excluded from analysis).

Mitochondria isolation and mitochondria uptake of nMOLs. MC38 cells were seeded on 6-
well plates at a density of 2.5x10° cells/mL with 2 mL DMEM medium and cultured overnight.
The cells were treated with ZnOPPc@nMOL, Hfi2-Ir nMOL or Hf-DBP (negatively charged
nMOF with similar morphology as a negative control) at an equivalent Hf concentration of 20 uM
and further incubated for 1 hour or 4 hours. At each time point, the medium was removed, the cells
were washed with DPBS three times, trypsinized and collected by centrifugation, and counted by
a hemocytometer. The total cellular uptake was obtained by direct digestion of cell pellets by 99%
HNOs and 1% HF for 48 hours and Hf contents were measured by ICP-MS. The mitochondria
fraction was isolated by mitochondria isolation kit for cultured cells (Thermo Fisher Scientific,
USA). The isolated mitochondria pellets were digested by 99% HNO3 and 1% HF for 48 hours
and Hf contents were measured by ICP-MS. The mitochondria uptake percentage of nMOLs were

calculated by mitochondria Hf / total Hf (assuming the yield of mitochondria isolation was 100%).

Cytochrome ¢ release. MC38 cells were seeded on two 6-well plates at a density of 2.5x10°
cells/mL with 2 mL DMEM medium and cultured overnight. The cells were treated with ZnOPPc,
ZnOPPc@nMOL, or Hfi2-Ir nMOL at an equivalent ZnOPPc concentration of 10 uM (or DBB-Ir-
F concentration of 53.3 uM) and further incubated for 8 hours. Then one of the plates was irradiated
with LED light (700 nm, 100 mW/cm?) for 10 min. The cells on both plates were washed with
DPBS to remove excess ligands or nMOLs, exchanged with warm fresh medium and further

incubated for another 8 hours. The cells were then exchanged with warm medium containing 100
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nM MitoTracker Red CMXROS and were incubated for 15 minutes at 37 °C, and then the medium
was exchanged with fresh warm medium and further incubated for 5 minutes. The cells were
washed by cold DPBS twice and fixed with 3.7% PFA in DPBS (pH=7.0) for 15 min at 37 °C. The
cells were then washed by cold DPBS three times, blocked and permeabilized by 3% BSA + 1%
BSA + 0.3% Triton-X in DPBS at RT for 1 hour. The cells were then incubated with FITC-
conjugated cytochrome c antibody (Thermo Fisher Scientific, USA) 1:150 in 1% BSA + 0.3%
Triton-X in DPBS at 4°C for 8 hours. The cells were washed with cold DPBS three times, mounted
on coverslips with 50% glycerol in DPBS and observed under a Leica SP8 microscope. The
Pearson’s coefficients R and scatter plots were generated by Colocalization Finder plugin in

Imagel.

Depolarization of mitochondria membrane potential. The depolarization of mitochondria
membrane potential after PDT treatment was evaluated on MC38 cells by JC-1 assay (Abcam).
Inside 35 mm glass bottom dishes, MC38 cells were seeded at a density of 1x10° cells/mL with 2
mL DMEM medium and cultured overnight. Then ZnOPPc, ZnOPPc@nMOL, or Hfi2-Ir nMOL
was added at an equivalent ZnOPPc concentration of 10 uM (or DBB-Ir-F concentration of 53.3
uM) and further incubated for 8 hours. The cells were washed by DPBS twice, to remove excess
ligands or nMOLs, and exchanged with fresh DMEM medium. The cells were then irradiated with
LED light (700 nm, 100 mW/cm?) for 10 min, exchanged with warm medium containing 10 uM
JC-1 and further incubated for 15 min. The JC-1 containing medium was aspirated and exchanged
with warm fresh medium and the cells were incubated for additional 5 min. The cells were washed
twice with cold DPBS, added with warm fresh medium and immediately observed under a Leica

SP8 microscope.
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Caspase-3 and Bcl-2 regulation. MC38 cells were seeded on two 6-well plates at a density of
4x10° cells /mL with 2 mL DMEM medium and cultured overnight. The cells were treated with
PBS, ZnOPPc, ZnOPPc@nMOL, or Hfi2-Ir nMOL at an equivalent ZnOPPc concentration of 10
uM (or DBB-Ir-F concentration of 53.3 uM) and further incubated for 4 hours. The excess particles
were washed away with cold DPBS and the cells were exchanged with warm fresh medium. Both
plates were irradiated with LED light (700 nm, 100 mW/cm?) for 2.5 min except for the well with
PBS(-). After 1, 2, 4, 8 hours, the cells were washed with DPBS three times and collected with a
scratcher and centrifugation. Cell pellets were digested by RIPA lysis buffer (Pierce, Thermo
Fisher) on ice for 15 min. The suspension was then collected by centrifugation (15000 RCF) at 4
°C and protein concentrations of the supernatants were measured and normalized by BCA assay.
The supernatant was mixed with 4X SDS sample loading buffer and heated to 95 °C for 5 min. 15
ug of samples were loaded on NuPAGE™ 4 to 12%, Bis-Tris gel for electrophoresis (200 V, 50
min) and electrotransfer to PVDF membrane (200 mA, 90 min) by wet tank method. The
membrane was blocked by 5% BSA at RT for 1 hour and incubated with 1:1000 mouse Bcl-2
antibody (Thermo Fisher), rabbit caspase-3 antibody (Cell Signaling Technology) and mouse o-
tubulin antibody (Cell Signaling Technology) at 4 °C overnight. The membrane was then washed
with TBST (TBS with 0.05% Tween-20) three times and incubated with anti-mouse HRP and anti-
rabbit HRP secondary antibodies at RT for 1 hour. Followed by 3 washes of TBST, Pierce ECL
plus reagent mix was added to the membrane. Approximately 5 min later, the membrane was
scanned by Bio-Rad ChemiDoc XRS+ Gel Imaging System and the grey value was quantified by

Imagel.
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We observed that caspase-3 was downregulated in the first 4 hours and upregulated
afterward. We hypothesized that the phenomenon was caused by cleavage of caspase-3 to the
active form after ROS damage from strong PDT effects.>* The rapid loss of mitochondria potential
and cytochrome c dislocation could also lead caspase-3 cleavage and downregulation, which is
consistent with our experimental observations of JC-1 assay and cytochrome c staining.”>>® The
hemostasis between pro-caspase-3 and caspase-3 drove the upregulation of caspase-3 at 8h. For
Bcl-2, no obvious signals or changes were observed, which is consistent with low levels of intrinsic

Bcl-2 in MC38 cells in the literature.>’>%

2.4.4. In vivo procedures

In vivo anticancer efficacy. To evaluate the in vivo PDT efficacy of ZnOPPc@nMOL, MC38
tumor bearing C57Bl/6 mouse model was established by inoculating 5x10° cells/mice
subcutaneously at day 0. After 7 days, 25 mice with tumor volumes between 100 mm?® and 175
mm?> were randomized for PDT treatment. ZnOPPc, Hfi2-Ir nMOL, or ZnOPPc@nMOL was
injected intravenously with equivalent ZnOPPc dose of 0.1 pumol (or DBB-Ir-F dose of 0.53 pumol)
(n=15). Control group was treated with PBS (n = 5). After 12 hours, the mice were anaesthetized
with 2.5% (V/V) isoflurane/O2 and only the tumor area was irradiated with LED light (700 nm,
100 mW/cm?, 15 min). Tumor sizes were measured by an electronic caliper (tumor volume =
length x width? / 2) and body weight was monitored. At day 24, the mice were sacrificed, and the
tumors were weighed and frozen sectioned for H&E, TUNEL and CRT staining. Major organs
were sectioned for H&E staining. CT26 tumor bearing BALB/c mouse model was established by
inoculating 2x10° cells/mouse subcutaneously at day 0. All subsequent treatments were the same

as MC38 except that all groups received light irradiation. At day 22, the mice were sacrificed, and
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the tumors were weighed and photographed. Tumor growth inhibition (TGI) is defined as (1-
[Te/Ts]/[Ce/Cs])/(1-[Cs/Ce]) x 100%, where Te, Ts, Ce, and Cs represent average tumor volumes
of treated mice at endpoint, treated mice at starting-point, control mice at endpoint and control

mice at starting-point, respectively.

In vivo immunogenic cell death. To evaluate the in vivo immunogenic cell death after PDT
treatment, tumors were sectioned and stained with anti-CRT-AlexFluor488 antibody and TUNEL
assay. The frozen tumor sections were hydrated and fixed with 4% PFA solution at 37 °C for 15
min. For CRT staining, the tumor slides were directly blocked with 3% BSA and 1% FBS DPBS
solution for 2 hours and then stained with anti-Calreticulin Alexa Fluor 488 (1:100 in 1% BSA
DPBS solution) at 4 °C overnight. The slides were then counterstained with Hoechst 33324
(1:3000 in DPBS), washed and mounted for CLSM imaging. For TUNEL assay, the tumor slides
were permeabilized with 0.25% Triton-X in DPBS, treated with proteinase K and blocked with
3% BSA and 0.1% Triton X-100 for 2 hours. To each slide was added 100 uLL TUNEL-Mix and
then the slides were incubated at 37 °C for 1 h in a dark and humid environment. The slides were
then washed and stained with Alexa Fluor 488 dye-labeled anti-BrdU antibody for 1 hour at room
temperature. The slides were counterstained with PI and RNase, washed and mounted for CLSM

imaging.
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Chapter 3: Nanoscale Metal-Organic Framework Confines Zinc-

Phthalocyanine Photosensitizers for Enhanced Photodynamic Therapy

3.1 Introduction

Photodynamic therapy (PDT) is an efficient anticancer modality that destroys a malignant
tumor while sparing surrounding normal tissues by localizing a photosensitizer (PS) in the tumor
and irradiating the tumor with visible or near-infrared light to produce cytotoxic reactive oxygen
species (ROS).!* The clinical utility of PDT is limited by tissue penetration of light, localization
of the PS in the tumor, and the solubility and photophysical properties of the PS.> For example,
clinically tested porphyrin-based PSs often cause phototoxicity side effects, due to their strong
absorption in the visible spectrum and retention in tissue.” Phthalocyanine PSs present a promising
alternative due to their very strong absorption in the optical therapeutic window, 650—800 nm, and
weaker absorption in the 400—600 nm region, allowing for effective treatment of tumors with
significantly lower PS doses and reduced phototoxicity.® Metalation of phthalocyanines with
diamagnetic ions (e.g., Zn**, Si*, AI*") increases triplet state yields and lifetimes to enhance the
generation of cytotoxic singlet oxygen (102).%!!

Despite their nearly ideal photophysical properties, phthalocyanines have not been widely
used for PDT due to their limited synthetic accessibility and their strong tendency to aggregate in
biological media.!! Phthalocyanines have been functionalized with ionic or hydrophilic groups in
their peripheral positions to directly improve aqueous solubility or with bulky metal complexes
(axial functionalization) to prevent m—m stacking.'” However, the introduction of ionic or

hydrophilic groups to phthalocyanines can adversely impact their cellular uptake, while axial
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functionalization of phthalocyanines is limited to a few nontoxic high-valent metals such as Si*"
and can be synthetically challenging to both access and scale up.!*!4

An alternative strategy to address the cellular uptake, tumor accumulation, and aggregation
issues of phthalocyanines is through their encapsulation in or conjugation to liposomes, micelles,
or other nanoparticles.”>!” In particular, micelles have been widely investigated as a delivery
vehicle for lipophilic conjugated phthalocyanines with superb photophysical properties.?’!
Nanoscale metal-organic frameworks (nMOFs) have recently provided an excellent strategy to
deliver porphyrin, chlorin, bacteriochlorin, and phthalocyanine PSs for PDT.?2-° With structural
tunability, rigidity, and porosity, nMOFs can efficiently load PSs via direct incorporation as
bridging ligands, postsynthetic ligand exchange, postsynthetic surface modification, and physical
loading into pores.>!3” These strategies allow isolation or confinement of lipophilic PSs in rigid
nMOF structures to reduce aggregation, improve cellular uptake, drive tumor accumulation
through the enhanced permeation and retention (EPR) effect, and minimize photosensitivity.>*4?
We hypothesized that nMOFs could also be used to encapsulate phthalocyanines to enhance their
PDT efficacy.

In this chapter, we report the design of a Hf-QC nMOF, based on Hfi2 SBUs and QC
bridging ligands (QC = 2",3'-dinitro-[1,1°:4',1”;4",1°-quaterphenyl]-4,4’”-dicarboxylate), for the
delivery of zinc(I1)-2,3,9,10,16,17,23,24-octa(4-carboxyphenyl)-phthalocyanine (ZnOPPc) PSs
for highly efficient type Il PDT (Figure 3-1).** Postsynthetic loading of ZnOPPc into the pores of
the rigid Hf-QC framework afforded ZnOPPc@Hf-QC. The confined PSs in ZnOPPc@Hf-QC
efficiently absorbed light, minimized non-radiative energy loss, and prevented aggregation-

induced quenching to significantly enhance 'Oz generation and effectively eradicate colorectal

cancer in mouse models.
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Hf,, SBU H,QC linker

ZnOPPc PS

Figure 3-1. Structure of ZnOPPc@Hf-QC. Scheme showing the structure of ZnOPPc@Hf-QC
consisting of a 3D framework of Hf12 SBUs and QC bridging ligands and ZnOPPc¢ PSs confined
in the pores. ZnOPPc@Hf-QC efficiently generates 'O2 upon 700 nm light irradiation. (v = 700
nm photons)

3.2 Results and discussion

3.2.1. Synthesis and characterization

Hf-QC was synthesized through a solvothermal reaction between HfClsa and H2QC in a mixture of
DMF, acetic acid, and water at 80 °C (Figure 3-2). Transmission electron microscopy (TEM)
imaging of Hf-QC revealed a hexagonal nanoplate morphology with a diameter of ~150 nm, while
atomic force microscopy (AFM) showed the particles possessed an average plate thickness of ~64
nm (Figure 3-3). Dynamic light scattering (DLS) particle size analysis of Hf-QC measured a

number-averaged size of 167.1 + 2.9 nm (Figure 3-4). Powder X-ray diffraction (PXRD) studies

(Figure 3-4) revealed that Hf-QC adopted the same hep topology as previously reported Zriz-
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QPDC (QPDC = para-quaterphenyldicarboxylate).** High-resolution transmission electron
microscopy (HR-TEM) imaging of Hf-QC revealed the (010) lattice fringe with a lattice spacing
of 2.3 nm and its fast Fourier transform (FFT) pattern displayed 6-fold symmetry (Figure 3-3),
which is consistent with the structure of Zri2-QPDC. 'H nuclear magnetic resonance (NMR)
analysis of digested Hf-QC showed an acetate (OAc) modulator to QC linker ratio of 0.11:1,
corresponding to approximately 0.5 missing linkers per SBU (Figure 3-15, Figure 3-16).
Thermogravimetric analysis (TGA) of Hf-QC showed a weight loss of 39.4% in the 300—800 °C
region, matching the expected value of 37.9% for the Hf-QC with a 0.5 linker defect per SBU
(Figure 3-4). Based on these results, Hf-QC was formulated as Hfi2(us-
0)s(n3—OH)s(12—OH)6(QC)s.5(OAcC).

CO,H

COH
H,QC
Figure 3-2. Synthesis of Hf-QC and ZnOPPc@H{f-QC.

ZnOPPc@Hf-QC

ZnOPPc@HTf-QC was synthesized by heating a mixture of ZnOPPc and Hf-QC in DMF at
70 °C for 24 h. Successful loading of ZnOPPc was confirmed by the presence of characteristic
UV-Vis and infrared (IR) peaks for ZnOPPc (Figure 3-4). UV—Vis spectroscopy and inductively
coupled plasma-mass spectrometry (ICP-MS) analysis revealed 13.6 wt% loading of ZnOPPc in
ZnOPPc@Hf-QC, corresponding to a ZnOPPc to Hfi2 SBU ratio of 0.68:1. 'H NMR analysis of

digested ZnOPPc@Hf-QC showed that the OAc modulator to QC linker ratio was maintained after
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ZnOPPc loading (Figure 3-15, Figure 3-16). TGA of ZnOPPc@H{f-QC showed a weight loss of
36.3% in the 300—800 °C region, which matched well with the expected value of 34.1% for the
physical loading of ZnOPPc in the nMOF pores and corroborated the ZnOPPc to Hf ratio (Figure
3-4). Based on these results, ZnOPPc@Hf-QC was formulated as (ZnOPPc)o.cs@Hf12(pu3-O)s(ps-

OH)s(p2-OH)6(QC)s.5(OAcC).

Figure 3-3. Morphological characterization of Hf-QC and ZnOPPc@H{f-QC. (a) TEM image and
(b) HR-TEM image with its FFT pattern (inset) of Hf-QC. (¢) AFM image and height profile
(inset) of Hf-QC. (e) TEM image of ZnOPPc@H{-QC.

TEM imaging and DLS analysis showed that ZnOPPc@Hf-QC retained the same
hexagonal nanoplate morphology and size (175.8 = 5.6 nm) as Hf-QC (Figure 3-3). HR-TEM

imaging (Figure 3-3) and PXRD analysis (Figure 3-4) of ZnOPPc@Hf-QC supported the
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retention of the core Hf-QC structure after ZnOPPc loading. ZnOPPc@Hf-QC displayed a
relatively unchanged, but slightly more negative zeta () potential of —24.0 + 1.5 mV compared to
Hf-QC at —22.1 £ 0.7 mV (Figure 3-4), consistent with loading partially deprotonated ZnOPPc
into the Hf-QC pores. The presence of QC and ZnOPPc was further confirmed by their
characteristic UV—Vis absorption peaks and 'H NMR signals in digested ZnOPPc@Hf-QC
(Figure 3-4, Figure 3-16). The stability of ZnOPPc@Hf-QC was demonstrated by PXRD and
DLS analyses after incubation in 1X PBS or Dulbecco’s Modified Eagle Medium (DMEM) at 37

°C for 24 h (Figure 3-4).
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Figure 3-4. Characterization of ZnOPPc@Hf-QC. (a) Relative UV—visible absorption spectra of
ZnOPPc, H2QC, Hf-QC, and ZnOPPc@Hf-QC in DMSO. (b) PXRD patterns of Hf-QC,
ZnOPPc@Hf-QC (as synthesized and after soaking in PBS or DMEM for 24 h), and the simulated
pattern for the structurally analogous Zri2-QPDC. (c) Number-averaged diameters of Hf-QC and
ZnOPPc@Hf-QC (as synthesized and after soaking in PBS or DMEM for 24 h) in ethanol. (d)
Zeta potentials of Hf-QC and ZnOPPc@Hf-QC in water. (e¢) TGA analysis of Hf-QC and
ZnOPPc@Hf-QC. (f) 'Oz generation of ZnOPPc, H>QC, Hf-QC, and ZnOPPc@Hf-QC detected
by SOSG assay (n = 3).
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27 A

Figure 3-5. Space-filling model of Hf-QC. Model of the octahedral cavity of pristine Hf-QC
viewed along the (a) c-axis and (b) a-axis. (c¢) Space-filling model of ZnOPPc. Because of the
defect and the non-closed cage structure of MOF pores, guest molecules larger than the pore
diameter can still diffuse through the MOF (particularly at elevated temperatures) and are tightly
confined in the pores.
3.2.2. In vitro PDT anticancer efficacy

ZnOPPc@Hf-QC showed a much higher cellular uptake than free ZnOPPc and
accumulated in endo/lysosomes. Confocal laser scanning microscopy (CLSM) revealed that
fluorescence signals of ZnOPPc(@Hf-QC began to overlap with endo/lysosomes in CT26 cells
after incubation for 12 h (Figure 3-7).* However, fluorescence signals were barely observed for
CT26 cells incubated with free ZnOPPc, due to aggregation-induced quenching in biological

media (Figure 3-7). Quantification of cellular uptake by UV—Vis spectroscopy showed that

ZnOPPc@Hf-QC delivered up to 15-fold more ZnOPPc than free ZnOPPc in vitro (Figure 3-8).
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Figure 3-6. In vitro anticancer efficacy. (a) Cellular uptake of ZnOPPc and ZnOPPc@Hf-QC
measured by UV—Vis spectroscopy (n = 3). (b) Viability of cells treated with ZnOPPc(+), Hf-
QC(+), and ZnOPPc@H{f-QC(+) determined by MTS assay. CT26 cells were used for all in vitro
experiments and a total light dose of 60 J/cm? was given.

02 generation by ZnOPPc and ZnOPPc@Hf-QC was determined by Singlet Oxygen
Sensor Green (SOSG) assay. ZnOPPc@Hf-QC generated 3.4-fold as much 'O: as free ZnOPPc
(Figure 3-7), indicating that the entrapment of ZnOPPc PSs in MOF pores prevented aggregation-
induced quenching of ZnOPPc excited states and enhanced 'Oz generation in a type II PDT
process. CLSM imaging (Figure 3-8) and flow cytometry analysis showed an ROS burst in CT26
cells incubated with ZnOPPc@Hf-QC after light irradiation (“+” denotes light treatment, 100
mW/cm?, 10 min; “-” denotes no light treatment) by 2’,7'-dichlorodihydrofluorescein diacetate
(DCF-DA) assay, confirming the enhanced ROS generation by ZnOPPc@Hf-QC in vitro. MTS
assays showed that ZnOPPc(+) exhibited minimal toxicity at concentrations up to 2 uM, while
ZnOPPc@Hf-QC(+) was highly cytotoxic with an ICso of 0.14 uM (Figure 3-6). No obvious
toxicity or morphological changes were observed for CT26 cells treated with Hf-QC(-), Hf-QC(+),

or ZnOPPc@Hf-QC(-). Live cell imaging confirmed significant growth inhibition of CT26 cells

by ZnOPPc@HFQC(+).
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Figure 3-7. Cellular uptake and colocalization analysis. CLSM images showing colocalization of
(a) ZnOPPc and (b) ZnOPPc@H{-QC with endo/lysosomes after incubation with CT26 cells for
0.5, 12, and 24 h (yellow = green + red; scale bars = 20 pum). (¢) Zoomed-in regions of
ZnOPPc@Hf-QC indicated by dashed squares. (d—f) Colocalization analysis between
endo/lysosomes (green) and ZnOPPc (red) in different ROIs (white dashed lines in (c)).

We then examined apoptosis and immunogenic cell death (ICD) of CT26 cells after PDT
by CLSM and flow cytometry. CT26 cells treated with ZnOPPc@Hf-QC(+) showed upregulation
of phosphatidylserine by Annexin V staining on cell membranes and colocalization of PI and
Hoechst 33342 (Figure 3-8). These results indicated apoptosis and compromised membrane
functions for ZnOPPc@Hf-QC(+) treated CT26 cells, which were absent in control groups.

Calreticulin (CRT) staining revealed enhanced ICD and surface translocation of CRT signals in

ZnOPPc@Hf-QC(+) group (Figure 3-8). Taken together, ZnOPPc@Hf-QC(+) not only killed
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cancer cells more effectively but also induced ICD to expose tumor antigens and danger signals

for immune activation.*¢*

PBS(+) ZnOPPc(+) Hf-QC(+)  ZnOPPc@Hf-QC(+)

g

b

Annexin-V

Figure 3-8. In vitro PDT-induced 'O generation, apoptosis, and immunogenic cell death. (a) Total
ROS generation determined by DCF-DA assay (green). (b) Cell apoptosis stained by Alexa Fluor
488 Annexin V (green) and PI (red) (pink = red + blue). (c) CRT translocation stained by Alexa
Fluor 488 CRT antibody (green). Cell nuclei were stained by Hoechst 33342 (blue) in (a-c). CT26
cells were used for all in vitro experiments and a total light dose of 60 J/cm? was given. Scale bars
=20 pm.
3.2.3. In vivo PDT anticancer efficacy

We evaluated antitumor efficacy of ZnOPPc@Hf-QC(+) on two subcutaneous murine
colon cancer models with CT26 tumors on BALB/c mice and MC38 tumors on C57BL/6 mice.
Hf-QC and ZnOPPc@Hf-QC were PEGylated before intravenous administration. The mice were
injected with PBS, ZnOPPc, Hf-QC, or ZnOPPc@Hf-QC via tail veins at an equivalent ZnOPPc

dose of 50 nmol (equivalent Hf dose of 0.88 umol). Twelve hours post injection, the mice were
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anesthetized, and tumor areas were irradiated with 700 nm LED with a total light dose of 60 J/cm?

(100 mW/cm?).
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Figure 3-9. In vivo anticancer efficacy. Tumor growth curves of subcutaneous (a) CT26 tumor-
bearing BALB/c and (b) MC38 tumor-bearing C57BL/6 mouse models (n = 5). *P < 0.05 and
**E%P <0.0001 by ANOVA with Tukey’s test.

Compared to PBS(+), Hf-QC(+) had little effect on tumor growth with minimal TGIs of
17.8% and 7.4% for CT26 and MC38 tumors, respectively. ZnOPPc(+) moderately slowed tumor
growth with TGI values of 41.3% and 41.4% for CT26 and MC38 tumors, respectively.
ZnOPPc@Hf-QC(+) treatment showed excellent antitumor efficacy with >99% TGIs and 80%
cure rates for both CT26 and MC38 tumors (Figure 3-9). H&E and TUNEL staining revealed

severe apoptosis/necrosis and infiltration of inflammatory cells in tumor regions in the

ZnOPPc@Hf-QC(+) group (Figure 3-10).
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Figure 3-10. I/n vivo PDT-induced necrosis, apoptosis, and immunogenic cell death.
Representative images of H&E staining and TUNEL THC staining of excised CT26 and MC38
tumors. Scale bars = 100 um.

Several mice in the ZnOPPc(+) and ZnOPPc(—) groups showed weight loss, pulmonary
edema, and local liver inflammation (Figure 3-12), likely caused by aggregation of ZnOPPc into
large particles in vivo. In comparison, although ZnOPPc@Hf-QC was observed to accumulate in
spleens and livers like other nanoparticles*3*° by tumor tissue sections (Figure 3-11), mice treated
with ZnOPPc@Hf-QC — with or without light irradiation — showed steady body weights (Figure
3-12). ZnOPPc@Hf-QC and ZnOPPc aggregates were not observed in lungs and minimal
abnormalities were observed in the major organs of ZnOPPc@HfQC treated mice compared to
PBS control (Figure 3-11). The different in vivo behaviors between ZnOPPc and ZnOPPc@H{-
QC demonstrated that the nMOF pore loading strategy provides an effective, safe, and
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biocompatible approach to deliver PSs with unfavorable solubility and pharmacokinetic

properties.
PBS(+)  ZnOPPc(+) ZnOPPc@Hf-QC(+) Hf-QC(+)
" ‘ : Lo’ " 4 &"' ; ;.a

Spleen

Kidney

Figure 3-11. H&E staining of major organs. Stained organs are from MC38 tumor-bearing
C57BL/6 mice in different treatment groups (scale bars for heart/lung and liver are 1 mm and

scale bars for spleen and kidney are 800 pm).
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Figure 3-12. Body weight percentage curves. Mouse body weight percentages of (a) CT26 bearing
BALB/c mice and (b) MC38 bearing C57BL/6 mice over the treatment period (black arrow:
intravenous injection of different treatments; red arrow: PDT treatment).
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3.3 Conclusion

In this chapter, we developed an nMOF confinement strategy to isolate ZnOPPc PSs and prevent
their aggregation and excited state quenching. As a result, ZnOPPc@Hf-QC mediated PDT
effectively eradicated/regressed colorectal cancers in two mouse models. With higher cellular
uptake, enhanced ROS generation, and better biocompatibility, ZnOPPc@Hf-QC mediated PDT
exhibited an ICso of 0.14 uM and achieved exceptional antitumor efficacy with >99% tumor
growth inhibition and 80% cure rates. The confinement of photosensitizers in nMOF pores

provides a new strategy to unleash the potential of poorly soluble, highly conjugated PSs in PDT.

3.4 Experimental section
3.4.1. Materials and methods

All chemical reagents were purchased at the highest quality from commercial sources and
used without further purification. TEM was performed on a TECNAI Spirit TEM (120 kV), and
HR-TEM was performed on a TECNAI Spirit F30 TEM (300 kV). AFM images were taken on a
Bruker Multimode 8-HR instrument. PXRD data was collected on a Bruker D8 Venture
diffractometer using a Cu Ko radiation source (A = 1.54178 A) and processed with PowderX
software. UV-Vis spectra were collected using a Shimadzu UV-2600 UV-Vis spectrophotometer.
Fourier-transform infrared (FT-IR) spectroscopy data was collected between 400-4000 cm™ on a
Thermo Scientific Nicolet iS50 FT-IR spectrophotometer equipped with a built-in diamond
attenuated total reflectance (ATR) accessory (for powder samples). Fluorescence emission spectra
were obtained using a Shimadzu RF-5301PC spectrofluorophotometer. DLS particle size anaysis
and ( potential measurements were performed on a Malvern Zetasizer Nano ZS instrument. ICP-

MS data was collected using an Agilent 7700x ICP-MS and analyzed using an ICP-MS Mass
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Hunter version B01.03. Samples were diluted in a 2% HNO3 matrix and analyzed with '*Tb and
internal standards against a 10-point standard curve between 1 ppb and 500 ppb. The correlation
was given R>0.999 for all analyses of interest. Data collection was performed in Spectrum Mode
with three replicates per sample and 100 sweeps per replicate. 'H NMR spectra were recorded on
a Bruker NMR 400 DRX spectrometer at 400 MHz and referenced to the proton resonance
resulting from incomplete deuteration of CDCI3 (8 7.26) or DMSO-ds (6 2.50). MALDI-TOF HR-
MS data was collected on a Bruker Ultraflextreme MALDI-TOF/TOF using negative ion mode.
TGA was performed in air using a Shimadzu TGA-50 equipped with an alumina crucible and
heated at a rate of 1 °C per min.

Flow cytometry data was collected on an LSR-Fortessa 4-15 (BD Biosciences, USA) and
analyzed by FlowJo software (Tree Star, USA). Confocal laser scanning microscope images were
collected on a Leica Stellaris 8 laser scanning confocal microscope. CLSM imaging was performed
at the University of Chicago Integrated Light Microscopy Facility and analysis was done with LAS
X (Leica) and ImagelJ software (NIH, USA). Live cell imaging was recorded and analyzed by
IncuCyte S3 with standard mode at Cellular Screening Center at the University of Chicago. The
histological slides were scanned on a CRi Pannoramic SCAN 40x whole slide scanner by
Integrated Light Microscopy Core in the University of Chicago and analyzed with the QuPath-
0.2.3 software.>

DPBS (-Mg?*", -Ca*") was purchased from Thermo Fisher Scientific. MTS assay was
purchased from Promega (USA). Murine colorectal carcinoma CT26 and MC38 cells were
obtained from the American Type Culture Collection (ATCC, Rockville, MD) and were cultured
in RPMI-1640 (Corning, USA) (Gibco, USA) or DMEM supported with 10% heat-inactivated

fetal bovine serum (56 °C, 30 min, VWR, USA), 100 U/ml penicillin G sodium and 100 pg/ml

94



streptomycin sulphate in a humidified atmosphere containing 5% COz at 37 °C. Mycoplasma was
tested for all cells before use by MycoAlert detection kit (Lonza Nottingham, Ltd.). C57BL/6 and
BALB/c mice (6-8 weeks) were obtained from Charles River Laboratories (USA). The study
protocol was reviewed and approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Chicago. The Human Tissue Resource Center at the University of

Chicago provided the histology related services for this study.

3.4.2. Synthetic and characterization procedures
Synthesis of ZnOPPc. ZnOPPc was synthesized according to the procedure in chapter 2 and
literature report.*?

HR-MS (MALDI-TOF): m/z Calcd. for CssHasNgO16Zn" (M"): 1536.25, Found: 1536.145.

CO,Me CO,H
Br Meozc—<;>—|3(0|-|)2 E O
O Pd(PPhs), O O
N02 K2003 - Nc)2 KOH N02
O,N THF/H,0 (4:1) O:N THF/MeOH (2:1) 92N
Ny, 90 °C, 3 d reflux, 16 h
Br i I
CO2Me c02H

Scheme 3-1. Synthetic route to H2QC.

Synthesis of Me;QC. A mixture of Pd(PPh3)4 (231 mg, 0.2 mmol), K2COs3 (1.38 g, 10 mmol),
4,4’-dibromo-2,2’-dinitro-1,1’-biphenyl (804 mg, 2 mmol) and  4-methoxy-
carbonylphenylboronic acid (1.08 g, 6 mmol) was dissolved in degassed THF/H20 (40 mL/10 mL)

in a 250 mL Schlenk tube. The resulting mixture was stirred under inert atmosphere at 90 °C for 3
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days. The mixture was then cooled to room temperature, filtered, and washed with THF and ether
to afford Me2QC (568 mg, 1.11 mmol, 55% yield).
'H NMR (400 MHz, DMSO-dq): 6 8.59 (s, 2H), 8.27 (d, 2H), 8.13 (d, 4H), 8.06 (d, 4H), 7.70 (d,

2H), 3.91 (s, 6H).
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Figure 3-13. '"H NMR spectrum of Me2QC (400 MHz, DMSO-db).

Synthesis of H2QC. Me2QC (256 mg, 0.5 mmol) was suspended in 20 mL THF in a 50 mL round-
bottomed flask followed by dropwise addition of a KOH/MeOH solution (2.8 g KOH in 10 mL
MeOH). After the mixture was stirred at 40 °C for 16 h, 1M HCI (aq.) was slowly added until the
solution reached pH = 3. The solid was collected and washed with water, THF, and ether before
being dried under vacuum to give the solid (215 mg, 0.444 mmol, 89% yield).

"H NMR (400 MHz, DMSO-dq): 5 8.57 (s, 2H), 8.27 (d, 2H), 8.11 (d, 4H), 8.02 (d, 4H), 7.69 (d,

2H).
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Figure 3-14. '"H NMR spectrum of H2QC (400 MHz, DMSO-d).

CO,H
O AcOH, H,0, DMF
Hicl, + NO, T EY T
OoN O 80°C,24h
COzH I Hf5(13-0)5(k3-OH)5(p2-OH)g(QC)g(OAC) I |Z“OPPCo.es@Hfu(lls'o)s(us'OH)a(llz'OH)s(Qc)s(OAc)
H,QC Hf-QC ZnOPPc@Hf-QC

Scheme 3-2. Synthetic route to ZnOPPc@Hf-QC.

Synthesis of Hf-QC. Hf-QC was synthesized as shown in Scheme 3-2. To a 4 mL glass vial was
added 0.5 mL of HfCl4 solution (2.0 mg/mL in DMF), 0.5 mL of H2QC solution (3.0 mg/mL in

DMF), 75 pL of acetic acid (AcOH) and 5 pL of water. The reaction mixture was kept in an 80 °C
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oven for 24 hours. The off-white precipitate was collected by centrifugation and washed with DMF

and ethanol.

'H NMR analysis of nMOFs. 1.0 mg nMOF was dried under vacuum. To the dried solid was
added a solution of 500 uL DMSO-ds and 50 pL D3POas. The mixture was sonicated for 10 min,

followed by the addition of 50 pL D20 just before 'H NMR analysis.

UV-Vis analysis of nMOFs. 10 pL of a dispersed solution of nMOF was added to a mixture of
940 uL DMSO and 50 pL H3POs. The mixture was then sonicated for about 10 minutes and the

UV-Vis absorption spectrum was recorded.

ICP-MS analysis of nMOFs. 10 pL of a dispersed solution of nMOF was added to a mixture of

980 uL HNO3s and 10 pL HF. The mixture was vortexed and kept at room temperature for 3 days.

The sample was then diluted with ultrapure water to 2% HNO3 and analyzed by ICP-MS.
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Figure 3-15. "H NMR spectrum of digested Hf-QC. Analysis of the integrals for the QC linker
aromatic peaks (7.6-8.5 ppm) and the OAc modulator peak (1.9 ppm) gives an OAc modulator to
QC linker ratio of 0.11:1, consistent with the formula Hf12(pu3-O)s(u3-OH)s(p2-OH)s(QC)s.s(OAc).
Synthesis of ZnOPPc@Hf-QC. To a 4 mL glass vial was added 0.5 mL of Hf-QC solution (1.53
mM in EtOH based on Hf), 0.5 mL of ZnOPPc solution (1.0 mg/mL in DMF) and a stir bar. The

mixture was stirred for 16 h in a pre-heated oil bath set to 70 °C, collected by centrifugation,

washed twice with DMF, and re-dispersed in EtOH.

ZnOPPc@Hf-QC loading. The wt% loading of ZnOPPc in ZnOPPc@Hf-QC was calculated to
be 13.6% based on UV-Vis spectroscopy, which gave a ZnOPPc concentration of 69.5 uM from
the characteristic absorption peak at 700 nm, and ICP-MS analysis, which gave a Hf concentration
of 1.23 mM. The loading of ZnOPPc@Hf-QC was calculated using the formula
(ZnOPPc)o.ss@Hf12(13-0)s(p3-OH)s(n2-OH)s(QC)s.s(OAc), which was determined from UV-Vis
spectroscopy and '"H NMR analysis of digested ZnOPPc@Hf-QC and corroborated by TGA.
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Figure 3-16. '"H NMR spectrum of digested ZnOPPc@Hf-QC. Digested ZnOPPc@Hf-QC
maintains the same OAc modulator to QC linker ratio (0.11:1) as Hf-QC, consistent with the
formula (ZnOPPc)o.cs@HTf12(p3-O)s(p3-OH)s(p2-OH)s(QC)s.5(OAc) and confirming the physical
loading of ZnOPPc.

3.4.3. In vitro procedures

Test tube singlet oxygen detection. The time-dependent 'O generation of ZnOPPc, H>QC, Hf-
QC and ZnOPPc@H{f-QC was detected by SOSG assay upon light irradiation. ZnOPPc, H2QC,
Hf-QC and ZnOPPc@H{f-QC suspensions were prepared with an equivalent dose of 0.5 uM
ZnOPPc and 71.8 uM QC in PBS. To 2 mL of each of these suspensions, an SOSG stock solution
(5 uL at 5 mM) was added (final SOSG concentration = 12.5 pM) before fluorescence
measurements. The mixed solutions were exposed to an LED light (700 nm, 100 mW/cm?) for 0,

10, 20, 30, 60, 120, 180, 300, 420 and 600 seconds and the fluorescence intensities at each time

point was measured by a fluorimeter.
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Cellular uptake. The cellular uptake of ZnOPPc, Hf-QC and ZnOPPc@Hf-QC was evaluated on
CT26 cells. The cells were seeded on 6-well plates at a density of 5x10° cells/well followed by
overnight culture. First, ZnOPPc and ZnOPPc@Hf-QC were added to each well to reach an
equivalent ZnOPPc concentration of 5 uM in medium (» = 3). The cells were incubated at 37 °C
for 1, 2, 4, and 8 hours. At each time point, the medium was aspirated, the cells were washed with
DPBS three times, trypsinized, collected by centrifugation, and counted by a hemocytometer. The
cell pellets were digested with a mixture of DMSO and 10% H3POa in 1.5 mL Eppendorf tubes for
48 hours with strong vortex and sonication every 12 hours, and the ZnOPPc concentration was
determined by UV-Vis absorbance at 700 nm (g700 = 422,000 M cm™). The uptake of
ZnOPPc@Hf-QC and Hf-QC was measured in the same way at an equivalent Hf concentration of
85.7 uM, except the digestion step where the cell pellets were treated with 99% of concentrated
HNO3 (67-70% trace metal grade) and 1% of hydrofluoric acid in 1.5 ml Eppendorf tubes for 48
hours with strong vortex and sonication every 12 hours. The Hf concentration was then determined
by ICP-MS analysis.

In addition, the relative cellular uptake was also confirmed by flow cytometry and confocal
microscopy after 8-hour incubation of CT26 cells with ZnOPPc, Hf-QC and ZnOPPc@H{f-QC.
The fluorescence intensity of ZnOPPc was monitored by APCR700 channel (Ex: 640 nm, Em:
730/745 nm). The colocalization between ZnOPPc (red channel) and LysoTracker (green channel)
was not only verified by ROI analysis, but was also confirmed by whole image analysis. The 2D
intensity profiles and Pearson’s coefficient were calculated by Coloc2 plugin in ImageJ software.
From 0.5 h to 24 h, the R value increased and ZnOPPc had increasing signal overlap with

LysoTracker.
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Cell viability assay. The cytotoxicity of ZnOPPc, Hf-QC and ZnOPPc@H{f-QC was evaluated on
CT26 cells by the MTS assay. The cells were first seeded on 96-well plates at a density of 1x10°
cells/mL with 100 pL RPMI medium per well and further cultured overnight. ZnOPPc or
ZnOPPc@HTf-QC was added to the wells at an equivalent ZnOPPc concentration of 0, 20, 50, 100,
200, 500, 1000 and 2000 nM and incubated for 8 hours (n = 6), followed by light irradiation (700
nm, 100 mW/cm?, 10 min; 60 J/cm? total dose). Hf-QC was added to the wells, at an equivalent
Hf concentration of 0, 0.34, 0.86, 1.7, 3.4, 8.6, 17.1, 34.3 uM, followed by the same PDT treatment.
During light irradiation, a water jacket was placed above the plate to avoid heating of the plate by
the LED. The cells were further incubated for 48 hours and the cell viability was determined by
MTS assay. ICso value of ZnOPPc@Hf-QC(+) was determined as 139 nM by fitting the dose
response curves in Origin Lab. No significant toxicity of ZnOPPc(+) or Hf-QC(+) was found until

2 uM. No obvious dark toxicity was observed for ZnOPPc(-), Hf-QC(-) and ZnOPPc@H{-QC(-).

Live cell imaging. To further verify the PDT killing effect by ZnOPPc@Hf-QC(+), we observed
cell proliferation and morphology of CT26 cells after PDT treatment by IncuCyte S3. CT26 cells
were first seeded in a 96-well plate with a density of 1.5x10° cells/well and cultured overnight.
ZnOPPc@Hf-QC was then added, at an equivalent ZnOPPc concentration of 1 uM, and further
incubated for 8 hours, followed by light irradiation (700 nm, 100 mW/cm?, 10 min; 60 J/cm? total
dose). The plate was then put in the IncuCyte S3 for 46 hours before phase contrast images and

live cell proliferation videos were acquired.
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Apoptotic cell death. The apoptosis after PDT treatment was evaluated on CT26 cells by flow
cytometry and CLSM. For flow cytometry analysis, CT26 cells were seeded on two 6-well plates
at a density of 2.5x10° cells/mL with RPMI medium and cultured overnight. The cells on both
plates were treated with ZnOPPc, Hf-QC, or ZnOPPc@Hf-QC at an equivalent ZnOPPc
concentration of 2 uM (or Hf concentration of 34.3 uM) and further incubated for 8 hours. One of
the plates was irradiated with LED light (700 nm, 100 mW/cm?) for 10 min. The cells on both
plates were washed with cold DPBS, exchanged with warm fresh medium and further incubated
for another 24 hours. The cells were then trypsinized and stained with Alexa Fluor 488 Annexin
V/dead cell apoptosis kit (1:20 dilution in 1x binding buffer) and PI (1 pg/mL, 15 min on ice;
Thermo Fisher Scientific, USA) for flow cytometry analysis. For CLSM analysis, inside 35 mm
glass bottom dishes, CT26 cells were seeded at a density of 1x10° cells/mL with RPMI medium
and cultured overnight. The treatment and staining were the same as the flow cytometry protocol
except with the addition of a counterstain of Hoechst-33342 3 pg/mL 5 min at room temperature
and fixation by 2% PFA (in 1x binding buffer). The dishes were then washed by DPBS and added

with 1 mL 1x binding buffer and immediately observed under a Leica Stellaris 8 microscope.

In vitro ROS generation. The ROS generation of ZnOPPc, Hf-QC and ZnOPPc@H{-QC, during
PDT treatment, was evaluated on CT26 cells by flow cytometry and CLSM. For flow cytometry
analysis, CT26 cells were seeded on two 6-well plates at a density of 2.5x10° cells/mL with RPMI
medium and cultured overnight. The cells on both plates were treated with ZnOPPc, Hf-QC, or
ZnOPPc@Hf-QC at an equivalent ZnOPPc concentration of 2 uM (or Hf concentration of 34.3
uM) and further incubated for 7 hours. 20 uM DCF-DA (Invitrogen) was then added to each well

for another 1 hour incubation. One of the plates was irradiated with LED light (700 nm, 100
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mW/cm?) for 10 min. The cells were then washed with PBS, trypsinized, and analyzed by flow
cytometry. For CLSM, inside 35 mm glass bottom dishes, CT26 cells were seeded at a density of
1x10° cells/mL with 2 mL RPMI medium and cultured overnight. The cells were treated in the
same way as the flow cytometry protocol but not detached. The cells were washed with DPBS
three times, exchanged with cold DPBS and immediately mounted for confocal imaging using a

Leica Stellaris 8 microscope.

CRT expression. By flow cytometry and CLSM, immunogenic cell death was investigated by
CRT expression level after PDT treatment. For flow cytometry analysis, CT26 cells were seeded
on two 6-well plates at a density of 2.5x10° cells/mL with 2 mL RPMI medium and cultured
overnight. The cells were treated with ZnOPPc, Hf-QC or ZnOPPc@H{-QC at an equivalent
ZnOPPc concentration of 2 uM (or Hf concentration of 34.3 uM) and incubated for 8 hours. One
of the plates was irradiated with LED light (700 nm, 100 mW/cm?) for 10 min. The cells on both
plates were washed with DPBS to remove excess ligands or Hf-QC, exchanged with warm fresh
medium, and incubated for another 24 hours. The medium was then discarded, and cells were
washed with DPBS and trypsinized to obtain cell suspension. The cells were stained with anti-
Calreticulin Alexa Fluor 488 (NOVUS) (1:150 dilution in 0.5% BSA DPBS solution) on ice for
30 min, washed once with PBS and resuspended in FACS buffer (0.5% BSA, 2 mM EDTA and
0.05% NaN3 in DPBS) for flow cytometry analysis. As for CLSM analysis, the PDT treatment
procedure was the same with flow cytometry except MC38 cells were seeded with a coverslip in
each well with a cell density diluted to 1x10° cells/mL. 24 hours after treatment, the cells were
fixed with -20 °C methanol for 5 min, blocked with 3% BSA and 1% FBS at RT for 1 hour, and

then stained with anti-Calreticulin Alexa Fluor 488 (NOVUS) (1:150 dilution in 0.5% BSA DPBS
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solution) at 4 °C overnight. The cells were washed with DPBS and counterstained with Hoechst
(3 pg/mL, 5 min, room temperature), and the coverslips were mounted on glass slides with
ProLong™ Glass Antifade Mountant, cured for 6 hours, and sealed for confocal imaging under a

Leica Stellaris 8 microscope.

3.4.4. In vivo procedures

In vivo anti-cancer efficacy. Hf-QC and ZnOPPc@H{f-QC were PEGylated before intravenous
administration. Briefly, the nMOF was first dispersed in water and the same weight amount of
DSPE-PEG(2000) was added. The mixture was stirred at room temperature for 4 hours and
lyophilized to afford the PEGylated solid. The solid was suspended in PBS immediately before
use. To evaluate the in vivo PDT efficacy of ZnOPPc@Hf-QC, CT26 tumor-bearing BALB/c and
M(C38 tumorbearing C57B1/6 mouse models were established by inoculating 2x10° cells/mouse
subcutaneously at day 1. At day 7, 25 mice with tumor volume around 100 mm? were randomized
for PDT treatment. ZnOPPc, Hf-QC or ZnOPPc@Hf-QC was injected intravenously with
equivalent ZnOPPc dose of 50 nmol (or Hf dose of 0.88 umol) (n = 5). Control group was treated
with PBS (n =5). After 12 hours, the mice were anaesthetized with 2.5% (V/V) isoflurane/O2 and
only the tumor area was irradiated with LED light (700 nm, 100 mW/cm?, 10 min). Tumor sizes
were measured by an electronic caliper (tumor volume = length x width?/ 2) and body weight was
monitored. At day 22 and day 24 for CT26 and MC38 model, respectively, the mice were
sacrificed, and the tumors were weighed, photographed, and sectioned for H&E and TUNEL
staining. Major organs were sectioned for H&E staining to evaluate biosafety. The tumor growth

inhibition index (TGI) was calculated based on the equation below:
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TGl =1— X 100%

&/

where T,, T, C,, and C; represent average tumor volumes of treated mice at endpoint, treated mice

at starting-point, control mice at endpoint, and control mice at starting-point, respectively.

In vivo immunogenic cell death. To evaluate the in vivo immunogenic cell death after PDT
treatment, tumors were fixed in 10% neutral buffer (Thermo Fisher Scientific) for 3 days and 70%
ethanol for 1 day. Tissues were embedded in paraffin, sectioned, and stained for TUNEL assay by
the Human Tissue Resource Center at the University of Chicago. Briefly, after deparaftinization
and rehydration, tissue sections were treated with 20 pg/mL of proteinase K (S3004, DAKO) for
15 minutes. 3% hydrogen peroxidase was used to block the endogenous enzyme activity followed
by equilibration buffer incubation. Working strength TDT enzyme was applied on tissue sections
for 1 hour incubation at 37°C in a wet chamber. Following stop/wash buffer wash, TdT labeled
DNA fragments were visualized through anti-Digoxigenin Conjugate and DAB+ chromogen
(DAKO, K3468). Tissue sections were briefly immersed in hematoxylin for counterstaining and
were covered with cover glasses. The slides were then sealed and scanned on a CRi Pannoramic
SCAN 40x whole slide scanner by Integrated Light Microscopy Core in the University of Chicago.

The images were analyzed by QuPath-0.2.3 software.

In vivo biodistribution. To evaluate the in vivo biodistribution of Hf-QC and ZnOPPc@Hf-QC,
CT26 tumor-bearing BALB/c mouse model was established by inoculating 2x10° cells/mouse
subcutaneously at day 1. At day 7, mice with tumor volumes around 100 mm?® were intravenously

injected with PEGylated Hf-QC or ZnOPPc@H{-QC with an equivalent Hf dose of 0.88 pumol (n
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= 3). After 12 hours, the mice were sacrificed, and blood, tumor, tumor draining lymph node, heart,
lung, liver, spleen and kidney were weighed and digested with 99% concentrated HNO3 and 1%
HF. The Hf amount was determined by ICP-MS and Hf ID%/g was used to assess the in vivo

biodistribution of Hf-QC and ZnOPPc@H{-QC.

Statistical analysis. All statistical analysis for the in vivo efficacy study was performed on Origin
Lab software by One-way Repeated Measures ANOV A method with Tukey's honest significance
test to determine whether the difference between each group was significant. The p values were
defined as * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 in all the figures. The tumor volumes

and tumor weights of the last day of experiment were chosen for analysis (n = 5).
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Chapter 4: Synthesis and Characterization of Three-dimensional
Phthalocyanine-based Zirconium and Hafnium Nanoscale Metal-Organic

Frameworks

4.1 Introduction

Phthalocyanines are a synthetic analogue to porphyrins, but their structural differences
yield vastly different electronic properties. The addition of fused benzene rings and replacement
of the meso carbons with aza linkages break the degeneracy of the molecular orbitals, causing a
large shift in the Q-bands and a dramatic increase in its absorption coefficient compared to
porphyrins.! Additionally, these structural changes confer excellent photo- and chemo-stability,
which makes phthalocyanines interesting for applications beyond pigmentation, such as
photodynamic therapy (PDT) or catalysis.”® The two main issues preventing the clinical
implementation of phthalocyanines are their strong tendency to aggregate in aqueous solution (due
to m-m stacking of the conjugated planar rings) and their synthetic inflexibility.”!!

Metal-organic frameworks (MOFs) have been shown to alleviate these issues, via
postsynthetic incorporation of hydrophobic macrocycles into the framework pores or postsynthetic
exchange with modulator ligands on the metal cluster secondary building units (SBUs).!*1?
However, to date there is only one reported crystalline 3D MOF composed entirely of
phthalocyanine bridging ligands,'* with all other examples being amorphous or m-stacked (J-
aggregate) 2D layers.!>!® The 3D MOF, termed MOF-1992, is built from uniquely shaped Fes
clusters and a cobalt phthalocyanine complex with catechol functionalization on the fused benzene
rings, resulting in a rather unusual topology.'* However, this MOF is incompatible with

nanomedicine applications due to the presence of iron clusters and cobalt-metalated
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phthalocyanine catecholate linkers, which can undergo redox-cycling reactions leading to
oxidative stress and unwanted toxicity.!*?! Furthermore, the unique framework topology and
cluster coordination geometry prevent any further peripheral functionalization of the
phthalocyanine ligand and limiting its ability to grow other MOFs. In the case of nanomedicine,
many metal SBUs cannot be used due to their potential redox-cycling toxicity and poor aqueous
stability, with only Zr and Hf-based SBUs showing good biocompatibility and adequate aqueous
stability. To unlock the potential applications of phthalocyanine-based MOFs, further ligand
design is necessary to develop a functionally versatile MOF platform.

The immense difficulty of designing, synthesizing, and purifying a suitable phthalocyanine
ligand for MOF growth becomes apparent upon closer look of the ligand requirements and
available synthetic routes. For the ligand design, we used principles from two porphyrin ligands
that can form a large variety of MOFs — including with Zr and Hf — which are the linear
coordinating 5,15-di(p-benzoato)porphyrin (DBP) and the square planar coordinating 5,10,15,20-
tetra(p-benzoato)porphyrin (TBP).?>?” First and foremost, the ligand must have low enough
solubility to confer good aqueous stability, but high enough solubility to not aggregate severely in
N,N-dimethylformamide (DMF) during MOF growth. Secondly, if the ligand is a rigid macrocycle,
there should be fewer coordination groups (2 or 4) and each pair of coordinating groups should be
aligned linearly on the same axis (Figure 4-1). Since phthalocyanines have an extended conjugated
structure and must be built from the cyclic tetramerization of phthalonitriles, they inherently make
for poor MOF linkers. Without additional peripheral or axial substitution to bestow solubility,
phthalocyanines will aggregate heavily even in a coordinating solvent like DMF, resulting in
aggregated particles or an amorphous phase.?® The eight substitution points around the

phthalocyanine, on the 4 and 5 positions of the fused benzene ring, preventing the linear alignment
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of the coordinating groups (Figure 4-1). Consequently, this also results in the formation of
amorphous phases, as observed in the case of the previously synthesized zinc(II)

2,3,9,10,16,17,23,24-octa(4-carboxyphenyl)phthalocyanine (ZnOPPc).

e N ( \

Linear E\
coordination shape

~N
\NH| N=
\ /) Square planar

\.N EN » coordination shape

&

DBP TBP

Si(OR),-Pc FN—y H,ZnTBIPc
A

Figure 4-1. Illustration of typical hafhium coordination geometries (top left), porphyrin ligand
shapes (top right), and phthalocyanine ligand designs with their coordination shapes (bottom).

Attempts to use peripheral substitution, such as with ZnOPPc, or axial substitution? to get
the right denticity and ligand coordination shape have demonstrated poor results or do not yield
3D MOF crystals. While it may be possible to optimize the growth conditions of silicon
phthalocyanines with axially substituted carboxylic acids to obtain a 3D MOF (Figure 4-1),%-3

the Si-OR linkages are labile and will not be appropriate as a MOF linker in nanomedicine

applications.’'* To overcome the increasing number of synthetic limitations, we decided to
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investigate a rarely studied phthalocyanine analogue, tetraimidazophthalocyanines, which feature
fused imidazole rings on the phthalocyanine that allow linear alignment of coordinating carboxylic
acid groups (Figure 4-1).**7 We surmised that mimicking the square planar coordination
geometry of TBP would enable its use as a versatile linker for 3D MOF synthesis. Here, we report
the design of an N-alkylated zinc-tetraimidazophthalocyanine (H4ZnTBIPc) with square planar
coordination shape and its successful implementation in nanoscale MOF (nMOF) synthesis with
Zr and Hf. The resulting MOFs, Zr-ZnTBIPc and Hf-ZnTBIPc, revealed a 3D cubic structure
matching that of PCN-221.22 To our knowledge, this is the first report of a 3D phthalocyanine

MOF with metal-carboxylate linkages.

4.2 Results and discussion
4.2.1. Ligand synthesis and characterization

The synthetic route to the benzimidazophthalonitrile precursor, 2, of the
tetraimidazophthalocyanine target, 4, was initially based on a previous literature report,* but
inadequate yields led us to use different conditions. The annulation of phthalonitrile 1 with methyl
4-formylbenzoate in the presence of 10 mol% Zn(OTf), (OTf = R-OSO:2CF3) yielded the
benzimidazophthalonitrile precursor 2 in 59% yield, after purification by recrystallization from
DMF (Scheme 4-1).3® The Zn(OTf):-catalyzed cyclization is a significantly milder and scalable
alternative to oxidative cyclization using FeCls3/O2 or condensation of phenylenediamines with
substituted benzoic acids that use concentrated and viscous acids (e.g. polyphosphoric acid).>* 3%
40 The zinc-templated synthesis of the tetraimidazophthalocyanine ester 3 proceeded using
standard phthalocyanine reaction conditions, with ZnCl> as the metal source, 1,8-

diazabicyclo(5.4.0)undec-7-ene (DBU) as a base, and 1-pentanol as high-boiling point solvent
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(Scheme 4-1). However, the hydrolysis of 3 proved difficult, as typical aqueous hydrolysis

conditions (e.g. ag. LIOH or NaOH) appeared to decompose the phthalocyanine structure.
O, : OMe
H
NC NH; zn(OTf)2 N
\
Nc:(:(nﬂ2 EtOH, ﬁnz D (

reflux,1d
1
HO,C CO,H CO,Pe
: 7\7’—N HNx(“
HN
\ t-BuOK \
\ Zn/ / -« N Zn/ /
N DMSO, rt, 1d v
\ / \ ~
N
N‘ NH
)~ ’k‘ )Nk N”k‘
HO,C CO,H Pe0,C 3 CO,Pe

Scheme 4-1. Synthetic route to the first iteration of the ZnTBIPc ligand 4.

We found that the hydrolysis to the desired tetracarboxylic acid phthalocyanine 4
proceeded well using potassium tert-butoxide (+~-BuOK) in dimethylsulfoxide (DMSO) at room
temperature overnight (Scheme 4-1). The structures of 3 and 4 were confirmed using matrix-
assisted laser desorption/ionization-time of flight high-resolution mass spectrometry (MALDI-
TOF HR-MS), as their solubility in typical organic solvents was too low for nuclear magnetic
resonance (NMR) analysis. However, the exceptionally poor solubility of 4 in coordinating
solvents like DMF and DMSO meant that attempts to grow MOFs with this compound resulted in

aggregated or amorphous particles settling at the bottom of the reaction vial.
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As a result of the poor solubility of 4, due to the extended conjugation and planarity
compared to typical phthalocyanines, we sought to iterate and functionalize the phthalonitrile
precursor 2 to improve the solubility of the phthalocyanine. Alkylation of the pyrrole-like nitrogen
in the benzimidazole ring has been shown to improve the solubility of the resulting
tetraimidazophthalocyanine as the additional steric bulk can prevent their cofacial aggregation in
solution.* Although initial attempts to deprotonate 2 with DBU or sodium hydride and N-alkylate
proved unsuccessful, further optimization showed that the benzimidazole moiety can be
deprotonated and N-alkylated to 5 in 73% yield using several successive additions of 1-
iodopropane and K2COs (Scheme 4-2). The tetraimidazophthalocyanine ester, PeaZnTBIPc (Pe =
pentyl), was synthesized using similar conditions to 3, but with ZnBr: as the metal source (Scheme
4-2). The ester was then hydrolyzed using standard aqueous hydrolysis conditions by refluxing
with 1M aq. NaOH to yield the desired tetraimidazophthalocyanine acid, HsZnTBIPc, in 80% yield
(23% overall yield; Scheme 4-2). The structure was confirmed by MALDI-TOF HR-MS, with the
isotopic molecular ion peaks matching the predicted mass peaks. H4ZnTBIPc shows significantly
better solubility in both DMF and DM SO and was deemed suitable for MOF growth. It is important
to note that H4ZnTBIPc exists as a mixture of four regioisomers due to the asymmetry of the N-
propylated benzimidazole units. However, this does not interfere with MOF growth as the

coordinating carboxylate groups remain tetragonally aligned in all regioisomers.
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Scheme 4-2. Synthetic route to N-alkylated benzimidazole 5 and H4ZnTBIPc.

4.2.2. nMOF synthesis and characterization

The square planar shape and tetragonally aligned carboxylate groups in the new
H4ZnTBIPc ligand successfully allowed the growth of two isostructural nMOFs: Zr-ZnTBIPc and
Hf-ZnTBIPc. The two nMOFs were synthesized in a solvothermal reaction between ZrCla/HfCls
and H4ZnTBIPc in DMF at 90 °C using acetic acid (AcOH) as modulator. The resulting dark green
dispersion was collected by centrifugation and then washed with excess DMF, 1% (v/v)
triethylamine in ethanol, and ethanol. The washed powder was redispersed in ethanol and stored

in the dark before further analysis.
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Scheme 4-3. Synthetic scheme of Hf-ZnTBIPc and Zr-ZnTBIPc MOFs.

Several attempts failed to grow Zr-ZnTBIPc or Hf-ZnTBIPc single crystals suitable for
single-crystal X-ray diffraction analysis to elucidate their structure. Since H4ZnTBIPc shares the
same ligand shape as TBP but with a larger simulated length of ~3.1 nm along the carboxylic acid
axis (compared to ~2.0 nm for TBP), we hypothesized that the phthalocyanine nMOF structures
should have the same topology as those reported for TBP. Fortunately, the experimental powder

X-ray diffraction (PXRD) patterns of Zr-ZnTBIPc and Hf-ZnTBIPc matched very well with the
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simulated PXRD pattern of PCN-221 (with expanded lattice parameters a = b = ¢ = 25.2998 A,
determined from powder indexing; Table 4-1), with a few absent peaks likely due to preferential
orientation of the nanoparticles (Figure 4-2).>*! Simulated powder indexing of the Hf-ZnTBIPc
experimental PXRD pattern, using TREOR90 in Materials Studio, produced a cubic system with
the lattice parameters given above and a de Wolff figure of merit of 73 (Figure 4-2, Table 4-1,

Table 4-2).%?

a

~(110)

Hf-ZnTBIPc

| ZrZnTBIPC |

PCN-221 (expanded lattice)
‘a=b=c=252998A

o

(NEt
/N

A

2 3 4 5 6 7 8 9 10 11 12 13 Hf-ZnTBIPc

20 (%)
Figure 4-2. Structure model of Zr-ZnTBIPc Hf-ZnTBIPc from PXRD. (a) Experimental PXRD
patterns of Hf-ZnTBIPc and Zr-ZnTBIPc with simulated PXRD pattern of PCN-221 with
expanded lattice parameters to mimic the increased unit cell size from ZnTBIPc. (b) Perspective
view of the Hf-ZnTBIPc structure model built from the ftw topology.

Table 4-1. Powder indexing output for the experimental PXRD pattern of Hf-ZnTBIPc using
TREOR90 in Materials Studio (FOM = de Wolff figure of merit).

FOM FP(f::Il:(si (Sj;zts(::::ll a (A) b (A) C (A) o (0) l} (0) Y (o) V(()}&llsl)ne

73.0 3of5 Cubic 252998 252998  25.2998 90 90 90 16193.9
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Table 4-2. Powder indexing calculation peak list and Miller indices for the experimental PXRD
pattern of Hf-ZnTBIPc using TREOR90 in Materials Studio.

h k 1 20observed (®) 20 calculated (°)
1 0 0 3.498 3.492
1 1 0 4.940 4.939
2 0 0 7.000 6.988
2 1 0 7.800 7.814
2 2 0 9.890 9.888

Table 4-3. Experimental PXRD peak positions, d-spacings and Miller indices for Hf-ZnTBIPc.

20 (°) 0 (°) d(A) d (nm) hkl
3.58 1.79 24.68 2.47 (100)
4.98 2.49 17.74 1.77 (110)
7.00 3.5 12.63 1.26 (200)
7.80 3.9 11.33 1.13 (210)
9.90 4.95 8.93 0.89 (220)

Figure 4-3. Morphological characterization of Zr-ZnTBIPc and Hf-ZnTBIPc. TEM images of (a)
Zr-ZnTBIPc and (b) Hf-ZnTBIPc showing their cubic morphology. (¢) HR-TEM image of Hf-
ZnTBIPc showing the 2.5 nm distance between (100) or (010) planes in the lattice fringe. The FFT
(inset) displays four-fold symmetry and further confirms the cubic structure of the nMOF.

The cubic PCN-221 structure was also supported by TEM and HR-TEM images of Hf-

ZnTBIPc, which shows twinned nanoparticles ~100 nm in length with cubic morphology and 4-
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fold symmetry in their fast Fourier transform (FFT) patterns (Figure 4-3). Additionally, the
measured distances between the (010) or (100) planes (~2.5 nm) in the HR-TEM lattice fringe of
Hf-ZnTBIPc matched the expected diagonal length of the bridging ZnTBIPc ligands (~2.5 nm)
and the calculated d-spacings (Figure 4-3, Table 4-3).

Ultraviolet-visible (UV-Vis) absorption spectroscopy and inductively coupled plasma
mass spectrometry (ICP-MS) of the digested nMOFs revealed metal-to-ligand ratios of 2.93 and
2.89 for Zr-ZnTBIPc and Hf-ZnTBIPc, respectively, which match well with the expected metal-
to-ligand ratio of 2.66 for pristine PCN-221 (Table 4-4). The slight increase in the metal-to-ligand
ratio in our nMOFs is likely due to the presence of defect sites within the nMOF crystals. Based
on these results, we assign Zr-ZnTBIPc and Hf-ZnTBIPc with the ideal formula Ms(ps-
O6)(ZnTBIPc)s (M = Hf or Zr), where the Ms clusters are 12-connected and result in a 3D network
with ftw topology (Figure 4-2).

Table 4-4. Concentrations and metal-to-ligand ratios (M:L) of ZnTBIPc and Hf/Zr in Zr-ZnTBIPc

and Hf-ZnTBIPc. Metal-to-ligand ratios of the ideal structures in PCN-221,%22 PCN-222,%¢ and
PCN-224 .27

Sample Z%c ICII)_I-lfV[S ICl;—iVIS M : L ratio
Zr-ZnTBIPc 478 uM - 1403 uM 2.93
Hf-ZnTBIPc 556 uM 1607 uM - 2.89

PCN-221 - - - 2.66
PCN-222 - - - 3.00
PCN-224 - - - 4.00

The UV-Vis absorption spectrum of H4ZnTBIPc in DMF showed its characteristic
phthalocyanine Soret band around 360 nm and Q-band maximum at 720 nm along with its shoulder
peaks (Figure 4-4). The molar absorption coefficient at 720 nm in DMF is 198,200 M cm™!, while
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in DMSO the Q-band peak maximum is at 725 nm with a coefficient of 354,166 M™! cm™!. The
absorption spectra of Zr-ZnTBIPc and Hf-ZnTBIPc show significant broadening potentially due
to inequivalent ligand environments and framework distortions (Figure 4-4). Although the Q-band
maximum appears to lose its intense absorption after MOF loading, digestion of the framework
recovers the characteristic absorption profile of the H4&ZnTBIPc ligand. Dynamic light scattering
(DLS) measurements gave number-averaged diameters of 110.9 + 4.4 nm and 87.8 + 6.7 nm for
Zr-ZnTBIPc and Hf-ZnTBIPc, respectively (Figure 4-4). Additionally, Zr-ZnTBIPc and Hf-
ZnTBIPc displayed negative zeta potential values of -28.2 + 3.8 mV and -15.2 + 1.6 mV,

respectively (Figure 4-4).

a 12 b C
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Figure 4-4. Characterization of Hf-ZnTBIPc and Zr-ZnTBIPc. (a) Characteristic UV-Vis spectra
of Hf=ZnTBIPc, Zr-ZnTBIPc and H4ZnTBIPc at 5 uM ZnTBIPc concentrations in DMF. (b)
Number-averaged sizes of ethanol dispersions of Hf-ZnTBIPc and Zr-ZnTBIPc. (¢) Zeta potential
measurements of Hf-ZnTBIPc and Zr-ZnTBIPc in water.

A second Hf nMOF phase was synthesized at 120 °C using formic acid (HCOOH) as
modulator, but the structure of this phase is currently unknown. It does not have the same PXRD
peak positions or cubic morphology as the acetic acid modulated nMOFs and does not seem to

match well with other known structures of TBP-based MOFs (Figure 4-5, Figure 4-6). Simulated

structural analysis using powder indexing did not produce any crystal systems with a reliable figure
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of merit as in the case of Hf-ZnTBIPc. Further studies, such as electron diffraction,* are likely

required to elucidate the structure of this nMOF phase.

¢ Lattice Spacings
1.5 nm
2.0 nm
2.0/2.5 nm

Figure 4-5. Morphological characterization of Hf-ZnTBIPc (unknown phase). (a) TEM image and
(b) HR-TEM image of Hf-ZnTBIPc (unknown phase), showing the rounded and rhombic
morphology of the particles as well as their 2- or 4-fold symmetry in their FFT depending on the
preferred orientation of the nanocrystals on the TEM grid.

Hf-ZnTBIPc (PCN-221)

Hf-ZnTBIP¢c (unknown phase)

PCN-221 (expanded lattice)
a=b=c=252998 A

s X
2 3 4 5 6 7 8 9 10 11 12 13
20 (°)

Figure 4-6. Experimental PXRD patterns of Hf-ZnTBIPc (PCN-221), Hf-ZnTBIPc (unknown
phase), and simulated PCN-221 with expanded lattice parameters.
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4.3 Conclusion

In this chapter, we have designed and synthesized a tetraimidazophthalonitrile ligand with
square planar shape and linearly aligned carboxylate groups that can grow nMOFs with Hf and Zr
SBUs. The resulting nMOF is the first reported 3D phthalocyanine framework built from metal-
carboxylate coordination. More importantly, the ligand is versatile as it leaves room for axial or
peripheral functionalization, while maintaining a predictable ligand coordination shape. Therefore,
this system may unlock the potential applications of phthalocyanine nMOFs that were previously
hindered by their synthetic/geometric inflexibility. We believe the Hf-based nMOF can have
strong efficacy in radiotherapy-radiodynamic therapy (RT-RDT) and may also give us mechanistic

insight into ligand design for this complex therapeutic modality.

4.4 Experimental section
4.4.1. Materials and methods

All chemical reagents were purchased at the highest quality from commercial sources and
used without further purification. Transmission electron microscopy (TEM) was performed on a
TECNAI Spirit TEM (120 kV), and high-resolution TEM (HR-TEM) was performed on a
TECNALI Spirit F30 TEM (300 kV). Powder X-ray diffraction (PXRD) patterns were obtained on
a Bruker D8 Venture diffractometer using a Cu Ko radiation source (A= 1.54178 A) and processed
with PowderX software. UV-Vis spectra were collected using a Shimadzu UV-2600 UV-Vis
spectrophotometer. Dynamic light scattering (DLS) and zeta-potential measurements were
collected on a Malvern Zetasizer Nano ZS instrument. 'H and '*C NMR spectra were collected on
a Bruker NMR 400 DRX spectrometer at 400 MHz and 101 MHz, respectively, and referenced to

the proton resonance resulting from incomplete deuteration of CDCI3 (‘H NMR: § 7.26; 3C NMR:
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8 77.16) or DMSO-ds ('H NMR: & 2.50; 3C NMR: § 39.52). Matrix-assisted laser
desorption/ionization-time of flight high-resolution mass spectrometry (MALDI-TOF HR-MS)
was performed on a Bruker autoflex maX MALDI-TOF/TOF using positive-ion reflectron mode.
Inductively coupled plasma-mass spectrometry (ICP-MS) data were collected using an Agilent
7700x ICP-MS and analyzed using an ICP-MS Mass Hunter version B01.03. Samples were diluted
in a 2% HNOs3 matrix and analyzed with '*Tb and internal standards against a 10-point standard
curve between 1 ppb and 500 ppb. The correlation was given R>0.999 for all analyses of interest.
Data collection was performed in Spectrum Mode with three replicates per sample and 100 sweeps

per replicate.

4.4.2. Synthetic and characterization procedures

NC N o Synthesis of methyl 4-(5,6-dicyano-1H-benzo[d]imidazol-2-
L0

H oM yl)benzoate (2). A mixture of 4,5-diaminophthalonitrile (1; 4.50 g, 28.45

NC
mmol, 1 equiv.), methyl 4-formylbenzoate (4.67 g, 28.45 mmol, 1 equiv.), and ethanol (465 mL)
was added to a round-bottom flask, equipped with a stir bar and a reflux condenser, and heated to
reflux. Zinc triflate (1.03 g, 2.85 mmol, 0.1 equiv.) was then added to the mixture and the resulting
slurry was refluxed for 24 h. The reaction mixture was cooled to room temperature, filtered, and
washed with copious amounts of water and ethanol. The crude solid was collected, recrystallized
twice from N,N-dimethylformamide (DMF), washed with ethanol, and dried under vacuum to
afford the benzimidazole product as a white powder (5.09 g, 59% yield).

'H NMR (400 MHz, DMSO-ds): 5 14.26 (s, 1H), 8.47 (s, 2H), 8.37 (d, J= 8.5 Hz, 2H), 8.16 (d, J

= 8.5 Hz, 2H), 3.91 (s, 3H).
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13C NMR (101 MHz, DMSO-ds): & 166.07, 156.31, 132.97, 132.18, 130.41, 128.07, 117.44,
107.78, 52.92.

MS (ESI): m/z calculated for C17H11N4O2" [(M+H)]: 303.08, found: 303.1.

TLC: Ry= 0.38 (hexanes/THF 3:2)

Note: Reaction times longer than 24 h will result in transesterification of the methyl ester with the
ethanol solvent, resulting in the analogous ethyl ester of the benzimidazole. However, this does

not affect the final phthalocyanine product in our synthetic route as the ester will be hydrolyzed in

the final step.
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Figure 4-7. '"H NMR spectrum of methyl 4-(5,6-dicyano-1H-benzo[d]imidazol-2-yl)benzoate 2
(400 MHz, DMSO-d).
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Figure 4-8. 3°C NMR spectrum of methyl 4-(5,6-dicyano-1H-benzo[d]imidazol-2-yl)benzoate 2
(101 MHz, DMSO-ds).

NCID:N : o  Synthesis of methyl 4-(5,6-dicyano-1-propyl-1H-benzo[d]imidazol-2-
8 o yDbenzoate (5). A mixture of methyl 4-(5,6-dicyano-1H-
benzo[d]imidazol-2-yl)benzoate (2.50 g, 8.27 mmol, 1 equiv.), K2CO3 (5.72 g, 41.35 mmol, 5
equiv.), 1-iodopropane (8.07 mL, 82.70 mmol, 10 equiv.), and THF (300 mL) was added to a 1000
mL round-bottom flask, equipped with a stir bar and a reflux condenser, and heated to reflux. The
reaction was monitored by TLC (hexanes:THF 3:2) and further additions of K2COs3 and 1-
iodopropane were added to the flask every 6-10 hours until completion (~4-5 total additions). The
reaction mixture was cooled to room temperature, filtered, and washed with copious amounts of
water and ethanol. The crude solid was collected, recrystallized from N,N-dimethylformamide

(DMF), washed with ethanol, and dried under vacuum to afford the N-alkylated benzimidazole

product 5 as a white powder (2.08g, 73% yield).
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TH NMR (400 MHz, DMSO-ds): 6 8.79 (s, 1H), 8.61 (s, 1H), 8.18 (d, J = 8.6 Hz, 2H), 8.01 (d, J
= 8.7 Hz, 2H), 4.42 (t,J= 7.6 Hz, 2H), 3.93 (s, 3H), 1.69 (h, J=7.6 Hz, 2H), 0.74 (t, /= 7.4 Hz,
3H).

13C NMR (101 MHz, DMSO-ds): § 166.10, 157.75, 144.74, 138.46, 133.64, 131.91, 130.27,
126.84, 119.50, 117.44, 107.79, 52.99, 46.93, 23.10, 11.17.

MS (ESI): m/z calculated for C20H17N4O2" [(M+H)]: 345.13, found: 345.2.

TLC: Ry= 0.58 (hexanes/THF 3:2)
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Figure 4-9. '"H NMR spectrum of methyl 4-(5,6-dicyano-1-propyl-1H-benzo[d]imidazol-2-
yl)benzoate 5 (400 MHz, DMSO-db).
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Figure 4-10. '3C NMR spectrum of methyl 4-(5,6-dicyano-1-propyl-1H-benzo[d]imidazol-2-
yl)benzoate 5 (101 MHz, DMSO-db).

PeO,C ? cope Synthesis of PesZnTBIPc. A mixture of methyl 4-(5,6
=N N— dicyano-1-propyl-1H-benzo[d]imidazol-2-yl)benzoate
AN N
N
SV _; (2.02 g, 5.87 mmol, 1 equiv.), anhydrous ZnBr2 (396 mg,
N/
N Zn N

s \N/ :" 4 1.76 mmol, 0.3 equiv.), 1,8-diazabicyclo[5.4.0Jundec-7-

N § NS .
! = ene (DBU; 875 uL, 5.87 mmol, 1 equiv.), and anhydrous

2,
vl

Pe0,C CoPe  ]-pentanol (60 mL) was added to an oven-dried 250 mL
pressure vessel and stirred in a pre-heated oil bath set to 145 °C for 48 h. The reaction mixture was
cooled to room temperature and an acetonitrile/water (4:1) solution was added to the reaction
mixture to precipitate the product. The precipitated solid was collected by centrifugation, washed
three times with acetonitrile/water (5:1), and dried under vacuum to yield the tetra-pentyl ester

phthalocyanine product as a dark green solid (1.65 g, 67% yield).
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HR-MS (MALDI-TOF): m/z calculated for CosHosN160sZn" [M*]: 1664.69, found: 1664.840.
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Figure 4-11. HR-MS (MALDI-TOF) spectrum of PeaZnTBIPc showing the isotopic peaks of the
molecular ion [M*].

Hozc COzH Synthesis of H4ZnTBIPc. A mixture of PeaZnTBIPc (800
mg, 0.48 mmol) dissolved in THF/MeOH (300 mL, 1:1)

was added to a IM aqueous NaOH solution (115 mL) in a

S
LS

1000 mL round-bottomed flask and refluxed for 24 h. The
reaction mixture was cooled to room temperature and the
Hozc cozH volatile solvents were removed under vacuum. Water was
added and the reaction mixture was acidified using 1M HCI until pH = 3. The precipitated solid
was collected by centrifugation, washed three times with acetonitrile/water (4:1), and dried under

vacuum to yield the tetra-carboxylic acid phthalocyanine product as a dark green solid (534 mg,

80% vield).
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HR-MS (MALDI-TOF): m/z calculated for C76HssN160sZn" [M*]: 1384.38, found: 1384.262.
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Figure 4-12. HR-MS (MALDI-TOF) spectrum of H4ZnTBIPc showing the isotopic peaks of the
molecular ion [M*].

Synthesis of Hf-ZnTBIPc. To a 4 mL (1 dram) glass vial was added 0.25 mL of HfCls solution
(2.0 mg/mL in DMF), 0.25 mL of H4ZnTBIPc solution (2.9 mg/mL in DMF), and 65 pL of acetic
acid (AcOH). The reaction mixture was kept in a 90 °C oven for 48 hr. The green precipitate was
collected by centrifugation and washed with DMF, 1% triethylamine (TEA) in ethanol, and
ethanol. The precipitate was redispersed in ethanol and stored in the dark (45.2% yield based on

ICP-MS analysis).

Synthesis of Zr-ZnTBIPc. To a 4 mL (1 dram) glass vial was added 0.25 mL of ZrCls solution
(1.44 mg/mL in DMF), 0.25 mL of H4ZnTBIPc solution (2.9 mg/mL in DMF), and 65 pL of acetic

acid (AcOH). The reaction mixture was kept in a 90 °C oven for 48 hr. The green precipitate was
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collected by centrifugation and washed with DMF, 1% triethylamine (TEA) in ethanol, and
ethanol. The precipitate was redispersed in ethanol and stored in the dark (45.4% yield based on

ICP-MS analysis).

Synthesis of Hf-ZnTBIPc¢ (unknown phase). To a4 mL (1 dram) glass vial was added 0.25 mL
of HfCl4 solution (2.0 mg/mL in DMF), 0.25 mL of H4ZnTBIPc solution (2.9 mg/mL in DMF),
and 50 pL of 98% formic acid. The reaction mixture was kept in a 120 °C oven for 48 hr. The
green precipitate was collected by centrifugation and washed with DMF, 1% triethylamine (TEA)
in ethanol, and ethanol. The precipitate was redispersed in ethanol and stored in the dark (44.9%

yield based on ICP-MS analysis).

UV-Vis analysis of nMOFs. 10 pL of a dispersed solution of nMOF was added to a mixture of
940 uL DMSO and 50 pL H3POas. The mixture was then sonicated for about 10 minutes and the

UV-Vis absorption spectrum was recorded.

ICP-MS analysis of nMOFs. 10 pL of a dispersed solution of nMOF was added to a mixture of
980 uL HNO3s and 10 pL HF. The mixture was vortexed and kept at room temperature for 3 days.

The sample was then diluted with ultrapure water to 2% HNO3 and analyzed by ICP-MS.
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Chapter 5: Two-Dimensional Nanosonosensitizers Facilitate Energy Transfer

to Enhance Sonodynamic Therapy

5.1 Introduction

Sonodynamic therapy (SDT) utilizes ultrasonic cavitation to produce broad-spectrum
sonoluminescence that can excite sonosensitizers (SSs) for the generation of cytotoxic reactive
oxygen species (ROS).!* With significantly increased tissue penetration depth, SDT has emerged
as a promising alternative modality to photodynamic therapy (PDT).>"!? Although organic
sensitizers such as porphyrins are efficacious for PDT, they have proven inadequate for SDT,
likely due to their nonideal tumor uptake, low solubility in physiological environments, and, more
importantly, the very low emission intensity of sonoluminescence compared to direct light
irradiation in PDT."*"'7 Low aqueous solubility of SSs leads to aggregation-induced quenching
(AIQ) of their excited states, which impairs ROS generation.'3!” Nanotechnology has been used
to isolate and deliver SSs to reduce AIQ and increase bioavailability.?*-%°

Nanoscale metal-organic frameworks (MOFs) have provided an exceptionally versatile
platform for designing nano-photosensitizers for PDT owing to their structural tunability, porosity,
and ability to isolate organic photosensitizers in high loadings in a rigid framework.?¢-** However,
MOFs have not been extensively explored as nano-sonosensitizers for SDT and have shown only
modest SDT efficacy to date.*®3” Unlike MOF-based nano-photosensitizers, no established

methods exist to improve and optimize ROS generation from SS-loaded MOFs under ultrasound

(US) irradiation.
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Figure 5-1. Synthesis of Hf-TBP and TBP@MOL. TBP SSs are rigidly confined in the 3D

framework of Hf-TBP but flexibly anchored to the SBUs of the 2D MOL in TBP@MOL (orange:
I, sky blue: Hf, pale light blue: F, red: O, blue: N, grey: C; H atoms are omitted for clarity).

In this chapter, the design of a new 2D nanoscale metal-organic layer (MOL), TBP@MOL,
for enhanced singlet oxygen ('02) generation. TBP@MOL was prepared by anchoring 5,10,15,20-
tetra(p-benzoato)porphyrin (TBP) sensitizers to the Hfi2 SBUs of the MOL comprising Hf12 SBUs
and Ir(DBB)[dF(CF3)ppy]2" (denoted as DBB-Ir) bridging ligands. Under US irradiation,

TBP@MOL shows 14.1- and 7.4-fold higher 'O generation than TBP and Hf-TBP, a 3D TBP-

based MOF, respectively. With proximity of TBP sensitizers to the DBB-Ir donor ligands (~10 A)
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via flexible TBP attachment to the SBUs, TBP@MOL enables effective SDT via triplet—triplet
Dexter energy transfer from excited DBB-Ir to SBU-anchored TBP sensitizers and enhances
energy transfer between excited triplet-state TBP and ground-state triplet oxygen (°O2).
Consequently, TBP@MOL displays significantly higher SDT efficacy than its Hf-TBP and free

TBP counterparts on mouse models of colon and breast cancer.

5.2 Results and discussion
5.2.1. Synthesis and characterization

TBP@MOL was synthesized in two steps (Figure 5-1). Free-standing Hf12-DBB-Ir MOL
was synthesized as previously reported through a solvothermal reaction between HfCls and DBB-
Ir in DMF at 80 °C with trifluoroacetic acid (TFA) and water as modulators.*® The MOL is built
from an infinite 2D network of Hfi2 SBUs laterally bridged by DBB-Ir and vertically terminated
by TFA capping agents to afford a monolayer structure with kgd topology and the ideal formula
Hf12(u3-0)s(u3-OH)s(u2-OH)s(DBB-Ir)s(TFA)s (Figure 5-2). '°’F NMR analysis of the digested
MOL confirmed the DBB-Ir to TFA ratio of 1:1 (Figure 5-34). Transmission electron microscopy
(TEM) and atomic force microscopy (AFM) imaging of the MOL confirmed the monolayer

morphology with a diameter of ~250 nm and a thickness of ~1.8 nm (Figure 5-2).

140



Figure 5-2. Structure model and morphological characterization of MOL. (a) Simplified (left) and
full (right) structure model of bridging ligand DBB-Ir. (b) The structure of SBU Hf12(u3-O)s(us3-
OH)s(p12-OH)6(RCO2)12(TFA)s [RCO2 represents the carboxylate group on DBB-Ir]. (c) A view
along the ¢ axis of the MOL showing its monolayer morphology. (d) Side view of the MOL
showing the positions of the bridging DBB-Ir ligands within the monolayered framework. (¢) TEM
image of the MOL. (f) HR-TEM image of the MOL with its FFT (inset). (g) AFM topographic
image, measured height profile (inset, left) and modeled height (inset, bottom) of the MOL.

TBP SSs were covalently anchored to the MOL by partially replacing TFA capping agents
on Hfi2 SBUs via carboxylate exchange to afford TBP@MOL with the calculated formula
(TBP)1.7@Hf12(u3-0)s(u3-OH)s(p2-OH)s(DBB-Ir-F)s(TFA )43 (Figure 5-3). '°F NMR analysis of
digested TBP@MOL displayed a decreased TFA to DBB-Ir ratio compared to the MOL,
supporting the partial replacement of TFA with TBP on the MOL (Figure 5-4). The remaining
TFA signal in the "’F NMR spectrum indicates that the large size of TBP prevented complete
replacement of all TFA groups (Figure 5-4). Upon TBP conjugation to the cationic MOL, the zeta
(C) potential reversed from +38.5 £ 1.0 mV to —25.3 + 0.4 mV, consistent with the surface loading

of partially deprotonated (anionic) TBP (Figure 5-5). The presence of both TBP and DBB-Ir in
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TBP@MOL was supported by the presence of their characteristic UV—Vis absorption peaks and
"H NMR signals in the digested TBP@MOL (Figure 5-5, Figure 5-36). Dynamic light scattering

(DLS) measurements gave number-averaged sizes of 221.0 + 5.7 nm and 203.7 + 21.0 nm for the

MOL and TBP@MOL, respectively (Figure 5-5).

i

Figure 5-3. Structure model and morphological characterization of TBP@MOL. (a) The structure
of monosubstituted SBU Hfi2(u3-O)s(u3-OH)s(u2-OH)s(pn2-RCO2)12(n2-TFA)s(TBP) [RCO:
represents the carboxylate group on DBB-Ir]. (b) A view along the ¢ axis of TBP@MOL showing
its monolayer morphology. (c) Side view of TBP@MOL showing SBU-anchored TBP sensitizers.
Although not shown here, TBP can replace TFA on the top or bottom of the SBU. (¢) TEM image
of the TBP@MOL. (f) HR-TEM image of TBP@MOL with its FFT (inset). (g) AFM topographic
image, measured height profile (inset, left) and modeled height (inset, bottom) of the TBP@MOL.
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Figure 5-4. 'F NMR spectrum of digested TBP@MOL. Digested TBP@MOL in DMSO-ds
shows a reduction in the DBB-Ir to TFA integrated signal ratio compared to the MOL, suggesting
partial carboxylate exchange of TFA with TBP on the Hf12 SBUs.

The powder X-ray diffraction (PXRD) pattern of TBP@MOL matched well with that of
the MOL and the simulated pattern for the Hfi2 MOL structure model (Figure 5-5). TEM imaging
indicated that TBP@MOL retained the monolayer morphology of the MOL, with a diameter of
~250 nm (Figure 5-3). AFM imaging of TBP@MOL displayed a thickness of ~3.0 nm, which is
consistent with the modeled height of a Hfi2 SBU capped with a TBP ligand (Figure 5-3).
TBP@MOL was stable in aqueous solutions and retained both its crystallinity and morphology
after US irradiation in water (3.4 MHz, 1.0 or 2.0 W/cm? , 50% duty cycle, and 10 min; Figure
5-6, Figure 5-7). The TBP loading was calculated to be 12.3 wt% based on UV—Vis absorption

spectroscopy and inductively coupled plasma-mass spectrometry (ICP-MS), corresponding to a

TBP: Hfi> SBU ratio of 1.7:1.
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Figure 5-5. Characterization of TBP@MOL. (a) Zeta () potentials of MOL and TBP@MOL in
water. (b) Normalized UV—Vis absorption spectra of TBP, DBB-Ir, MOL, and TBP@MOL in
DMSO. (c¢) Number-averaged diameters of MOL and TBP@MOL in ethanol. (d) PXRD patterns

of TBP@MOL (as-synthesized and after soaking in PBS for 24 h), MOL, and the simulated pattern
of Hfi>-MOL.
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Figure 5-6. Stability of TBP@MOL after US irradiation. (a) TEM image, (b) PXRD patterns, and
(c) Number-averaged diameters of TBP@MOL before and after US irradiation. All US irradiation
was 1 or 2 W/cm?, 3.4 MHz, and 50% duty cycle for 10 minutes in water. Although the crystallinity
of TBP@MOL is retained, US-induced shock waves can lead to interparticle collisions. However,
due to their nanoscale size, they do not have sufficient collisional energy to fuse or agglomerate.>
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Figure 5-7. Aqueous stability of TBP@MOL. (a) PXRD patterns of TBP@MOL freshly prepared
(as-synthesized), stored in ethanol for 5 months at room temperature, incubated in water for 24
hours at room temperature, and incubated in RPMI-1640 medium for 6 hours at 37 °C. (b) Number-
averaged diameters of ethanol dispersions of TBP@MOL freshly prepared and stored in ethanol
for 5 months at room temperature. (c) Number-averaged diameters of water dispersions of
TBP@MOL incubated in water for 24 hours at room temperature, in PBS for 24 hours at room
temperature, and in RPMI-1640 medium for 6 hours at 37 °C.

A TBP-based MOF, Hf-TBP, with TBP SSs rigidly confined between SBUs within the 3D
framework, was synthesized as previously reported.** Hf-TBP has csq topology and the ideal

formula Hfs(u3-0)4(u3-OH)s(OH)4(H20)4(u2-TBP)2 (Figure 5-8). Hf-TBP exhibits a rod-like
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morphology in TEM imaging and displays a number-averaged size

analysis (Figure 5-8).
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Figure 5-8. Structure and characterization of Hf=TBP. (a) The structure of SBU Hfe(pu3-O)a(p3-
OH)4(OH)4(H20)4(RCO2)s [RCO2 represents the carboxylate group on TBP]. Models of Hf-TBP
as viewed along the (b) b axis, and (c) ¢ axis. (d) TEM image of Hf-TBP. (¢) HR-TEM image of
Hf-TBP with its FFT (inset). (f) AFM topographic image of Hf-TBP with its measured height
profile (inset). (g) Number-averaged diameters of an ethanol dispersion of Hf-TBP measured by
DLS. (h) Normalized UV-Vis absorption spectra of Hf-TBP and TBP. (i) PXRD pattern of Hf-

TBP and the simulated pattern of Hf-TBP.
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Figure 5-9. Characterization of DBP@MOL. (a) TEM image of DBP@MOL. (b) AFM
topographic image, measured height profile (inset, left) and modeled height (inset, right) of
DBP@MOL. (c) Normalized UV-Vis spectra of DBP@MOL and MOL showing the characteristic
absorption peaks corresponding to DBP and DBB-Ir. (d) Zeta ({) potentials of MOL and
DBP@MOL in water. Reversal of zeta potential is indicative of surface loading of anionic DBP
groups to the cationic MOL. (e) Number-averaged diameters for ethanol dispersions of MOL and
DBP@MOL, measured by DLS. (f) PXRD patterns of MOL, DBP@MOL as synthesized,
DBP@MOL soaked in PBS for 24 hours, and simulated Hfi> MOL.
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Figure 5-10. Structure model and morphological characterization of Hf-DBP MOF. (a) Simplified
(left) and full (right) structure model of bridging ligand DBP. (b) View along the ¢ axis of H-DBP
MOF showing the 3D framework: top layer (blue) and bottom layer (orange). (¢) TEM image of
Hf-DBP MOF. (d) AFM topographic image and measured height profile (inset) of Hf-DBP MOF.
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Figure 5-11. Structure model and morphological characterization of Hf-DBP MOL. (a) The
structure of monosubstituted SBU Hfi2(pu3-O)s(pn3-OH)s(u2-OH)e(p2-RCO2)12(p2-PA)s [RCO2
represents the carboxylate group on DBB-Ir; PA = propionic acid]. (b) View along the ¢ axis of
Hf-DBP MOL showing the monolayer framework. (¢) TEM image of Hf-DBP MOL. (d) AFM
topographic image, measured height profile (inset, top) and modeled height (inset, bottom) of Hf-
DBP MOL.
5.2.2. '0; generation efficacy

The 'Oz generation efficiency of the different TBP systems was determined by singlet
oxygen sensor green (SOSG) assay. Under US irradiation (3.4 MHz, 1.0 W/cm?, 50% duty cycle,
10 min) in water, TBP@MOL generated 14.1- and 7.4-fold higher 'O> than TBP and Hf-TBP,
respectively (Figure 5-12). Because sonoluminescence is a broad-spectrum emission (~200-700
nm), the MOL itself showed some 'Oz generation due to direct excitation of DBB-Ir linkers.

However, a physical mixture of TBP and the MOL generated 3.1-fold lower 'Oz than TBP@MOL.

Under US irradiation, TBP@MOL also showed 8-fold higher SOSG signal than a commonly
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studied water-soluble SS, rose bengal, demonstrating its superior 'Oz generation over traditional

organic SSs.
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Figure 5-12. 'O2 generation efficacy of TBP@MOL. SOSG assay fluorescence measurements
detecting 'Oz generation of various TBP systems upon (a) US or (b) visible light irradiation.

A similar trend was observed for the MOL modified with a related porphyrin sensitizer,
5,15-di(p-benzoato)porphyrin (DBP) (Figure 5-9, Figure 5-13). DBP@MOL showed 15.0- and
4.8-fold higher 'O2 generation than DBP and 3D Hf-DBP MOF,* respectively, under US
irradiation (Figure 5-13). DBP@MOL also showed much greater 'O generation than the MOL
itself, a physical mixture of DBP + MOL, and a 2D monolayer of Hf-DBP (denoted as Hf-DBP
MOL), suggesting that this platform provides a synergistic effect beyond the two sensitizers alone
and that the effect is not primarily due to the reduction in dimensionality of the MOF (Figure

5-13).
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Figure 5-13. 'O2 generation efficacy of DBP@MOL. SOSG assay fluorescence measurements
detecting 'O2 generation of various DBP systems upon (a) US or (b) visible light irradiation. Hf-
DBP MOL is a 2D monolayer version of the 3D Hf-DBP MOF.
5.2.3. In vitro SDT anticancer efficacy

The enhanced 'Oz generation of TBP@MOL was confirmed by in vitro SDT studies
(Figure 5-12). US irradiation alone caused negligible cytotoxicity to CT26 colorectal and 4T1
triple-negative breast cancer cells (3.4 MHz, 1 W/cm?, 50% duty cycle, and 5 min; “+” and “—”
denote with and without US irradiation, respectively). TBP@MOL with US irradiation (denoted
TBP@MOL(+)) induced significant cytotoxicity with half maximal inhibitory concentration (ICso)
values of 6.0 and 6.1 um for CT26 and 4T1 cells, respectively (Figure 5-14). These ICso values
were 5.6- and 5.5-fold lower than those of TBP(+), respectively, and 12.3- and 5.6-fold lower than
those of Hf-TBP(+), respectively. Without US irradiation, TBP, MOL, and TBP@MOL showed
minimal toxicity at concentrations of up to 40 uM (Figure 5-14), indicating low intrinsic toxicity
of TBP@MOL. The MOL itself displayed low cytotoxicity with and without US irradiation
(Figure 5-14), supporting that the enhanced toxicity of TBP@MOL largely stems from efficient

'02 generation of SBU-anchored TBP.*!
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Figure 5-14. In vitro SDT cell viability. Cell viability assays of TBP(+), Hf-TBP(+), and
TBP@MOL(+) in (a) CT26 and (b) 4T1 cells upon US irradiation (n = 4).

The enhanced SDT efficacy of TBP@MOL was supported by calcein—acetoxymethyl
(AM)/propidium iodide (PI) staining under confocal laser scanning microscope (CLSM) imaging.
TBP@MOL(+)-treated CT26 cells showed much stronger signals of PI, but weaker fluorescence
of calcein-AM than other groups (Figure 5-15), indicating significantly enhanced cancer cell
killing by TBP@MOL(+). US-stimulated generation of ROS was evaluated by dichlorofluorescein
diacetate (DCF-DA) in CT26 cells. After US irradiation, obvious green fluorescence of DCF was
observed in TBP@MOL(+)-treated CT26 cells while other treatment groups showed little DCF
fluorescence (Figure 5-15). Flow cytometry analysis showed that TBP@MOL(+) generated more
than an order of magnitude higher ROS than the other systems (Figure 5-15), likely due to
increased cellular uptake of and enhanced 'O generation by TBP@MOL. The slightly higher
intracellular uptake of TBP@MOL compared to Hf-TBP was likely due to the smaller dimension

of TBP@MOL .+
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Figure 5-15. In vitro SDT anticancer efficacy. CLSM images showing (a) calcein-AM/PI staining
and (b) DCF-DA staining after SDT treatment. (c) Flow cytometric analyses showing Annexin
V/PI staining in CT26 cells after SDT treatment. Scale bar = 20 pm.

SDT-induced apoptosis was evaluated with the Annexin V/PI kit by flow cytometry. At an
equivalent TBP concentration of 10 pum, TBP@MOL(+)-treated cells showed more severe
apoptotic cell death with only 64.7% healthy cells remaining compared to 98.0% and 97.4% in
cells treated with Hf=TBP(+) and TBP(+), respectively (Figure 5-15). More than 98% of healthy
cells were present in the treatment groups without US irradiation. US irradiation alone did not
cause cell death. Taken together, TBP@MOL is a significantly more efficient SS than free TBP

and Hf-TBP.
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5.2.4. Sonosensitization and !0, generation mechanism

Since US excitation of the SSs proceeds mainly via sonoluminescence, we compared the
photoexcitation dynamics of the various SS systems to understand how the SBU-anchored TBP in
TBP@MOL enhances 'Oz generation over the other TBP systems. Steady-state emission spectra
(Aex = 420 nm) showed a significant reduction of TBP emission intensity in Hf-TBP and
TBP@MOL (Figure 5-16). This result is supported by the time-correlated single photon counting
(TCSPC) decay profiles, which yielded shorter average fluorescence lifetimes (tavg) of 3.12 and
3.33 ns for TBP@MOL and Hf-TBP, respectively, compared to a tavg 0of 9.52 ns for TBP (Figure
5-16, Table 5-1). This trend is similarly found in the case of DBP@MOL and Hf-DBP MOF

(Figure 5-17, Table 5-2).
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Figure 5-16. Steady state and time-resolved emission of TBP chromophores. (a) Normalized
steady-state emission spectra of the TBP systems in water at equivalent TBP concentrations of 0.2
UM (Aex = 420 nm, 3 nm excitation/emission slit widths, 0.1 s integration). (b) Time-resolved
emission decay spectra of the TBP systems in water measured by TCSPC experiments (Aex = 420
nm, Aem = 642 + 10 nm). Solid lines represent the fits of the correspondingly colored data points.
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Table 5-1. Fluorescence decay fitting values for TBP chromophores. The table shows values for
the fitted fluorescence decay times (ti), pre-exponential weighting coefficients (ai), and chi-
squared distribution (y?). 13 is approximate as it exceeds our 200 ns time window and is not
included in calculating Tavg.

Sample Tavg T1(ns) T2(ns) T3 (us) a1 a2 a3 1
(ns)
TBP@MOL 3.12 1.63 8.13 ~50.0 0.77 0.23 0.0016 0.33
Hf-TBP 3.33 2.06 8.19 ~42.0 0.78 0.21 0.0009 0.21
TBP 9.52 - 9.52 ~35.0 - 1.00 - 0.22
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Figure 5-17. Steady state and time-resolved emission of DBP chromophores. (a) Normalized
steady-state emission spectra of the DBP systems in water at equivalent DBP concentrations of 0.2
UM (Aex = 409 nm, 3 nm excitation/emission slit widths, 0.1 s integration). (b) Time-resolved
emission decay spectra of the DBP systems in water measured by TCSPC experiments (Aex = 403
nm, Aem = 642 + 10 nm). Solid lines represent the fits of the correspondingly colored data points.

Table 5-2. Fluorescence decay fitting values for DBP chromophores. The table shows values for
the fitted fluorescence decay times (ti), pre-exponential weighting coefficients (ai), and chi-
squared distribution (y?). 13 is approximate as it exceeds our 200 ns time window and is not
included in calculating Tavg.

Sample Tavg(DS) T1(ns) T2(ns) 713 (Us) o1 a2 a3 1
DBP@MOL 4.34 1.49 1044 | ~154 0.67 0.32 0.002 0.47
Hf-DBP MOF 8.43 0.69 11.01 | ~13.3 0.25 0.75 0.002 0.47
DBP 11.81 - 11.81 | ~12.0 - 1.00 0.002 0.21
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To investigate the origins of the 1-2 ns time constants for TBP@MOL and Hf-TBP, we
conducted broadband transient absorption (TA) experiments. We observed a strong and broad
excited state absorption feature, which we attribute to the S state.3!*> The ~2 ns time constant
extracted from the TA experiments originates from the decay of the excited state absorption feature
for both Hf-=TBP and TBP@MOL (Figure 5-18, Table 5-3). We associate this short time constant
with nonradiative decay via coupling between TBP and Hf, which facilitates intersystem crossing
(ISC)*-* from the excited singlet state (S1) to the triplet state (T1). This time constant is absent in
the free TBP and could therefore be attributed to orientational quenching of the excited singlet
state via the phonon modes in the crystalline frameworks.* While the inefficient 'Oz generation
of TBP can be explained by AIQ in aqueous environments, similarly facile ISC between

TBP@MOL and Hf-TBP fails to explain their vastly different 'O2 generation efficiency.
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Figure 5-18. Ultrafast transient absorption measurements of Hf=TBP and TBP@MOL. Transient
absorption spectra of (a) Hf-TBP and (b) TBP@MOL at various time slices, showing the decays
of the excited state absorption features.
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Table 5-3. Absorption (negative) feature time constants and their spread. Each time trace in the
probe wavelength range were fit with mono-exponentials and the average and standard deviation
of the time constants is reported. The lowest and highest values of %? is reported for a given region
resulting from fitting all the time traces.

Sample Arange (nm) Tavg (NS)  ©: (NS) ¥? range
600-630 1.06 0.02 0.03-0.06

HE-TBP 680-710 1.15 0.09 0.03-0.07
540-630 2.10 0.45 0.01-0.04

TBP@MOL 680-700 0.63 0.09 0.02-0.04

To eliminate the contribution of DBB-Ir linkers in SDT of TBP@MOL, we determined the
'02 generation efficiency of different TBP systems under 630 nm light irradiation. Although only
TBP was excited under these conditions, TBP@MOL generated 1.5-fold more 'O2 than Hf-TBP
(Figure 5-12). The same trend is found with DBP@MOL and the other DBP systems, further
supporting this (Figure 5-13).We observed a negligible difference in ISC between TBP@MOL
and Hf-TBP (Figure 5-16, Table 5-1, Figure 5-18, Table 5-3); therefore, the enhanced 30:
sensitization by TBP@MOL likely results from a higher energy transfer efficiency in the encounter
complex of Ti excited sensitizer and oxygen, '(T1—>02), owing to the rotational freedom and
accessibility of the SBU-anchored TBP. This energy transfer proceeds via internal conversion,
which plays a more important role than ISC,* and eventually dissociates the '(T1—>0Oz2) encounter
complex to afford '02.46° We propose that the less efficient 'Oz generation by Hf-TBP is because
the TBP chromophores are rigidly bound within the 3D framework. *O2 must diffuse through the
framework to access excited TBP sensitizers and then 'O2 must diffuse back out. Accordingly, we
postulate that the 2D MOL morphology and surface-anchored TBP allows *O2 to have barrierless
access to both faces of the sensitizer which, in combination with the relative flexibility of the TBP,

facilitates better encounter complex energy transfer and sensitization efficiency (Figure 5-19).
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Figure 5-19. Proposed mechanism of general >0z sensitization enhancement by surface-anchoring.
Proposed mechanistic model of the efficient 'O2 generation by TBP@MOL. The light irradiation
at 630 nm only excites the TBP chromophores, so the DBB-Ir chromophore is inactive under PDT
conditions (greyed out).

We synthesized an analogous TBP-capped 2D MOL built from 1,3,5-tris(4-
carboxyphenyl)benzene (BTB) linkers, TBP@H{-BTB, to investigate the DBB-Ir contribution in
SDT (Figure 5-20, Figure 5-22, Figure 5-23, Figure 5-24). Under similar US irradiation
conditions, TBP@Hf-BTB generated 3.5-fold more 'Oz than Hf-TBP but 2.1-fold less 'Oz than

TBP@MOL (Figure 5-12). These results support the sonosensitization enhancement from SBU-

anchored SSs as well as significant contribution from DBB-Ir linkers.

158



Figure 5-20. Structure models of Hf-BTB and TBP@Hf-BTB. (a) The structure of SBU Hfe(u3-
0)4(p3-OH)4(p2-FA)6(n2-RCO2)s in Hf-BTB [black atoms represent the carbon on FA; RCO2
represents the carboxylate group on BTB]. (b) View along the ¢ axis of Hf-BTB. (¢) Side view of
Hf-BTB showing its monolayer morphology. (d) The structure of a monosubstituted SBU Hfe(p3-
0)4(u3-OH)4(p2-FA)s(n2-RCO2)s(TBP)1 in TBP@H{-BTB. (e) View along the ¢ axis of TBP@HTf-
BTB. (f) Side view of TBP@Hf-BTB showing its monolayer morphology and surface-anchored
TBP.
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Figure 5-21. Fluorescence emission spectra of BTB in the BTB systems. (a) Normalized
fluorescence spectra of BTB at 1 uM (Aex = 270 nm, 3 nm excitation/emission slit widths, 0.2 s
integration) in water. (b) Relative fluorescence spectra of Hf-BTB and TBP@H{-BTB in water at

equivalent BTB concentrations of 1 pM (Aex =270 nm, 3 nm excitation/emission slit widths, 3.0 s
integration).
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Figure 5-22. Morphological characterization of Hf-BTB and TBP@Hf-BTB. (a) TEM image of
Hf-BTB. (b) HR-TEM image of Hf-TBP with its FFT (inset). (c) AFM topographic image,
measured height profile (inset, left) and modeled height (inset, right) of FA-capped Hf-BTB. (d)
TEM image of TBP@H{-BTB. (¢) HR-TEM image of TBP@Hf-BTB with its FFT (inset). (f)
AFM topographic image, measured height profile (inset, left) and modeled height (inset, right) of
TBP@H{-BTB.
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Figure 5-23. Characterization of Hf-BTB and TBP@Hf-BTB. (a) Zeta ({) potentials of Hf-BTB
and TBP@H{f-BTB in water. Reversal of zeta potential is indicative of surface loading of anionic
TBP groups to Hf-BTB. (b) Number-averaged diameters for ethanol dispersions of TBP@Hf-BTB
and Hf-BTB, measured by DLS. (c) PXRD patterns of TBP@Hf-BTB, Hf-BTB, and simulated
Hf-BTB MOL. (d) Normalized UV-Vis spectra of TBP@H{-BTB and Hf-BTB showing the
characteristic absorption peaks corresponding to BTB. (¢) UV-Vis absorption spectra of BTB in
DMSO at different concentrations. (f) Linear fit of the BTB absorbance at 280 nm as a function of

concentration.
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Figure 5-24. '"H NMR spectra of digested Hf-BTB and TBP@Hf-BTB. The reduction of the FA
(0=28.12 ppm) to BTB (6 =8.07-8.00 ppm) integrated signal ratio from Hf-BTB (top) to TBP@H{-
BTB (bottom) is indicative of the carboxylate exchange of FA with TBP on the Hfs SBUs.

Due to the proximity of TBP to DBB-Ir linkers in TBP@MOL (estimated via simulation
to be between 5-15 A), we investigated the possibility of fluorescence resonance energy transfer
(FRET). Spectral overlap integral [J(A)] calculations showed that the 560 nm emission of the DBB-
Ir linkers in the MOL (donor) overlaps well with the Q bands of TBP (acceptor) (Figure 5-25).
The steady-state emission spectra indicated quenching of the DBB-Ir emission by SBU-anchored
TBP in TBP@MOL (Figure 5-27). The spectral overlap integral equation is given below, where

A is the spectrum wavelength, €a is the acceptor absorption coefficient, Fp is the donor

fluorescence emission normalized to 1.

[oe)

J) = f eA(DA*Fy () dA
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Figure 5-25. Donor-acceptor absorption and emission spectra of the TBP and DBP MOL systems.
Absorption spectrum of (a) TBP (acceptor) or (b) DBP (acceptor), normalized emission spectrum
of MOL (DBB-Ir linker; donor), and spectral overlap integral J(1).
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Figure 5-26. Donor-acceptor absorption and emission spectra of the Hf-BTB system. Absorption
spectrum of (a) TBP (acceptor), normalized emission spectrum of Hf-BTB (BTB linker; donor),
and spectral overlap integral J(A).

Table 5-4. Spectral overlap integrals. J(1) values for TBP and DBP acceptors (4) with MOL
(DBB-Ir) donors (D), calculated using ale — UV-Vis-IR Spectral Software 1.2 (FluorTools, DK).

Donor-acceptor pair J(») [nm* M! em]

TBP (4) + MOL (D) 7.10x 10™

DBP (4) + MOL (D) 5.42x 10"
TBP (4) + Hf-BTB (D) 1.43x 10"
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Furthermore, the TCSPC decay profile of the DBB-Ir emission in TBP@MOL displayed
an additional nonradiative decay around 0.91 ns that was absent in MOL (Figure 5-27). However,
singlet FRET is not likely to be the major contributor to sonosensitization because, although the
calculated J(A) of the BTB donor with the TBP acceptor in TBP@Hf-BTB doubles that of

TBP@MOL (Figure 5-25, Figure 5-26, Table 5-4), its 'O generation is 2.1-fold lower (Figure

5-12).
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Figure 5-27. Steady state and time-resolved emission of DBB-Ir linker chromophores. (a)
Normalized steady-state emission spectra of the DBP systems in water at equivalent DBP
concentrations of 0.2 uM (Aex = 409 nm, 3 nm excitation/emission slit widths, 0.1 s integration).
(b) Time-resolved emission decay spectra of the DBP systems in water measured by TCSPC
experiments (Aex =403 nm, Aem = 642 + 10 nm). Solid lines represent the fits of the correspondingly
colored data points.

Table 5-5. Fluorescence decay fitting values for DBB-Ir chromophores. The table shows values
for the fitted fluorescence decay times (ti), pre-exponential weighting coefficients (i), and chi-
squared distribution (?). 13 is approximate as it exceeds our 200 ns time window and is not
included in calculating Tavg.

Sample Tavg(ns) T1(ns) T2(ns) 713 (us) (V1 o2 03 X
TBP@MOL 1.98 0.91 7.06 ~20.0 0.78 0.18 0.001 1.04
DBP@MOL 2.11 1.13 6.98 ~20.0 0.82 0.17 0.0 0.54

MOL 2.26 0.67 5.7 ~12.4 0.57 0.33 0.096 2.36
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Since DBB-Ir has much more efficient ISC than BTB, we postulate that the enhanced 'O2
generation mainly arises from triplet—triplet Dexter energy transfer (TTET) (Figure 5-27, Figure
5-21). Therefore, TBP@MOL synergistically enhances 'Oz generation by direct Oz sensitization,

singlet FRET and more importantly, TTET from DBB-Ir linkers (Figure 5-28).
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Figure 5-28. Proposed SDT mechanism of TBP@MOL. DBB-Ir and TBP absorb high- and low-
energy regions of the broad sonoluminescence (SL) spectrum, respectively, and the excited DBB-
Ir undergoes TTET with TBP. The excited surface-anchored TBP efficiently transfers energy to
30: for enhanced 'Oz generation.

5.2.5. In vivo SDT anticancer efficacy

We confirmed the in vivo SDT anticancer efficacy in a CT26 colorectal adenocarcinoma

mouse model and a 4T 1 murine triple negative breast cancer model (Figure 5-29). TBP@MOL(+)
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exhibited outstanding SDT efficacy with tumor growth inhibition (TGI) values of 87.0% and

82.7% in CT26 and 4T1 tumor models, respectively (Figure 5-29).
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Figure 5-29. In vivo anticancer efficacy. (a) Schematic illustration of tumor inoculation and
treatment schedule. SDT anticancer efficacy in subcutaneous (b) CT26 and (c) 4T1 tumor-bearing
BALB/c mice (n = 5). (d) Measured weights and (e) photographs of excised CT26 tumors from
BALB/c mice after PBS(+), TBP(+), Hf-TBP(+), or TBP@MOL(+) treatment. Scale bar = 1 cm.
** p<0.01; *** p<0.001.

In contrast, TBP(+) displayed moderate TGI values of 25.0% and 41.5%, while Hf-TBP(+)

displayed TGI values of 16.7% and 50.0% in CT26 and 4T1 models, respectively. All US-free
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treatment groups showed minimal efficacy. The significantly enhanced SDT therapeutic efficacy
of TBP@MOL(+) over other groups was confirmed by the smallest tumor weight among all groups
at the end point (Figure 5-29). Hematoxylin and eosin (H&E) staining and terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays showed that
TBP@MOL(+) significantly reduced the density of cancerous cells and increased apoptosis in
tumor slices (Figure 5-30), demonstrating enhanced cancer cell killing by SDT in vivo.
Hf-TBP(+) | TBP@MOL(+)

PS(+) | TBP(+) y

and TUNEL staining of excised CT26 tumors after SDT treatment. Scale bars = 100 um.
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Figure 5-31. Body weight percentage curves. Mouse body weight percentages of (a) CT26 bearing
BALB/c mice and (b) 4T1 bearing BALB/c mice over the treatment period.
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All treatment groups showed normal body weight trends and minimal damage in major
organ sections (Figure 5-31, Figure 5-32), indicating an absence of general toxicity. Thus, TBP@

MOL provides a safe and efficient platform for enhanced SDT on CT26 and 4T1 tumors.
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5.3 Conclusion

In this chapter, we report a new strategy to design efficient nanosonosensitizers based on
2D MOLs with photosensitizing iridium-based linkers and SBU-anchored TBP sonosensitizers.
The TBP@MOL nano-sonosensitizer showed 14.1- and 7.4-fold higher 'O generation efficacy
than free TBP ligand and TBP-based MOF, respectively. As a result, TBP@MOL displayed about
one order of magnitude higher cytotoxicity than free TBP ligand and TBP-based MOF under US
irradiation. Mechanistic studies indicated that TBP@MOL enhances !O2 generation by preventing
aggregation-induced quenching of the excited TBP sensitizers, efficiently capturing broad-
spectrum sonoluminescence from ultrasonic cavitation via triplet—triplet Dexter energy transfer
between DBB-Ir bridging linker donors and SBU-anchored TBP acceptors, and enhancing energy
transfer from excited TBP sensitizers to °02. TBP@MOL demonstrated significantly higher SDT

efficacy than Hf-TBP and TBP in mouse models of colorectal and breast cancer.

5.4 Experimental section
5.4.1. Materials and methods

All chemical reagents were purchased at the highest quality from commercial sources and
used without further purification. Transmission electron microscopy (TEM) was performed on a
TECNAI Spirit TEM (120 kV), and high-resolution TEM (HR-TEM) was performed on a
TECNALI Spirit F30 TEM (300 kV). Atomic force microscopy (AFM) was performed on a Bruker
Multimode 8-HR AFM, and images were processed using NanoScope Analysis 1.40 software.
Powder X-ray diffraction (PXRD) patterns were obtained on a Bruker D8 Venture diffractometer
using a Cu Ka radiation source (A = 1.54178 A) and processed with PowderX software. Dynamic

light scattering (DLS) and zeta potential measurements were obtained on a Malvern Zetasizer
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Nano ZS instrument. Inductively coupled plasma-mass spectrometry (ICP-MS) was performed on
an Agilent 7700x ICP-MS and analyzed using ICP-MS Mass Hunter version 4.6 C.01.06. Samples
were diluted in a 2% HNO3 matrix and analyzed with '°*Tb and internal standards against a 10-
point standard curve between 1 ppb and 500 ppb. The correlation coefficient was R>0.999 for all
analyses of interest. Data collection was performed in spectrum mode with three replicates per
sample and 100 sweeps per replicate. 'H and '°F NMR spectra were collected on a Bruker NMR
400 DRX spectrometer (‘"H NMR: 400 MHz, ’F NMR: 377 MHz) and referenced to the proton
resonance resulting from incomplete deuteration of CDCl3 ('"H NMR: & 7.26) or DMSO-ds ('H
NMR: 6 2.50). Matrix-assisted laser desorption/ionization-time of flight high-resolution mass
spectrometry (MALDI-TOF HR-MS) was performed on a Bruker autoflex maX MALDI-
TOF/TOF using negative ion reflectron mode. UV-Vis spectroscopy data was collected on a
Shimadzu UV-2600 spectrophotometer. Steady-state fluorescence emission spectra were obtained
on a HORIBA Fluorolog-3 spectrofluorometer equipped with a Synapse OE-CCD detector.
Spectral overlap integrals were calculated using ale — UV-Vis-IR Spectral Software 1.2
(FluorTools, DK).

US irradiation was given using a Chattanooga Intelect TranSport Ultrasound (Model 2782).
The fluorescence intensity of SOSG was measured using a Synergy HTX plate reader (Agilent
Technologies, USA). DPBS (-Mg?*and -Ca®") was purchased from Thermo Fisher Scientific.
Trypsin-EDTA solution was purchased from ATCC. 3-(4,5- dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfo-phenyl)2H-tetrazolium (MTS) assay was purchased from Promega
(USA). Murine colorectal carcinoma CT26 cells and murine triple negative breast cancer cell line
4T1 were purchased from the American Type Culture Collection (ATCC, Rockville, MD). CT26

and 4T1 cells were cultured in RPMI-1640 (Corning, USA) and supplemented with 10% filtered
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fetal bovine serum (VWR, USA) and 1% HyClone Penicillin-Streptomycin 100X solution (Cytiva,
USA). The cells were kept in a water-jacketed incubator with 100% humidity and 5% COz at 37°C.
Flow cytometry data was collected on an LSR-Fortessa 4-15 (BD Biosciences, USA) and analyzed
with FlowJo software (Tree Star, USA). Confocal laser scanning microscope (CLSM) images were
collected on a Leica Stellaris 8 laser scanning confocal microscope. CLSM imaging was performed
at the University of Chicago Integrated Light Microscopy Facility and analysis was done with
Imagel software (NIH, USA). The histological slides were scanned on a CRi Pannoramic SCAN
40x whole slide scanner by Integrated Light Microscopy Core in the University of Chicago and
analyzed with the QuPath-0.2.3 software.>! The absorbance and fluorescence from well plates were
read by a BioTek Synergy HTX microplate reader. BALB/c breeders were obtained from Charles
River Laboratories (USA) and bred in house at the animal facility at the University of Chicago.
BALB/c mice with an age of 6-8 weeks were used for in vivo experiments. The study protocol was
reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at the
University of Chicago. The Human Tissue Resource Center at the University of Chicago provided

the histology related services for this study.

5.4.2. Synthetic and characterization procedures

Synthesis of DBB-Ir. Ir(DBB)[dF)CF3)ppy]:" [DBB-Ir, DBB = 4,4’-di(4-benzoato)-2,2’-
bipyridine; dF(CF3)ppy = 2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine] was synthesized
according to a previous literature report.”> 'H NMR (400 MHz, DMSO-ds): & 9.10 (d, 2H), 8.77
(dd, 2H), 8.49 (d, 2H), 8.44 (d, 2H), 8.16 (s, 2H), 8.04 (d, 4H), 7.82 (s, 2H), 7.65 (d, 4H), 7.11 (m,

2H), 5.91 (dd, 2H).
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Synthesis of Hfi>-DBB-Ir (MOL). The MOL was synthesized according to a previous literature
report with minor modifications.*® To a 1-dram glass vial was added 0.5 mL of HfCl4 solution [2.0
mg/mL in N,N-dimethylformamide (DMF)], 0.5 mL of DBB-Ir solution (4.0 mg/mL in DMF), 2
pL of trifluoroacetic acid (TFA), and 7 pL of water. The mixture was briefly sonicated and then
kept in an 80 °C oven for 1 day. The yellow solid was collected by centrifugation and washed
sequentially with DMF and ethanol and then stored as an ethanol dispersion in the dark.
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Figure 5-33. '"H NMR spectrum of digested MOL.
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Figure 5-34. ’F NMR spectrum of the digested MOL.

Synthesis of TBP@MOL. To a 1-dram glass vial was added 1.0 mL of MOL solution (4.29 mM
in ethanol based on Hf), 1.0 mL of 5,10,15,20-tetra(p-benzoato)porphyrin (TBP) solution (0.8
mg/mL in DMF), and a stir bar. The mixture was stirred at room temperature overnight. The

resulting red solid was collected by centrifugation and washed sequentially with DMF and ethanol

and then stored as an ethanol dispersion in the dark.
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Figure 5-36. Aromatic region of the 'H NMR spectrum of digested TBP@MOL. Digested

TBP@MOL in DMSO-ds shows the characteristic peaks of both TBP and DBB-Ir.

8.2

9.0 8.8 8.6 8.4

9.2

9.4

174



NMR analysis of MOFs/MOLs. 1.0 mg of MOF/MOL was dried under vacuum. A solution of
500 uL DMSO-ds and 50 pL D3POs was added to the dried solid. The mixture was then sonicated
for about 10 min, until no solid residue remained. Prior to '"H/"°F NMR analysis, 50 uL D20 was

added to the mixture to shift the solvent peak away from the aromatic region.

UV-Vis analysis of MOFs/MOLs. 10 pL of a dispersed solution of MOF/MOL was added to a
mixture of 940 uLL. DMSO and 50 pL H3POa. The mixture was then sonicated for about 10 minutes

and the UV-Vis absorption spectrum was recorded.

ICP-MS analysis of MOFs/MOLs. 10 pL of a dispersed solution of MOF/MOL was added to a
mixture of 980 uLL HNO3 and 10 pL HF. The mixture was vortexed and kept at room temperature
for 3 days. The sample was then diluted with ultrapure water to 2% HNO3 and analyzed by ICP-

MS.

Determination of TBP loading in TBP@MOL. The weight % loading of TBP in TBP@MOL
was calculated to be 12.3% using UV-Vis spectroscopy to determine the TBP concentration (378.8
uM), from the Soret band at 420 nm, and ICP-MS to determine the Hf concentration (2.69 mM).
The TBP:Hfiz SBU ratio was about 1.7:1, which yielded the formula
(TBP)1.7@Hf12(0)s(OH)s(DBB-Ir)s(TFA)43. This formula was also supported by the partially
reduced integration of the TFA fluorine signal at § = -74.23 ppm in the '°F NMR spectrum of

TBP@MOL compared to the MOL.
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Synthesis of DBP@MOL. To a 1-dram glass vial was added 1.0 mL of MOL solution (4.29 mM
in DMF based on Hf), 1.0 mL of 5,15-di(p-benzoato)porphyrin (DBP) solution (1.0 mg/mL in
DMF), and a stir bar. The mixture was stirred at room temperature overnight. The resulting red
solid was collected by centrifugation and washed sequentially with DMSO, DMF and ethanol and

then stored as an ethanol dispersion in the dark.
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Figure 5-37. '"H NMR spectrum of DBP@MOL.
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Figure 5-38. Aromatic region of the 'H NMR spectrum of DBP@MOL. Digested DBP@MOL in
DMSO-ds shows the characteristic peaks of both DBP and DBB-Ir.
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Figure 5-39. '°F NMR spectrum of DBP@MOL.
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Determination of DBP loading for DBP@MOL. The weight % loading of DBP in DBP@MOL
was calculated to be 19.4% using UV-Vis spectroscopy to determine the DBP concentration (491.3
puM), from the Soret band at 409 nm, and ICP-MS to determine the Hf concentration (1.46 mM).
The DBP:Hfi2 SBU ratio was about 4.0:1, which yielded the ideal formula
(DBP)4.0@Hf12(0)s(OH)s(DBB-Ir)s(TFA)2.0. This formula was also supported by the significantly
reduced integration of the TFA fluorine signal at § = -74.23 ppm in the '°’F NMR spectrum of

DBP@MOL compared to MOL.

Synthesis of Hf-TBP and Hf-DBP MOFs. 5,10,15,20-tetra(p-benzoato)porphyrin (TBP) and
5,15-di(p-benzoato)porphyrin (DBP) were synthesized following previously reported methods.*"
53 Hf-TBP and Hf-DBP MOFs were synthesized according to previous literature reports.*>>3-54 Hf-
TBP was synthesized by adding 2 mg HfCls, 1.9 mg TBP, 60 uL of 88% formic acid (FA), and 2
mL DMF to a 1-dram glass vial. The vial was placed in an 80 °C oven for 2 days. The purple
suspension was collected by centrifugation, washed with DMF, 1% triethylamine in ethanol, and
ethanol sequentially. The resulting Hf=TBP solid was redispersed in ethanol and stored in the dark.
Hf-DBP MOF was synthesized by adding 2 mg HfCls, 1 mg H2DBP, 75 pL acetic acid, and 1 mL
DMF to a 1-dram glass vial. The vial was placed at 90 °C oven for 3 days. The resulting purple
solid was collected by centrifugation, washed with DMF and ethanol, and stored as ethanol

dispersions in the dark.

Synthesis of Hf-BTB. To a 1-dram glass vial was added 1.0 mL of HfCl4 solution (2.0 mg/mL in

DMF), 0.21 mL of 1,3,5-tris(4-carboxyphenyl)benzene (BTB) solution (2.0 mg/mL in DMF), 85
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pL of formic acid (FA), and 15 pL of water. The mixture was briefly sonicated and then kept in
an 80 °C oven for 1 day. The translucent white solid was collected by centrifugation and washed
sequentially with DMF and ethanol and then stored as an ethanol dispersion in the dark. The

formula for Hf-BTB is Hfe(x-O)4(u-OH)4(BTB)2(HCO2)e.

Synthesis of TBP@Hf-BTB. To a 1-dram glass vial was added 0.8 mL of Hf-BTB solution (1.16
mM in ethanol based on BTB), 0.8 mL of H4TBP solution (0.5 mg/mL in DMF), and a stir bar.
The mixture was stirred at room temperature overnight. The resulting red solid was collected by
centrifugation and washed sequentially with DMF and ethanol and then stored as an ethanol

dispersion in the dark.

Determination of TBP loading for TBP@Hf-BTB. The weight % loading of TBP in TBP@Hf-
BTB was calculated to be 13.8% using UV-Vis spectroscopy to determine the TBP concentration
(116.3 uM), from the Soret band at 420 nm, and ICP-MS to determine the Hf concentration (1.50
mM). The TBP:Hfs SBU ratio was about 0.47:1, which yielded the formula (TBP)o47@Hfe(u-
0)4(u-OH)4(BTB)2(HCO2)s.53. This formula was also supported by the partially reduced
integration of the FA proton signal at § = 8.12 ppm in the 'H NMR spectrum of TBP@Hf-BTB

compared to Hf-BTB.

5.4.3. Photophysical characterization
Time-correlated single photon counting. Time-domain lifetimes were measured on a
ChronosBH lifetime fluorometer (ISS, Inc.) using time-correlated single photon counting

(TCSPC) methods. The fluorometer contained Becker-Hickl SPC-130 detection electronics and an
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HPM-100-40 Hybrid PMT detector. Excitation was provided by a 403 nm picosecond pulsed laser
source (Hamamatsu PLP-10) operating at a 5 MHz repetition rate. Emission wavelengths were
selected with an interference filter at 550 nm with 40 nm bandpass (for DBB-Ir emission) or an
interference filter at 642 nm with 10 nm bandpass (for TBP/DBP emission). The instrument
response function (IRF) was measured to be approximately 120.0 ps FWHM with a 1 weight %
suspension of Ludox LS colloidal silica in water. Multi-component exponential decay lifetimes
were fit using the MATLAB fif function with the default ‘Trust Region’ algorithm. Goodness of

fit is reported using reduced chi-squared values.

Ultrafast transient absorption spectroscopy. Ultrafast transient absorption spectroscopy was
performed using sub-20 fs white light pump and probe pulses. A mode-locked oscillator (Coherent,
Inc.) with a Ti:sapphire crystal that operates at 80 MHz seeds a Ti:sapphire regenerative amplifier
(Coherent, Inc.), which in turn generates a ~40 fs pulse centered at 800 nm with a 5 kHz repetition
rate. This pulse undergoes self-phase modulation in a pressurized 2 m long argon gas tube to create
chirped white broadband pulses with a bandwidth ranging from 480 nm to 800 nm. Dichroic filters,
bandpass filters (Thorlabs, Inc.) and chirped mirrors (Laser Quantum) are used to shape the
bandwidth and temporal profile of the pulse. This results in a sub-15 fs white light pulse with a
bandwidth from 500 to 730 nm. This pulse is split into pump and probe pulses, and the pump pulse
is delayed temporally with respect to the probe pulse with a retroreflector on a stage up until 1 ns
(Aerotech Inc.). Data is averaged over 80 runs for each sample to obtain reliable dynamics over

scatter contributions due to the large sized domains of Hf-TBP and TBP@MOL in solution.

180



5.4.4. Reactive oxygen species generation

Singlet oxygen generation. Singlet oxygen sensor green (SOSG, Invitrogen, USA) assay was
used to measure the 'Oz production and sonodynamic therapy (SDT) efficacy of the sonosensitizers
at various times after US irradiation. 100 uL of aqueous dispersions with equivalent doses of 2.5
uM sonosensitizer (e.g., TBP in TBP@MOL) and 15 pM SOSG solution were exposed to US
irradiation (3.4 MHz, 1.0 W/cm?, 50% duty cycle) for 0, 1, 2.5, 5, and 10 minutes, and the SOSG
fluorescence intensity was measured at each time point using a fluorescence plate reader (Aex =
485 nm, Aem = 520 nm). The controls for MOL and Hf-BTB were prepared using equivalent doses
of either DBB-Ir (6.32 uM) or BTB (29.4 uM) as the TBP@MOL and TBP@H{-BTB groups,
respectively. The physical mixture of TBP and MOL control group was prepared using equivalent

TBP (2.5 uM) and DBB-Ir (6.32 uM) doses as in TBP@MOL.

SOSG assay was also used to measure the 'O2 production and photodynamic therapy (PDT)
efficacy of the sensitizers at various times after visible light irradiation. Aqueous dispersions (1
mL total volume) of the sensitizers, with equivalent doses of 1.5 uM for TBP or 2.5 uM for DBP,
in the presence of 15 uM SOSG were prepared. 100 uL aliquots (n = 5) of the resulting dispersions
were added to a 96-well plate and were exposed to visible light irradiation (630 nm, 100 mW/cm?)
for 0, 1, 2, 3, 5,7, 10, and 15 minutes, and the SOSG fluorescence intensity was measured at each

time point using a fluorescence plate reader (Aex = 485 nm, Aem = 520 nm).

Total ROS and hydroxyl radical generation. Dichlorofluorescein (DCF, Invitrogen, USA) and
3'-(p-hydroxyphenyl) fluorescein (HPF, Invitrogen, USA) assays were used to detect total reactive

oxygen species (ROS) and hydroxyl (¢OH) radicals in different TBP systems after US irradiation.
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100 puL of aqueous dispersions with equivalent doses of 2.5 uM sonosensitizer (e.g., TBP in
TBP@MOL) and 10 uM DCF (or HPF) solution were exposed to US irradiation (3.4 MHz, 1.0
W/cm?, 50% duty cycle) for 0, 1, 2.5, 5, and 10 minutes, and the DCF (or HPF) fluorescence
intensity was measured at each time point using a fluorescence plate reader (Aex = 485 nm, Aem =

520 nm).

5.4.5. In vitro procedures

Cell viability assay. The US irradiated [denoted as (+)] and US free [denoted as (-)] cytotoxicities
of TBP, Hf-TBP, TBP@MOL, and MOL were assessed on CT26 and 4T1 cells using 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-phenyl)-2H-tetrazolium  (MTS)
assay (Promega, USA). Cells were seeded on 96-well plates at a density of 2000 cells/well and
further cultured overnight. TBP, Hf-=TBP or TBP@MOL was added to the wells at equivalent TBP
concentrations of 0, 2.5, 5.0, 7.5, 10, 20, 40, 60, 80 uM and incubated for 6 hours (n = 4), followed
by US irradiation (3.4 MHz, 1 W/cm?, 50% duty cycle) for 10 minutes. MOL was added to the
wells at an equivalent DBB-Ir concentration of 0, 8.75, 17.5, 26.3, 35, 70, 140, 210, 280 uM,
followed by the same US treatment as above. Cells were further incubated for 24 hours and subject
to cell viability measurement using MTS assay. The ICso value was determined by fitting the dose

response curves in Origin Lab.

Cellular uptake. Cellular uptakes of TBP, Hf-TBP and TBP@MOL were evaluated on CT26
cells. Cells were seeded on 6-well plates at a density of 5x10° and cultured in DMEM medium
(10%) overnight. TBP, Hf-TBP or TBP@MOL was added to each well with final equivalent TBP

concentrations of 10 uM (n = 3). Cells were cultured in the 37 °C incubator. At different time
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points (1, 2, 4, 8 h), the medium was removed, and the cells were washed three times with PBS,
trypsinized and collected by centrifugation. After counting by a hemocytometer, cells were
digested with 1 mL of DMSO (containing 10% H3POs4) in 1.5 mL Eppendorf tubes for 48 hours,
with strong sonication every 12 hours. The TBP concentration was determined by UV-Vis

absorbance at 420 nm according to the established standard curve.

In vitro ROS generation. The ROS generation from SDT treatment was evaluated on CT26 cells
by flow cytometry and CLSM. For flow cytometry experiments, CT26 cells were seeded at a
density of 5x10° cells/mL in 6-well plates and the cells were treated with TBP, Hf-TBP and
TBP@MOL at equivalent TBP concentrations of 5 uM and further incubated for 6 hours. 20 uM
DCF-DA (Invitrogen) was then added to each well for another 1 hour incubation. The plates were
then treated with US irradiation (3.4 MHz, 1 W/cm?, 50% duty cycle) for 10 minutes. The cells
were then washed with PBS and trypsinized for flow cytometry. For CLSM, inside 35 mm glass
bottom dishes, CT26 cells were seeded at a density of 1x10° cells/mL and treated in the same way
as flow cytometry but not detached. The cells were washed with PBS, exchanged with warm
phenol-red-free RPMI-1640 medium, and mounted for CLSM immediately using a Leica Stellaris

8 microscope.

AM/PI staining. The general cell death after SDT treatment was evaluated on CT26 by Calcein-
AM/Propidium Iodide (PI) staining with CLSM. CT26 cells were seeded at a density of 1x10°
cells/mL inside 35 mm glass bottom dishes. After overnight culturing, the cells were treated with
TBP, Hf-TBP and TBP@MOL at equivalent TBP concentrations of 5 uM and further incubated

for 6 hours. Cells were irradiated by US (3.4 MHz, 1 W/cm?, 50% duty cycle) for 10 minutes. The
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cells were further cultured for 24 hours and then stained with Calcein-AM (5 uM) and PI (1 pg/mL)
in serum-free RPMI-1640 medium for 30 minutes. The cells were then washed with PBS,
exchanged with warm phenol-red-free RPMI-1640 medium, and mounted for CLSM immediately

using a Leica Stellaris 8 microscope.

Apoptosis analysis. The apoptosis after SDT treatment was evaluated on CT26 cells by flow
cytometry. CT26 cells were seeded at a density of 2x10° cells/mL in 6-well plates and the cells
were treated with TBP, Hf-TBP and TBP@MOL at equivalent TBP concentrations of 5 uM and
further incubated for 4 hours. Then the plates were treated by US irradiation (3.4 MHz, 1 W/cm?,
50% duty cycle) for 10 minutes. The cells were further incubated for 24 hours, washed with PBS,
and trypsinized for the staining of Alexa Fluor 488 Annexin V/dead cell apoptosis kit (Thermo

Fisher Scientific, USA) following the vendor’s protocol.

5.4.6. In vivo procedures

In vivo SDT efficacy. The In vivo SDT efficacy was tested on subcutaneous CT26 and 4T1 tumor
models. BALB/c mice were inoculated with 2x10° CT26 or 4T1 cells per mouse subcutaneously
onto the right flank. After one week, the mice with tumor volume around 80 mm? were randomized
for SDT treatment. PBS, TBP, Hf-TBP, MOL, or TBP@MOL was injected intratumorally with an
equivalent TBP dose of 0.2 umol (n = 5) every 2 days. 6 hours later, the mice were anaesthetized
with 2% (V/V) isoflurane/O2 and the tumor was treated by the sonication (3.4 MHz, 2 W/cm?,
50% duty cycle) for 10 minutes. Tumor sizes were measured with an electronic caliper (tumor
volume = length x width? / 2) and body weight was monitored with an electronic scale daily. At

day 19, the mice were euthanized, and the tumors were weighed, photographed and sectioned for
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H&E and TUNEL staining. Major organs were sectioned for hematoxylin-eosin (H&E) staining

to evaluate general toxicity.

Statistical analysis. Statistical analysis for in vivo efficacy was performed on Origin Lab software
using One-way Repeated Measures ANOVA method with Tukey's honest significance test. The

tumor volume and weight at the last day of experiment were chosen for analysis (n = 5).
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