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ABSTRACT

Coordination polymer nanoparticles (CPNs), as a new growing family of nanoparticles
have piqued the interest of researchers because of their intriguing properties. For decades,
scientists have been attracted by the versatility and tunability of the infinite combination of
metal nodes and organic linkers as precursors of self-assembled materials. Because of such
unlimited possibilities that allow achieving novel properties, nanoscale coordination chemistry
is regarded as one of the most adaptable methodologies for the preparation of new
nanostructured materials. The CPNs properties and characteristics can be fine-tuned thanks to
the synthetic flexibility of coordination chemistry making them excellent materials for different
applications. Moreover, their chemical versatility allows constructing sophisticated systems
combining different organic or metal-organic units that can offer new properties with
interesting applications in energy storage, photocatalysis, molecular electronics, sensors, or
nanomedicine. Interestingly, the use of light-responsive building blocks allows obtaining
photoactive CPNs, which activate remotely their properties under spatial and temporal control.

In this thesis work the attention was focused on the synthesis of photoactive new organic
compounds as CPNs precursors, the manufacture of functional nanomaterials and the
investigation of potential applications of these nanoparticles, based on their intrinsic properties
and their interaction with light. Thus, the research carried out in this PhD thesis work can be
classified in three main topics, described in the Chapters 3, 4 and 5:

In Chapter 3, it is described the design and the synthesis of a novel family of photoactive
Ru-based CPNs. These were obtained through the polymerization of a photoactive Ru(ll)
monomer, known to be a prodrug of anticancer drug. The visible light irradiation of the
obtained CPNs resulted on the controlled release of an aquated Ru complex, of significantly
higher cytotoxicity of the precursor. An extensive in vitro study of thse CPNs, demonstrated
their potential use in photoactivated chemotherapy (PACT-CPNS).

In Chapter 4, a new family of CPNs capable to undergo photons upconversion (UC) was
designed and synthesized and their potential application in various technological fields was
explored. In the first part of this chapter, it is reported the synthesis of two pairs of dyes, acting
as sensitizers and emitters, able to produce visible-to-visible and near-infrared-to-visible UC.
In the second part, the synthesis of the upconverting CPNs (UC-CPNs), hosting both sensitizer
and emitter molecules as constitutive building blocks, was optimized. Apart from the analysis

of their physicochemical and photophysical properties, the CPNs were integrated into a



polymeric matrix to obtain UC water-borne inks and transparent films where UC is preserved
in air atmosphere.

Finally, in Chapter 5, CPNs made by carboxylic acid-terminated diphenylanthracene were
obtained and coated with gold nanostructures. These CPNSs are synthesized to i) trap and store
high amount per particle of molecular oxygen upon irradiation of the anthracene, through the
formation of the corresponding endoperoxide, ii) release the singlet oxygen (*O.) at will, upon
thermal or photothermal heating. The sudden thermal or photothermal release of O, has

potential application for photodynamic therapy (PDT-CPNs).



The results reported in this Thesis have been partially described in the following
publications:

Chapter 3:
(1) Photoactivable ruthenium-based coordination polymer nanoparticles for light-
induced chemotherapy. Junda Zhang, Vadde Ramu, Xue-Quan Zhou, Carolina Frias,
Daniel Ruiz-Molina, Sylvestre Bonnet, Claudio Roscini, Fernando Novio.
Nanomaterials 2021, 11(11), 3089. doi: 10.3390/nan011113089
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Chapter 1

General Introduction



1.1 Macro-to-nano materials & coordination chemistry

Macroscopic constructions can be built to exact specifications using blueprints and
schematics. On a microscopic level, techniques nearly identical to those used in macroscopic
production can be encountered. Due to modern processes, microfabrication can manufacture
finely integrated structures with ultra-high precision at this level. As a result, microscale objects
with precise duplicates of their blueprints can be built and implemented in advanced tools and
methodologies. However, after reducing the material size to the nanometer scale, perturbations
and uncertainties based on thermal fluctuations and mutual component interactions begin to
cause new and interesting effects. Thus, due to the reduced size, these materials have been
endowed with some new capabilities, and thus have the potential to be exploited in various
fields.* Normally, nanoscale manufacturing cannot follow a typical default process using for
macro or micro components. The preparation of functional nanomaterials has to be done with
the synergy of various factors that control the organization of the structure through different

processes.

¥ Complex mutual
- interaction
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Figure 1.1: nanoscale fabrication is different from those in macroscale and microscale dimensions.

Matter at the nanoscale behaves differently from the common macroscopic world. Effects
negligible at the macro- or microscopic level become important at the nanometer scale. The
variations of some physical effects have different origin calling into question the validity of
well known physical laws, since size and quantum effects play major roles. Typically,
nanomaterials are materials with at least one dimension that measures 100 nanometers (nm) or
less. Interestingly, the nanomaterials that have the same composition as known materials in

bulk form may have different physico-chemical properties. For instance, opaque materials



become transparent (copper); inert materials become catalysts (platinum); stable materials turn
combustible (aluminum); insulators become conductors (silicon). There are several processes
to generate nanomaterials, classified as ‘top-down’ (bulk materials are broken into nano-sized
particle normally using physical methods) and ‘bottom-up’ (nanoparticles are produced by

building of atom by an atom, or molecule by molecule, through chemical procesess).

Specifically, in the assembly of units at the nanoscale using bottom-up processes a series
of phenomena that do not occur in other types of manufacturing processes should be taken into
account. As the material size is produced at the nanoscale, the synthetic parameters require
specific control to avoid uncontrolled interaction of the different components (building blocks),
or the appearance of undesirable side reactions. Thus, the fabrication of functional materials at
the nanoscale will be influenced by i) self-assembly of components, ii) atomic and molecular
manipulation, iii) reaction conditions (i.e. reagents concentration, pH, type of solvent...) and
iv) stability of the final product. In this scenario, some challenges of nanomaterials fabrication
are the study of organization processes at the nanoscale for the production of advanced
nanomaterials and nanosystems, the development of novel and unexpected properties, and the

exploration of the new phenomena based on theoretical approximations.

Within the different materials that can be obtained at the nanoscale, polymers are playing
a transcendental role allowing the design and generation of moldable structures with advances
properties and functionalities in comparison with other materials. Specifically, coordination
chemistry, where metal-to-ligand bonds become relevant, offers a powerful tool for the
obtaining of polymeric materials (coordination polymers) with enormous potential applications
in nanomaterials science. Thus coordination chemistry can be considered the basis of the
bottom up synthesis of coordination polymers (CPs). The nanostructuration of the resulting
polymers represent an interesting class of versatile materials comprised of metal nodes and
functional or structural organic linkers, and represents a novel opportunity to develop a unique
class of highly tailorable functional materials that combine the rich diversity of CPs with the
advantages of nanomaterials. Apart from the interest in this coordination polymer nanoparticles
(CPNs) for applications, such as catalysis, energy storage, or environmental remediation, there
is an increasing interest in the development of biocompatible nanomaterials with applications
in biomedicine based on the benefit from the characteristics of both inorganic and organic
building blocks. Therefore, exploring new strategies to obtain novel CPNs with specific

technological or biomedical applications, is needed.



One of the most intereting properties of these materials is their chemical versatility and
flexibility, which allows the rational design of novel functional materials. The control over the
reaction conditions and the rational selection of its components allows for the elaboration of a
wide range of functional nanostructures. Metal-to-ligand bonds exhibit precise directional
interactions, which may modulate the dimensionality of the resulting system and control the
resulting extended structure. Extensive research is being focused on the design of new organic
ligands for the formation of novel CPs with advanced properties.? Organic ligands can be
designed and modified to allow the accurate adjustment of an specific structure or conformation
and, depending on the combination organic ligands-metal node, the dimensionality of the final
structure (1D-3D). Apart from the metal ion coordination, different non-covalent
intermolecular interactions such as hydrogen bonding, 7-7t stacking and van der Waals forces,
might take on relevance during the polymer assembly. These interactions are decisive for the

final structure arrangement of the CPs in a specific coordination network.

1.2 Metal-organic frameworks (MOFs) and coordination nanoparticle polymers (CPNs)

High molecular weight compounds known as polymers are generated by the assembly of
monomeric units together with covalent connections. Contrarily, coordination polymers are
infinite systems constructed using metal ions and organic ligands as the primary fundamental
units connected basically by coordination bonds and other types of connections such as
supramolecular interactions. The coordination polymers can be defined as a compound with
repeating coordination entities extending in one, two or three dimensions. Depending on their

level of structuration (structural regularity/ crystallinity), two types of nanostructured

coordination polymers can be considered: crystalline metal-organic frameworks (MOFs) and
amorphous coordination polymer nanoparticles (CPNs). The MOFs contains potential voids
and offer different dimensionalities and morphologies depending on the synthetic route and the
nature of the intrinsic components. Because of crystals with extremely high porosity (from
1000 up to 10,000 m?g)® and good thermal and chemical, MOFs can be chemically
functionalized to be used for a variety of purposes, including gas adsorption and separation, 5

catalysis,”® luminescence,®1 sensing,''? proton conduction,'3-14 etc.



Figure 1.2: Schematic illustration of the different dimensionalities through the coordination between metals and ligands: (a)
1D, (b) 2D and (c) 3D.

Apart from MOFs, coordination nanoparticle polymers (CPNs), as one of two main
branches of coordination polymers, typically adopt a spherical morphology to minimize the
interfacial free energy between the particles, and exhibit amorphous structures becoming an
option to MOFs lately. The first mention of CPNs was made in 2005 516 and since then, there
are a growing number of CPNs-related publications. There have been reports of metal-organic
nanostructures with fascinating luminescent sensor properties, 1’8 drug storage and release
capabilities 120 and taken part as principal component in optical devices?:?2, Comparing to
the typical MOFs, CPNs exhibit a high extent of structure, size and morphology tunability
affected by a variety of reaction conditions such as metal ions, organic ligands, synthetic
technique, reaction temperature, solvent system, molar ratio, and pH value. 2*?8 Various
approaches have been used for their synthesis, ranging from the use of sophisticated lab-on-a-
chip devices?® (Fig. 2a) or Dip-Pen Nanolithography (DPN)3-3! (Fig. 2b) to other methods as
reverse microemulsions.®> However, the most shared and simple approach is the synthesis of
the CPNs using out-of-equilibrium one-pot reactions conditions, mainly by a reaction of
organic ligands with metal ions in a solvent that promotes a fast precipitation of the resulting
polymeric material. The resulting nanoparticles are usually amorphous and less porous than
nanoMOFs (nMOFs), with a spherical shape to lessen the interfacial free energy and average
dimensions regulated by the addition rate of the ligands and stirring rate.3* Concerning the area
of application, CPNs have become relevant in different fields such as gas adsorption and
separation processes, catalysis, sensor devices, photoluminescence, energy harvesting and

conductivity.



1.3 Synthetic routes

MOFs and CPNs may be created as molecular nanomaterials using a limitless variety of
metal and bridging ligands. The techniques utilized to synthesize MOFs and CPNs may be
classified into four categories: nanoscale precipitation, solvothermal, surfactant-templated and
reverse microemulsion (Figure 1.3). While the last three procedures have the potential to
generate both amorphous and crystalline materials, the first approach often produces
amorphous materials. In this part, we'll provide examples of these fundamental synthetic

techniques.

NCP
T——-—Q l"\r“
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Figure 1.3: Surfactant-free synthesis by simply mixing precursors in appropriate solvents either at room temperature (i)3* or
at elevated temperature (ii).®> Room-temperature synthesis typically yields amorphous CPNs, whereas solvothermal synthesis
at elevated temperatures canafford both CPNs and crystalline MOFs.

1.3.1 Conventional methods
Nanoscale precipitation

Based on the fact that nanoparticles are insoluble in a particular solvent system while the
individual precursors are still soluble, nanoparticles are created. For instance, Catechol-Based
Pt(1V) coordination polymer nanoparticles were created using a method that has already been
laid forth for comparable catechol-based nanoparticles.?6-37 A platinum (IV) prodrug was
dissolved in ethanol (EtOH), and iron acetate (Fe(OAc)2) in H.O was added dropwise. A black
solid in suspension was formed immediately with the addition of iron ions.% Also, Hybrid
metal—phenol nanoparticles for imaging was synthesized by dissolving two ligands (1,4-
Bis(imidazole-1- ylmethyl)-benzene and 3,4-dihydroxycinnamic acid) and subsequently,

treating with an aqueous solution containing the metal salt. A schematic illustration is shown



in Figure 1.4 where is detailed the ligands and metal salts mixing together in an organic solvent

for the formation of the CPNs nanosystems.
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Figure 1.4: Schematic illustration of a one-pot synthesis reaction for the formation of coordination polymers.

Solvothermal synthesis

This method is the most widely used synthetic approach for MOFs synthesis because it
enables relatively quick crystal development with high degrees of crystallinity, phase purity,
and surface areas without the need for specialized equipment (Figure 1.5). This methodology
uses mild conditions for a chemical reaction that takes place in a solvent, normally water, at a
temperature higher than the boiling temperature of the solvent in a sealed vessel from several
hours to days. .40 41,4243 Additionally, novel method has been emerging, such as microwave
aided solvothermal synthesis which allows high quality metalorganic framework crystals to be
synthesized in a short time. The size and shape of the crystals can be highly controlled, and the
synthesis cycle can be significantly reduced for many practical applications, despite the fact
that the microwave approach typically cannot provide crystals with a size great enough for

single X-ray examination.*
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Figure 1.5: Schematic illustration of a hydro-/solvothermal approach for the formation of coordination polymers.

Reverse microemulsion method

Surfactants, co-surfactants, oil and water phases, and surfactants are extensively used to
form the reverse micro-emulsion system. In an oil phase, surfactants generate reversed micelles
where the hydrophilic moieties of the surfactant monomers encircle the water droplet. Each of
these reversed micelles can be used as a tiny reactor. The limit of these micro-reactors causes
them to collide and merge, which causes reactants in the droplet to react and generate
precipitated products, the size of which may be adjusted.

Very known MOFs such as ZIF-8, as porous crystalline material, consisting of tetrahedral
clusters of MN4 linked by simple imidazolate ligands have a lot of potential applications in
different areas such asgas sorption, separation, catalysis, and sensing, and it can be synthesized

by reversed microemulsion according to the method described in the literature.*®

Surfactant molecules assistance

In reverse microemulsion conditions or solvothermal circumstances, surfactant molecules,
such as polyvinylpyrrolidone (PVP), sodium dodecyl sulfate (SDS), PEG-400 (neutral),
octanoic acid and cetyltrimethylammonium bromide (CTAB), can also serve as the template
for the synthesis and modify the reaction speed and shape of nMOFs/CPNs during the reation
processeses, because surfactants not only have low vapor pressure, great thermal and chemical
stability, but also possess fascinating features (including neutral, acidic, anionic, basic, cationic,
etc).4¢ Mesostructured imidazolate frameworks (MIFs) with a basal spacing of approximately
are created when methylimidazole (MelM) and imidazole (IM) react with Zn(OAc)2 in reverse

microemulsion conditions (CTAB/n-heptane/1-hexanol/water). These MIFs are made up of 1D



zinc coordination polymers interspersed with CTAB.*” Zhang and co-wokers prepared four
new three-dimensional (3D) crystalline heterometal-organic frameworks, [M(1,3,5-
benzenetricarboxylate)Cu(py).] (M = Co,Mn, Ni and Zn) using PEG 400 surfactant thermal
method and showing weak antiferromagnetic interactions between the nearest magnetic Co%*

ions, Mn?* ions and Ni?* ions revealed by magnetic studies.*®
1.4 CPNs for biological and technological applications

Coordination polymers, including nMOFs and CPNs, which are hybrid materials created
by multidentate ligands with metal ions nodes, have several advantages, including as high
porosity, large surface areas, and a variety of useful functions. Thus coordination polymers
have been investigated for different kinds of applications, such as catalysis,*® gas storage,* +°
chemical sensing,>® and biological applications.>%-5? In this introduction, we only summarize
some of the most important achievements of CPNs in the field of biological applications

including encapsulation and release approaches, and device applications.
1.4.1 CPNs for biological applications

Nanotherapy are developing quickly and are being used to overcome a number of
problems compared to traditional delivery methods, including low oral bioavailability, lack
of targeting, and poor water solubility. Emerging nanoscale targeting techniques have been
developed as a result of developments in nanoscience and nanotechnology. Practical usage of
a number of therapeutic nanocarriers has been authorized. To enhance their biodistribution and
prolong their retention in the bloodstream, nanoparticles have been engineered for the
suitable size and surface properties. As a result, nanocarriers are able to deliver loaded active
drug to cancer sites by specifically using the distinct pathophysiology of tumors, such as their
higher permeability and retention effect. Nanoparticles using for drug delivery can be created
from a range of substances, such as lipids (liposomes), polymers (polymeric nanoparticles,
micelles, or dendrimers), viruses (viral nanoparticles), and even organometallic compounds

(nanotubes; Table 1).77-78



Polymeric Carrier Polymeric Micelle Dendrimer

(d) (e) U=

Viral Carrier Carbon Carrier
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Figure 1.7: Types of nanocarriers for drug delivery. (a) Polymeric nanoparticles: polymeric nanoparticles in which drugs are
conjugated to or encapsulated in polymers. (b) Polymeric micelles: amphiphilic block copolymers that form to nanosized
core/shell structure in aqueous solution. The hydrophobic core region serves as a reservoir for hydrophobic drugs, whereas
hydrophilic shell region stabilizes the hydrophobic core and renders the polymer to be water-soluble. (c) Dendrimers: synthetic
polymeric macromolecule of nanometer dimensions, which is composed of multiple highly branched monomers that emerge
radially from the central core. (d) Liposomes: self-assembling structures composed of lipid bilayers in which an aqueous
volume is entirely enclosed by a membranous lipid bilayer. (e) Viral-based nanoparticles: in general structure are the protein
cages, which are multivalent, self-assembles structures. (f) Carbon nanotubes: carbon cylinders composed of benzene rings.””

Natural or artificial polymers have been used to create polymeric carriers (Figure 1). Drugs
may be connected to or entrapped within polymeric carriers, depending on the techniques
employed to prepare them.

Yan and co-workers presented the synthesis of multifuncational coordination-drived
nanoparticles via the amphiphilic amino acid (9-fluorenylmethyloxycarbonyl-L-Leucine,
Fmoc-L-L)-modulated self-assembly of a magnetic resonance imaging (MRI) contrast agent
(Mn?*) and photosensitive drug (chlorin e6, Ce6). The resulting Fmoc-L-L/Mn?*/Ce6
nanoparticles (FMCPNs) demonstrated a high inherent biocompatibility, considerable drug
loading capacity reaching up to 36 wt%, robust stability, and PDT damage by releasing Ce6
following coordination of GSH with Mn(ll) decreasing intracellular active GSH

level. Additionally, MRI was utilized to confirm the in vivo anticancer effectiveness.”®
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Figure 1.8: Schematic illustration of the fabrication process of FMCPNs via coordination-driven self-assembly and their
responsive disassembly for MRI-guided PDT. Image extracted from reference.”®



Li and co-workers shared a brand-new, all-encompassing method for delivering Pt-based drugs
to tumor cells by including them into CPNs. Firstly, through the use of poor solvent
precipitation, CPNs were obtained by using Tb3* and disuccinatocisplatin. Secondly
amorphous silica shells of Pt are used to stabilize the Pt-based CPNs to effectively delay fast
dissolution the Pt species' and control the release process and the thickness of silica shell is
tunable by changing the reaction time and amount of reactants. Finally they bonded silyl-
derived c(RGDfK), a short cyclic peptide sequence possessing high affinity for Rv3 integrin,
onto the surface of CPNs to improve uptake in vitro, which is elevated in several angiogenic
malignancies (such as HT-29). Cytotoxicity of CPNs-a and CPNs-b that have different
thickness of silica were evaluated and shown 1C50 (50% Inhibitory Concentration) values of

9.7 and 11.9 M, respectively, while our cisplatin standard had an IC50 value of only 13.0 M.
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Figure 1.9: TEM micrograph for CPNs. (c) TEM and (C) SEM micrographs for CPNs-b. (d) In Vitro cytotoxicity assay
curves for HT-29 cells obtained by plotting the % cell viability against the Pt concentration of various samples and cisplatin
control®*

1.4.1.1 Drug encapsulation and release approaches

Drug encapsulation
Drugs may be physically or chemically entrapped inside a nanoparticle or as constituent

parts of a polymeric unit. Physical containment includes guest encapsulation during CPNs



synthesis or in a pre-synthetic step, which is comprising active ingredients such magnetic
nanoparticles, chemical dyes, or luminous quantum dots was first described in 2009 with
efficiency up to 21%.° Wang and co-workers designed a novel gelatin-dopamin nano-gels
(GDNGSs) and the entrapment was simply carried out by mixing the model drug Dox and
GDNGsin the presence of Fe3* ions.>* Huang and co-workers designed A novel targeted
delivery strategy for in situ encapsulating anticancer medications that has been shown using
coordination polymer spheres made from 1,10-(1,4-butanediyl)bis(imidazole) (bbi) and ferrous
ions. and the encapsulation of DOX HCI can be achieved by simply adding DOX HCI.>

With chemical method, it entails the integration of the active medication or funcational
molecules as a necessary component of the CPNs. Two distinct approaches may be used to
accomplish this: | using bio-active metal ions (such as Fe, Zn, Mn, Ag, or Gd) as linking
components; or ii) using therapeutics as organic ligands.%® Thanks to the application of the
coordination-driven self-assembly approach to the field of DNA nanomaterials, Li and co-
workers reported DNA-based CPNs are described (Scheme 1). The convenience and
adaptability of this method were demonstrated by producing vast numbers of hybrid
nanospheres in a single pot utilizing DNA molecules and Fe?* ions. Also, Novio and co-
workers created nanoparticles with controlled release, dual pH and redox sensitivity, and
similar cytotoxicity to cisplatin against HeLa and GL261 cells by reacting a platinum (IV)

prodrug with iron metal ions.®®
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chemical entrapment.>?



Drug release approaches:

Creating responsive CPNs that selectively administer the medicine in a smart and
controllable way is another crucial challenge. Due to the great degree of tuneability in CPNs
design, smart materials with responsive qualities can be developed, such as pH sensitive, redox-

and light-responsive CPNs.

pH-sensitive CPNs

Utilizing the pH variations within intra- and extracellular environments in cancer cells,
pH stimuli can be a critical key to control the CPNs drug delivery smartly. Thus, both metal
nodes and ligands, as the two main components of CPNs, are possible to be the swtich
controlling a smart release. Chen and co-workers proposed a core-shell nanoparticles that
consists FesO4 nanoclusters as the core and a Salphen-In3* coordination polymer as the shell.
In the presence of higer pH in intracellular environment the outer part of the material starts to
be hydrolized and release free Salphen that subsequently coordinate with Fe ions that released
from Fe304 to afford toxic anti-cancer drugs (Fe-salphen) realising a selective transformation
from non-toxic materials to toxic ones preventing the cancer proliferation.>” Sun and co-
workers used Fe®*, hydrocaffeic acid, and dopamine-modified hyaluronic acid to produce Fe-
CPNs developing DOX-loaded Fe-CPNs. The pH-stimulated breakage of the Fe-DOX
coordination bonds caused DOX release, which was further amplified by hyperpyrexia in the

tumor-related area realizing chemotherapeutic application. %8
Photosensitizers-based CPNs

PDT (Photodynamic therapy) PACT (Photoactivated chemotherapy) and PTT
(Photothermal therapy) are all noninvasive cancer treatments that have minimal side effects,
little drug resistance, and little injury to surrounding healthy tissues. 2% 561 For PDT, PACT
and PTT, photosensitizers and light irradiation are the two primary components of the cancer
treatment. In the last several decades, significant advancements have been achieved in the
production of various photosensitizers, including cyanine-based CPNs,2-% porphyrin-based
CPNs 6669 and ruthenium complex-based CPNs %72 For example, Yin and his co-workers
created a straightforward and reliable method for synthesizing ratio-tunable mixed-metal NCPs
utilizing the precursors Ru[4,4’-(COOH)2bpy]32+, high MR contrast of Gd** , and the high X-

ray attenuation of Yb3+ to develop multimodality imaging probes.”



Redox-activated CPNs

In addition to photosensitizers, chemical medications such as chemotherapeutic
treatments like methotrexate (MTX) and cisplatin-prodrugs have also been used to create
CPNSs."#" However, because of the lack of selectivity from tumors and large drug dosage
utilization, the molecular molecule cisplatin can have substantial adverse effects. To solve this
problem, using therapeutic nanoc has been shown to be a useful and efficient means for
enhancing the tumor uptake of drugs. Utilizing Pt (1V) in its oxidized state as prodrugs rather
than cisplatin is another effective and beneficial tactic [95]. When present in a tumor context,
these oxidized Pt(IV) prodrugs can undergo a reduction process with GSH to become

physiologically active Pt(I1) complexes, which are inactive in normal tissue environments. ’®

1.4.2 Technological applications of CPNs
1.4.2.1 Light-harvesting materials of CPNs

Light-harvesting materials are attracting researchers’ attention and are been widely used
in different areas, such as optical devices, electrical devices and solar cell devices.®-2 In recent
years, materials 8, such as hydrogels, ® porous nanocarriers, biomolecule-based composites,
coordination-drived assemblies have been described and investigated. CPNs, as one of options
above, are simple to be manufactured using the methodologies mention in Chapter 1.3.1. in
Mixing metal ions and multidentate ligands and possible surfactants in a solution, CPNs can
be afforded with round-shape or formless materials through a fast or slow precipitaion process.
Finally, all the components are trapped within the CPNs chemically.

Qu and co-workers designed CPNs that consist of nuclestides (Guanosine 5'-
monophosphate (GMP)) and lanthanide ions (Th3* or Eu®*). Due to the high capacity of this
CPNs, a “light switch molecule” (N-methyl mesoporphyrin IX (NMM)) was chosen and then
incorporated within the CPNs.8 As the most fluorescent dyes do, fluorescence of NMM s
quenched in aqueous solution. However, the inner structure of CPNs offers a hydrophobic
environment for the NMM and also, with the presence of G-quadruplex DNA and the Sr?*-
promoted GMP ensemble,®-87 the fluorescence intensity of GMP was enhance significantly.

Also, the optical changes of the CPNs could be interpreted as binary logic gates.®: 88
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Figure 1.10:Schematic illustration of coordination polymer nanoparticles formation through the self-
assembly of GMP and lanthanide ions. NMM was confined in the adaptive supramolecular networks and showed
intense luminescence. The properties were used to construct versatile logic gates. Image extracted from the reference.®

The same group presented another type of CPNs that consist of guanosine 5’-monophosphate

(GMP), Thioflavin (ThT), thiazole orange (TO) and nucleic acid binders through self-assembly.
They were chosen as the model's FRET donor-acceptor pair because they had adequate optical

characteristics and were readily available on the market . ThT and TO are essentially non-

fluorescent in aqueous solution, but when attached to nucleic acids, they exhibit strong
absorption efficiency and fluorescence quantum yield.3%-% Additionally, it has been discovered
that adding ThT and TO to GMP/lanthanide ions CPNs, increased the fluorescence intensity
of those substances. By adjusting the proportion of donor and acceptor in particles, the optical
properties may be modified, suggesting a tunable strategy for building arrays of light-

harvesting systems.%!




Figure 1.11:Construction of an artifi cial light-harvesting system by encapsulating two dyes into the coordination polymer
nanoparticles through self-assembly.Image extracted from the reference.®!

1.4.2.2 White-light-emitting materials of CPNs

White-light-emitting materials with high luminous brightness, environmental friendliness
and many other advantages,® have gained continuous attentioncan and can be applied in
various fields. Yang and co-workers synthesized Ir-1 and Ir-2 (chemical structures exhibited in
Figure 1) and fabricated CPNs by employing Y (OAc)s salt as metallic nodes and bridging parts
(Ir 1 and Ir 2 both with carboxlic group). Due to the empty 4f orbitals of Y3*, f-f transitions
will not take place and emit nothing in ultraviolet region but phosphorescent emission. Through
adding different amount of Ir-1 and Ir-2, the energy transfer between them can be precisely

adjusted. As a result, the color of the emission can be changed from blue to yellow.
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Figure 1.12: (a) The molecular structure of two iridium complexes and schematic representation of energy transfer in NCPs.
(b) Representative sem image of CPNs. (c) Phosphorescent photographs, from 1 to 10, doping ratio of Ir-1 and Ir-2: 100:0,
99.9:0.01, 99.8:0.02, 99.7:0.03, 99.6:0.04, 99.5:0.05, 99:0.1, 96:0.4, 90:10, 0:100. Images extracted from the reference.??

1.4.2.3 Catalytic materials of CPNs

Apart from biological and device application, CPNs can also be used for other
technological applications, such as catalysis. Zhong and co-workers designed a series of
nucleotide-hybrid metal coordination polymers (CPs) constructed by guanosine 5°-
monophosphate (GMP) and eight different metals with Candida antarcticalipase B (CALB)
was encapsulated inside for enzymatic esterification. The result revealed that that, most of the

present CPs encapsulated CALB (CALB@CPs) samples were highly selective for ester-

21



ification while poor in glycerolysis reaction. They exhibited quite poor performance in
glycerolysis, however, they (most ofthem) showed good performance in esterification of fatty

acids and glycerol for TAG synthesis. *

I | o & \: j i ’ 123
+ — ) -;;.;{ = | ¢ BN
‘i_;\i., ot 2} g 5 L
GMP ;
'3 & <~ S Lipase@GMP/Metal
Lipase Lipase@GMP/Metal

Figure 1.13: A scheme for preparing co-immobilized lipases byin situself-assembly of GMP and metal ions. GMP,
guanosine 50-monophosphate. Image extracted from the reference.®*

Additionally, Lang and co-workers presented the synthesis of Ag-based CPNs which exhibited
good catalytic activity towards the photodegradation of nitrobenzene and other derivatives in
aqueous solution under UV light irradiation.®® In another example, Cao and co-workers
described ultrasmall metal nanoparticles (MNPs) were decorated on soluble porous
coordination polymers (CPs) with high metal loadings. The solubility of the composite and the
size of the MNPs can be controlled by varying the ratio of the precursors to the supports. The
soluble CPs can serve as a platform to homogenize heterogeneous MNPs catalysts, which
exhibited excellent activity and recyclability in C—H activation and Suzuki reactions. This
strategy combines the advantages of homogeneous and heterogeneous catalysis and may bring

new inspiration to catalysis.%

1.5 Scope of the Thesis
Coordination Polymer Nanoparticles
Chapter 3 Chapter 4 Chapter 5
Photoactivable . o DPA4-S-COOH Based
Ruthenium-Based Upconverting Coordination L
L . Coordination Polymer
Coordination Polymer Polymer Nanoparticles .
. Nanoparticles
Nanoparticles
Biological . L . . L
application Device application Biological application
(Chemotherapy) (Solar concentrator) (PDT)

Figure 1.14: Schematic representation of the structure followed in this Thesis.



For the development of this Thesis, the work was based on two main challenges:

i.  The first one consists of the design and synthesis of novel CPNs. The rational design
was based on the formation of CPNs. In all the cases, the synthesized nanostructures

in the form of colloidal suspensions in water were explored.

In the Chapter 3, the obtaining of ruthenium-based CPNs with photoacivable

property and the quantification of the drug release upon the light irradiation.

In the Chapter 4, the rational design of the dyes for TTA upconversion and the
construction of the upconversion coordination polymer nanoparticles and

optimization of materials optical properties.

In the Chapter 5, the obtaining of the DPA-S-COOH based coordination polymer
nanoparticles.

ii. The second challenge was related on the validation of the developed materials in their
specific applications, such as drug delivery (Chapter 3), emissive device (Chapter 4)
and PDT (Chapter 5).
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Accordingly with the described in the introduction, the two main general objectives set for

this Thesis are:
To design functional coordination polymers consist of therapeutic drug for possible

biological application.

To design functional coordination polymers consist of fluorescent dyes for possible

technological and biological application.

To achieve the first objective, the following specific objectives were set:
l. To synthesize and characterize photoactivable ruthenium-based coordination

polymer nanoparticles.

I. To investigate the drug release profile and potentials for biological applications,

such as drug release quantification, cell uptake, cytotoxicity measurement, etc.

1. To study the in vitro behaviour of the coordination polymer nanoparticles upon
light irradiation.

To achieve the second objective, the following specific objectives were set:

l. To design, synthesize and characterize fluorescent dyes.

. To synthesize and characterize the light-responsive coordination polymer

nanoparticles

1. To investigate the possible technological and biological applications, such as

emissive device and photodynamic therapy
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Chapter 3

Photoactivable Ruthenium-Based Coordination
Polymer Nanoparticles for Light-Induced

Chemotherapy
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3.1 Introduction

According to the WHO (world health organization), cancer is a leading cause of death
worldwide, accounting for nearly 10 million deaths in 2020. The most common in 2020 (in
terms of new cases of cancer) were: breast (2.26 million cases); lung (2.21 million cases); colon
and rectum (1.93 million cases); prostate (1.41 million cases); skin (non-melanoma) (1.20
million cases); and stomach (1.09 million cases). The research of chemotherapeutic drugs for
cancer treatment based on transition metals has always been one of the most interesting
hotspots,' as consequence of the obvious benefits obtained from the long-term and widely
used cisplatin [cis-Pt(NH3).Cl>] in clinical application . The unexpected discovery by
Rosenberg and collaborators of the antitumor activity of cisplatin in the 1960 simpulsed an
intense research with this compound and its analogs for the treatment of many cancers.5”’
Although cisplatin and its derivatives are efficacious against most of cancers, they present poor
selectivity to tumor tissues and causes non-cancer cell toxicity with subsequent severe adverse
effects.®1% Along with cisplatin, oxaliplatin and carboplatin constitute the first generation of
the Pt-based anti-cancer drugs with evident therapeutic effects on different types of tumors,
such as breast, lungs, ovarian, and colorectal. Since these drugs are causing apoptosis to cancer
cells and healthy cells at the same time, serious undesirable effects are showing up during the
therapeutic processes, including cardiotoxicity, nephrotoxicity, neurotoxicity and
myelosuppression. Besides, during treatment, the resistance of tumors to Pt-based drugs lowers

the efficacy of therapy or even causing treatment failure (Figure 3.1).1%-12
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Figure 3.1: Chemical structures of cisplatin, oxaliplatin and carboplatin and the possible side effects caused by using platinum-
based anti-cancer drug during therapeutic process

Different strategies have been used to solve the problems associated to the use of Pt(ll)
complexes, such as using targeting drug delivery systems and reduction responsive Pt(IV)

prodrugs.®** In addition, many nontoxic (in the dark) photoactivable Pt(IV) agents have been
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reported, which can release cytotoxic Pt(Il) species upon light irradiation.’®> These kinds of
prodrugs are used in photoactivated chemotherapy (PACT), which can trigger and limit the
therapeutic effect within the tumor tissues by spatio-temporal control of irradiation, thus
reducing the side effects.'®1” Compared to traditional photodynamic therapy (PDT),*® a
phototherapy that normally is oxygen-dependent, PACT offers an oxygen-independent
mechanism, more suitable for hypoxic tumors, where the concentration of oxygen is notably

low.1®

3.1.1 Ruthenium anticancer drugs

Other transition metal complexes, especially ruthenium (Ru) complexes, have been
presented as an interesting alternative to platinum drugs owing to their potential anticancer
properties and selective cytotoxic activity.?® As a transition metal in group 8, the second row
of the transition metal series, ruthenium has two main oxidation states, Ru(ll) and Ru(lll).
Since the highest oxidation states is relatively unstable inside the cell, due to the low oxygen
content caused by the fast metabolism in tumor sites (Figure 3.2),2"%* the reduction of
ruthenium’s oxidation state from Ru(III) to Ru(II) takes place readily attacking the cancer cells.
On the other hand, the healthy cells are not affected by the highest oxidation state. Also,
ruthenium compounds theoretically possess unique biochemical features allowing them to

accumulate preferentially in neoplastic tissues.?®

Till now, several Ru(lll) complexes as chemotherapeutic agents have already entered
clinical trials, such as NAMI-A, KP1019, and KP1339 (Figure 3.2). NAMI-A was the first
approved Ru complex to reach clinical investigations and showed success in phase | clinical
studies though showed only limited efficacy in the phase Il stage, which resulted in the failure
of the clinical investigations.?® KP1019 has attracted lots of attention as promising anticancer
drug alternative, although it has some drawbacks, such as poor solubility limited in phase | and
low cytotoxicity in vitro. Instead, a more soluble sodium salt, KP1339, was developed to break

the limitation for the further applications and is currently undergoing clinical trials.t 27-32

Also, more attentions has been focused on the photoactivation of Ru(ll) complexes. Thus, the
first Ru(Il)-based photosensitizer for PDT, the TLD1433, has entered human clinical trials.3?
Different studies have also demonstrated that Ru(ll) complexes may have potential as PACT

agents.'* Compared to Pt(1V) complexes, Ru(ll)-based PACT agents have some promising
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advantages such as the easy-tunable molecular structures, rich photochemical properties, while
the octahedral structures may endow them with good activity against cisplatin-resistant cancer

cells.34-35

o Accumulation preferentially in tumors rather than normal tissues

o Remaining its relatively inactive Ru(lll) oxidation state until it

Ruthenium reaches the tumor site
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Figure 3.2: Advantage of ruthenium anticancer drug and chemical structures of NAMI-A, KP1019 and KP1339

3.1.2 Photo-activatable Ru complexes for photodynamic therapy and photoactivated

chemotherapy

Photoactivation is an important and efficient way to improve selectivity and reduce
the side-effect of Ru complexes in cancer therapy. An ideal photoactivatable Ru metallodrug
should be non-toxic in the dark but become toxic to cancer cells when they are delivered to

tumor tissue and activated by light, providing photodynamic(PDT) or/and PACT activity.26-3
3.1.2.1 Photodynamic therapy

Photodynamic therapy (PDT) is a two-stage treatment that combines light energy with a
drug (photosensitizer) designed to destroy cancerous and precancerous cells after light

activation.®®4  To achieve PDT, three essential factors are required:

Light: light is used to excite molecules to higher electronic excited states, which possess
the energy to undergo processes not possible in the ground state. In PDT, it is normally desired
to induce excitation of the photoactive agent by using radiation of the visible or near infrared

(NIR) spectral region, to avoid the absorption of the biological tissues and assure deeper
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penetration. due to the complexity of the samples related to the biological imaging, criteria for
assessing phototoxicity cannot be set. To minimize the negative influence on the biological
objects during observation, practical assessments and standards have to be setup and ultraviolet
with high energy and shallow penetration depth should be avoided to the greatest extent

possible. no

A photosensitizer: Normally, a photosensitizer is activated by light (usually from
a laser source). The optimum scenario is that the photosensitizer is nontoxic until it is
activated by light irradiation in the targeted tissue. Although there is a large variety of
photosensitizers that have been tested out in vivo and in vitro, very few have shown
promising properties.**4 Rapid clearance, selectivity for tumor cells, chemical and
physical stability, activation at wavelengths with optimal tissue penetration are all
crucial parameters for the photosensitizer.

Oxygen: When the photosensitizers are irradiated they populate an excited state,
normally a singlet,which after intersystem crossing (ISC), triplet excited states are
forming. The triplet excited states usually have quite long lifetime (from ps to s) and
their energy is released through two main paths. In a Type 1 mechanism, the triplets
react with a substrate to form radicals that can further react with oxygen to produce
reactive oxygen species (ROS).4”*% In Type 2 mechanism, the triplet are quenched by
the ground state molecular oxygen (302), which is sensitized to produce highly reactive
oxygen radical and singlet oxygen (*0-).>° Both Type 1 and Type 2 reactions can occur
simultaneously, and the ratio between these processes depends on the type of

photosensitizers and the surrounding.*” 49

In addition to treat cancer, PDT also has been used to treat bacterial, fungal and
viral infections.>-52 Also, different studies have shown that PDT can also trigger the body's
immune response,>3>* affording another means to help destroy cancerous and precancerous

cells.

3.1.2.2 Photoactivated chemotherapy

Photoactivated chemotherapy (PACT) is a new name for“photocaged” compounds, which

were firstly introduced by organic chemists Engels and Kaplan in 1970s using photocleavable

moiety to protect bioactive center.5>% PACT compounds can be activated by light, which
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involves bonds cleavage or redox reaction. This irreversible reaction allows biological

reactions and toxic ligand release to realize therapy (Figure 3.3).57-60

@ visible light @ . @

« caged »
no effect DNA or
protein binding

Figure 3.3: General principle of photoactivated chemotherapy. M represents a metal-based compound and L a ligand. Before
light irradiation both compounds cage each other. Cleavage of the M-L bond occurs either via photoreduction,
photosubstitution, or radical mechanisms. Either the fragment M or L, or both, may bear some biological activity. Image
extracted from reference.5!

Compared to PDT, PACT allows the oxygen-independent activation of drugs, which then
also works under hypoxic conditions. This feature makes it potentially more versatile than Type
Il PDT, which requires the presence of a significant amount of molecular oxygen to generate
enough reactive 'O species to induce cytotoxicity.16-17. 37, 57,6267 pACT facilitates the control

over when and where a drug is activated, resulting in a notable specificity of drug action.

For PACT, metal complexes are normally used. The effect of light on metal complexes
and the subsequent effects on biomolecules, particularly DNA, is well-documented. Light can
alter the electronic structure of molecules and induce changes in both physical and chemical
properties. The generated excited state is typically short-lived; however, as the molecule
returns to the ground state, the energy can be dissipated in different ways, in the form of light
or heat, induce a chemical modification of the structure or transferred to another species.!’
Metal complexes have excited states that can be normally obtained upon irradiation with UV-
vis light. Transition metal complexes with d® and d® electronic configurations are particularly
promising, due to their photophysical properties and the relative non-lability of complexes.58

PACT agents can be activated through different mechanisms:®!
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Photoreduction: In the reductive environment, mostly Pt(IV) or Co(lll) based
complex will undergo reduction, yielding cytotoxic Pt(I1) or Co(ll) species and one or
more organic ligands.®-70

C-C bond cleavage: This process is caused by a response of neighboring metal center

upon irradiation, which has been widely used for many photocaged compounds.’*-"2

Photosubstitution: This is a nonredox rection involving ligand exchange. Chemically
speaking, d6 metal ions, such as Ru(ll), Rh(I), Ir(lll), or Re(l), undergo
photosubstitution upon light irradiation, which generates triplet excited states of
metal-to-ligand character ((MLCT) and subsequently interconverts to a highly
dissociative excited metal-centered triplet state (3MC) resulting in  substitution of

mostly water molecule (aquation) with a free ligand(s) release.36-37. 57

New Pt(IV) complexs have also been developed as PACT compounds that absorb
in UVA (320-400 nm) or high-energy visible light (400—-450 nm), which damage cells
and have shallow penetration depth.®® * However Ru-based complexes can be
activated at higher wavelengths and closer to the phototherapeutic window.36-37" 57
Before bring the these PACT agents to the clinical use, there are still some challenges
needed to be handled, such as water solubility, preferential accumulation in
tumours,” precise controlled release of the drug,”® 7576 increase of the biocompatibility
while minimizing residual toxicity in the dark 7"® and improvement of their fast
clearance from the bloodstream,® must be faced without compromising photoinduced

activation.

To overcome most of these limitations, an interesting approximation consists on the

incorporation of photolabile complexes in nanoparticles (NPs) , 8- included Ru-based

complexes, for their application in photoinduced therapies.®® For instance, Wu et al. have

reported the covalent link of Ru to block copolymers (Figure 3.4) 37 8 that stabilize

photoactivatable ruthenium complexes under physiological conditions. & This strategy

includes ruthenium-containing block copolymer units that self-assemble into nanoparticles in

aqueous solution with excellent uptake in vitro and in vivo results. The inhibition of cancer

cells was related to the generation of singlet oxygen (*O) upon irradiation with red-light. 3686
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Figure 3.4: Structure and photoreaction of the metallopolymer PEG-b-P(CPH-co-RuCHL). The green and purple parts in the
chemical structures represent the drug (CHL) moiety and the Ru complex moiety. Red light induces the release of the drug—
Ru complex conjugate [Ru(CHLtpy)(biq)(H20)]?*. b) Self-assembly of PEG-b-P(CPH-co-RUCHL) and its phototherapy in
hypoxic tumor environment. Images extracted from reference.3”

Other approaches involve the conjugation of photocleavable Ru complexes to the surface
of upconverting NPs.8- Zhou et al have synthezied Bovine serum albumin (BSA) coated
lanthanide-doped upconversion nanoparticles (NaYF4:Yb:Tm@NaYFs (UCNPs)) loaded
using a Ru(ll) PACT agent [Ru(dip)2(spc)]*. The resulting UCNP@BSA@Ru nanoparticles
can peel off [Ru(dip)2(spc)]* upon dual light irradiation (980 or 470nm). Also,
UCNP@BSA@Ru nanoparticles showed good photo-cytotoxicity towards a series of cancer
cell lines (Figure 3.5).

Nonetheless, the encapsulation of photoactive Ru-based complexesis in its fledgling stage,
so there is a growing interest to develop novel nanoparticles that allow a proper fine-tune

structure/function correlations and adapt it for their use in photoactivated chemotherapy.®*
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Figure 3.5: Schematic illustration of the fabrication of UCNP@BSA@Ru nanoparticles and their PACT action upon 980 nm
irradiation. Image extracted from reference®”.

3.2 Objective

The general objective of this work was the preparation of non-cytotoxic Ru-based
coordination polymer nanoparticles (CPNs) with photoactivated chemotherapy properties,
promoted by visible light. For this we aimed to use a coordination polymer where the backbone
of the polymer is constituted by the complex [Ru(bigbpy)(dmso)CI]CI monomer (complex 1,
where bigbpy stands for 6,6°-bis[N-(isoquinolyl)-1-amino]-2,2’-bipyridine), linked through Ru
center and bis(imidazol-1-yl)hexane (BIS) or bis(imidazol-1-ylmethyl)benzene (B1X) spacers
to afford Ru-BIS-based CPNs (RuBIS-CPNs) and Ru-Bl1X-based CPNs (RuBIX-CPNSs). The
choice of this compound as a monomer was dictated by the results of previous studies, carried
out by the group of Prof. Silvestre Bonnet (Leiden university), which proved the non-toxic anti-
cancer drug precursor complex 1 that can be converted efficiently into the cytotoxic aqueous
active species [Ru(bigbpy)(H20).]?* through photosubstitution (aquation) (Figure 3.6). The
BIS or BIX acts as a bridging ligand between the monomeric complex without affecting its
property and the alkyl chain provide the amorphous character to the polymer, within the

nanoparticles (Figure 3.7).
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Figure 3.6: Ligand exchange processes upon dilution of complex 1

Similar CPNs (e.g. Pt (IV)-based CPNs) have already been successfully demonstrated to
be highly performing as biocompatible contrast agents and antitumoral application.**® Thus
this nanostructure is expected to offer good colloidal stability, scalability, cellular
internalization, and even more noticeably high payloads, as the prodrug constitutes the
backbone of the nanoparticles polymer itself.** All these advantages turn out to be really helpful
to reduce the dose, the irradiation intensity required to activate the anticancer drug diffusion,
and therefore any side effect. Though, in spite these advantages, the number of ruthenium-
based coordination polymers with antitumor applications is rather limited and none of them

have been shown photoactivable properties.

Complex1 BIS/BIX Coordination Polymer RuBIS/RuBIX CPNs
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Figure 3.7: Scheme of synthesis and photoactivation process of Ru-based coordination polymer nanoparticles (RuBIX and
RuBIS-CPNs).
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3.3 Results and discussion
3.3.1 Synthesis and characterization of RuBIX-CPNs and RuBIS-CPNs

The polymerization process was performed using two different ligands acting as linking agent
of the monomeric unit, through the coordination to the Ru: BIX or BIS. These two ligands
were chosen because they are nontoxic and relatively flexible.®>" To obtain the corresponding
photoactive RuBIS-CPNs and RuBIX-CPNs, the polymerization was carried out following a
methodology previously described for the synthesis of other Zn?*,Fe?* and Co?* based CPNs

of relevance in biological applications.%5-%: 98-99

Complex 1 was refluxed in water under N2 atmosphere and then mixed with the ethanol
solutions of BIX or BIS ligand, slowly injected in the Ru-complex solution, while refluxing.
The refluxing time after the addition of the ligands was varied between xx and xx h, as it was
observed that it affected the size of the CPNs, as shown below. After refluxing, and cooling
down to room temperature a saturated KPFs solution was added to the mixture to obtain a
brown precipitate (Figure 3.8). The solids obtained from the two syntheses was centrifuged,
washed with cold ethanol, and freeze-dried for subsequent storage and characterization.

\
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. 500 rpm =
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R N2 conditions| 5 ligand solution i |
BIX or BIS in Precipitation
ethanol through KPFs

Figure 3.8: Schematic of the RuBIX and RuBIS-CPNs synthesis.

Before studying the PACT properties chemical, morphological and optical
characterization of the solid was carried out. FTIR of the freeze-dried solid showed the
presence of the peaks associated to BIX (2952 cm™* and 498 cm) or BIS (3000 cm?, 1509 cm-
Land 1472 cm) 0 and of complex 1 (1532 cm™ and 1098 c¢m). More importantly, the
appearance of new bands for both RuBIX-CPNs (825 cm™ and 443 cm™) and RuBIS-CPNs

(839 cm™ and 432 cm), assigned to the antisymmetric stretching modes of PFs and Ru-N,
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respectively, which confirmed the coordination of the BI1X and BIS ligand to complex 1 and

the presence of PFg as a counterion (Figure 3.9).191
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Figure 3.9: FTIR spectrum of (a) RuBIX and (b) RuBIS-CPNs compared to the complex 1, BIS and BIX FTIR spectra.

The scanning electron microscopy (SEM) analysis of RuBIX-CPNs revealed the
formation of spherical particles with a rough surface and an average diameter of 210 37 nm
(Figure 3.10a), in agreement with the dynamic light scattering (DLS) measurements, showing
a hydrodynamic diameter of 214 103 nm (Figure 3.10d). When RuBIS-CPNs were obtained
after 2h (refluxing time after ligand addition), similar dimensions and size distribution as for
RuBIS-CPNs (200 nm , Figure 3.10b) were obtained, though these showed a smoother
surface. Moreover, for these RuBIS-CPNs it was noticed that the size could be significantly
decreased by reducing the reaction time. Indeed by shortening the reaction time to 1 hour the
average hydrodynamic diameter of the RuBIS-CPNs in Milli-Q® water was reduced to 93 +
46 nm (Figure 3.10c), in agreement with the average size of 50 =12 nm found by SEM (Figure
3.10e). This size tunability and reduction provided by the synthetic method is highly important,

as it allows making these CPNs small enough enhance the cellular uptake, required for the
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application of these PACT-CPNs in biological systems.

Number (%)

1 10 100 1000 10000 1 10 100 1000
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Figure 3.10: (a) Representative SEM images of (a) RuBIX-CPNs, (b) RuBIS-CPNs (2 hours reaction), RuBIS-CPNs (1
hours reaction) dispersed in Milli-Q® water, scale bar: 1 pm, 2 pm and 500 nm respectively. DLS measurements for a 50
ug/mL of (d) RuBIX-CPNs, () RuBIS-CPNs (1 hours reaction) suspension in Milli-Q® water.

For the same reason, before performing further characterization of the PACT-CPNSs, we
aimed to investigate their colloidal and chemical stability in aqueous media relevant for
biological applications. For this it was chosen a phosphate buffered saline (PBS) aqueous

solution, containing bovine serum albumin (BSA) protein (20 mg/mL).

It was observed that when the RuBIX-CPNs were kept in this medium during 2.5 h, they
lost their shape forming unstructured material, as shown by SEM image (Figure 3.11a). and
The loss of the nanostructure was possibly related to the coordination exchange with phosphate
in PBS. DLS analysis of the RuBIX-CPNs suspension upon time revealed a size increase,
which was ascribed to the formation of aggregates. These results indicated that RuBIX-
CPNs are not stable in the simulated physiological media (Figure 3.11b). On the other hand,
RuBIS-CPNs showed colloidal stability in BSA-containing (20 mg/mL) PBS solution for at
least 24 h as corroborated by DLS analysis . Therefore, because their colloidal and chemical
stability, the RuBIS-CPNs were chosen for further studies (Figure 3.11c).
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Figure 3.11: (a) Representative SEM image of RuBIX-CPNs dispersed in PBS buffer containing 20 mg/mL BSA. DLS
monitoring measurements for a 50 ug/mL (b) RuBIX-CPNs (2.5 h) and (c) RuBIS-CPNs (24h) suspension in PBS buffer
containing BSA (20 mg/mL).

Inductively coupled plasma mass spectrometry (ICP-MS) analysis of the RuBIS-CPNs
showed a content of Ru in the CPNs of 6.9 0.2 wt% (Figure 3.2.4a). Finally, the lack of
diffraction peaks in the X-ray powder diffraction (XRD) indicated the amorphous nature, , of
the obtained RuBIS-CPNs (Figure 3.11b).
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Figure 3.12: (a) Inductively coupled plasma mass spectrometry (ICP-MS): the calibration curve of the Ru. From this curve
and the signal intensity related to the Ru in the CPNs allowed to determine a percentage of Ru in the CPNs of 6.9 0.2 wt%.
(b) X-Ray Diffractometry of BIS ligand (black), KPFs (red), complex 1 (blue), and RuBIS-CPNs (pink)

To quantify the exact amount of each component in RuBIS-CPNs, nuclear magnetic
resonance (NMR) technique was used. However, the slow rotational correlation time in NMR
of these nanoparticles in a colloidal solution makes it difficult to obtain a quantitative NMR
spectrum. To accomplish this, the RuBIS-CPNs were dissolved in deuterated dimethyl

sulfoxide solvent ((CD3).SO) containing a certain quantity of deuterium chloride (DCI) to
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decompose the nanoparticles into the molecular entities and thus obtain sharp signals that allow
quantifying the ligand-to-ligand ratio. To make sure that different spectra are comparable, the
same ratio DCI/(CD3)2SO was used (50 pi DCI/mL (CD3).SO).

In order to have precise quantification, fluoroacetonitrile (CH2FCN) that has H and F
atoms was chosen as the internal reference. After testing out the *H NMR spectra of dissolved
RuBIS-CPNs, complex 1, BIS, and CH2FCN, the tHNMR spectrum of dissolved RuBIS-
CPNs showed the typical pick from each component (a,b,c peaks assigned from the spectrum
of BIS, and e,f peaks from complex 1, Figure 3.13a). From °F NMR spectra of dissolved
RuBIS-CPNs, it proved the presence of PFg.

Ssample Nstq Msta Msample
X X X Psta
Sstd Nsample msample Mstd

Psample -

S = Integrated area of the peak, N = Number of protons (Number of hydrogen atoms in the functional group), m = Prepared

mass, M = Molecular weight, P = Purity

With the equation presented above, itallowed us proposing the chemical formula
[[Ru(bigbpy)]1s(bis)](PFe)s. The characterization analysis was successfully performed for at
least three different batches of RuBIS-CPNs to assure the reproducibility of the synthetic
methodology.

The stoichiometric deviation from theoretical expected ratio of the components for a linear
polymer ([Ru(bigbpy)]:BIS = 1:1) is quite archetypal for CPNs. This is attributed to the out-
of-equilibrium synthetic conditions that lead to the fast precipitation process of oligomeric
species with different stoichiometry.%: 95-%. 102-103 |n any case, the Ru-complex payload was as
high as 41wt%, which is more than 4-fold higher than most conventional metallodrug-loaded

polymer carriers known to date (typically less than 10%). 104
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Figure 3.13a: 'H NMR spectra of (top to bottom) RuBIS-CPNs, complex 1, CH2FCN (intemal reference) and BIS.
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Figure 3.13b: °F NMR spectra of RuBIS-CPNs and CH2FCN (internal reference)
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3.3.2 Photoactivity of RuBIS-CPNs

After the chemical and morphological characterization of the RuBIS-CPNs, the next step
consisted of the investigation of their behaviour upon absorption of light. The photoactivity of
the RuBIS-CPNs was monitored by both UV-Vis spectroscopy and high-performance-liquid-
chromatography (HPLC).

Monitorization by UV-Vis

UV-Vis spectroscopy of fresh-made PBS suspensions of the RuBIS-CPNs showed an
absorption band with a maximum at Amax = 315 nm and two shoulders at Aaps = 365 nm and 439
nm, which extended up to 600 nm (Figure 3.14, black curve, time =0 min). No spectral changes
were observed in the dark upon time (3 h and 10 min). The DLS measurement was carried out
along with the absorption measurement to monitor the size change, which turned out a size

maintaining.
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Figure 3.14: (a) Evolution of the UV-vis absorption spectra of a PBS suspension of RuBIS-CPNs in the dark over time. (b)
Plot of absorption intensity at 315 and 439 nm of the RuBIS-CPNs suspension in the dark. (c) DLS tracing results of the
RuBIS-CPNs suspension in PBS solution recorded at 0 min and 3 h 10 min.

S

On the other hand, significant spectral changes were found under irradiation. For these
experiments two different irradiation wavelengths were selected: i) 450 nm, close to the CPNs
absorption maximum in the visible region and ii) 532 nm, taking advantage of the tail of the
broad absorption band. This last wavelength should be not only suitable for triggering the
photosubstitution reactions but is also less harmful than blue light to living cells and allows

deeper penetration in biological tissues.

Irradiation with 450 nm (0.35 W/cm?) for the first 10 min showed a red-shift of the main
band, from Amax = 315 to 326 nm and an intensity increase of the shoulder at Aaps = 439 nm
(Figure 3.15a,b). Irradiation for longer periods (up to 2.5 h) evidenced an intensity decrease of

both bands, and of the shoulder at Aas = 365 nm, until its disappearance (Figure 3.15a,b).
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Moreover, anisosbestic point at Aiso = 406 nm was observed for the spectra recorded during the
second period of irradiation. These results suggest that two different processes are occurring
before and after the 10 min irradiation and that the intermediate species is interconverting in
the final product. This time-dependent two-step process was tentatively explained by an initial
fast formation of photoinduced intermediate species (tirradiation < 10 min) and its subsequent
slower photochemical reaction (tirradiation > 10 min) leading to the formation of the final
photoproduct.

Irradiation with green light (Aexc = 532 nm, 0.42 W/cm?) yielded similar results though the
spectral changes occurred more slowly possibly due to the lower absorption of the RuBIS-
CPNs at this wavelength. A red shift from Amax = 315 to 326 nm and an increase of intensity at
Aabs = 439 nm was observed for the first 15 min of irradiation, while longer irradiation periods
(up to 3 h) induced a decrease of the two bands (326 nm and 439 nm) and the formation of an
isosbestic point (Figure 3.14c,d).The similar evolution of the UV-Vis spectra observed for the
molecular complex 1 under blue and green light irradiations,®” suggested a similar photo-

induced process towards the active photoproduct.
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Figure 3.15: (a) Evolution of the UV-vis spectra of a PBS suspension of RuBIS-CPNs, upon blue light irradiation (Aex = 450
nm). (b) Plot of absorption changes at 326 nm (black) 439 nm (red). c) Evolution of the UV-vis spectra of a PBS suspension
of RuBIS-CPNs, upon green light irradiation (Aex = 450 nm). (d) Plot of absorption changes at 326 nm (black) 439 nm (red).
(e) Evolution of the UV-vis absorbance spectra of a solution of complex 1, upon 450 nm blue (left) or 530 nm green light
(right) irradiation under argon. Image extracted from reference.5”
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HPLC studies

In order to get more information on the photoactivated process in which undergo the
RuBIS-CPNs, it was decided to analyse the photoproducts of the irradiated CPNs with high-
performance-liquid-chromatography (HPLC).

Its intrinsic selectivity and sensitivity compared to *H NMR or UV-Vis spectroscopy
allows the determination and quantification of the photoproducts as well as to differentiate the
final Ru-containing products, more specifically than with inductively-coupled plasma mass
spectrometry (ICP-MS).36-37.105-106 Eqor the HPLC studies it was decided to use only 532 nm
light as it was confirmed to induce photoreaction of the RuBIS-CPNs and is more relevant for
biological application than the 450 nm light.

In order to discriminate the formation of the photoproduct, from the possible by-products,
it was first decided to irradiate a stock solution of molecular complex 1 in water. The
photoreactivity of this complex was previously studied by Bonnet and coworkers who
concluded the conversion of the complex 1 to the active aqueous photoproduct was quantitative
under green light irradiation.>” Therefore, if the RuBIS-CPNs were releasing the same
photoproduct, it should have had the same retention time in the HPLC. Because of the
quantitative conversion of complex 1 into the aqueous compound, a calibration curve of the
photoproduct could be obtained (R? = 0.996) irradiating solutions of different concentrations
of the complex 1 (1 mg/mL) with green light (1.1 W/cm?) for 20 h, a time period considered
sufficient to complete the photoconversion. The resulting irradiated solution showed a single
peak at retention time 18.3 min assigned to the active complex [Ru(bigbpy)(H20).]%*, as
confirmed by ESI mass spectrometry with the corresponding m/z = 271.0 (calc. m/z = 270.8)
(Figure 3.16a,b). With dilution of irradiation solution, several different concentrations (0.1,

0.5, 1.0, 5.0, 10.0, 20.0 ug/mL) have been made for a calibration curve(Figure 3.16c). In

addition, the absorption of the isolated active complex (drug) has been measured and compared
to the RuBIS-CPNs to indicate the spectrum change (Figure 3.16d).
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Figure 3.16: (a) The whole chromatogram of fully activated drug [Ru(bigbpy)(H20)2]%* converted from
[Ru(bigbpy)(dmso)CI]CI at different concentrations. (b) Mass spectrometry of the fractions: retention times = 18.3 min, m/z
([Ru(bigbpy)]#)= 271.0 (calc. m/z=270.8. (c) Thedrug ([Ru(bapbpy)(H20)2]**) calibration curve. (d) UV-vis of isolated
drug ([Ru(bigbpy)(H20)2]?*) collected from HPLC and RuBIS-CPNs before light irradiation.

Once the retention time of the aqueous product was determined and the calibration curve
was obtained colloidal suspensions of RuBIS-CPNs in PBS buffer was irradiated (Aexc = 532
nm, 1.1 W/cm? and 24 h) and aliquots at different irradiation times were taken, filtered and
analysed by HPLC. To assure the detection of the released complex, the concentration of the
initial suspension was increased with respect to that used in UV-Vis experiments up to 200
g/mL and the irradiation time enlarged.

Three different peaks with retention times of 14.7, 16.9 and 18.3 min, associated to
different species, appeared after 30 min (Figure 3.17a). Continuous irradiation up to 6 h
induced a notable increase of the peak at 18.3 min while the two others decreased until almost
disappearing after 20 h (Figure 3.17b). The formation of intermediate species at shorter
irradiation times and their decrease upon prolonged irradiation to form a final product
resembles the behaviour observed with UV-Vis experiments (the different conversion times
observed by UV-Vis vs. HPLC for the intermediates and final photoproduct were ascribed to

the different CPNs concentrations used in each case). To get more detailed information on the
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intermediate as well as the final photoproduct chemical composition, mass spectrometry was
used. Analysis of intermediate fractions at collected at retention times of 14.7 and 16.9 min
revealed oligomeric species that may come from larger fragments. One of them (16.9 min)
could be determined as {[Ruz(bigbpy).bis(MeOH),](PFs)2?* (found m/z = 828.8 calc. m/z =
828.7) (Figure 3.18a), while for the other intermediate (14.7 min) a final structure could not be
achieved (Figure 3.18b,c). The fraction collected at retention time of 18.3 min was expected
to be the target active complex [Ru(bigbpy)(H20).]?* (Figure 3.16a,b), as indeed confirmed by
mass spectrometry. Using the calibration curve previously obtained with this bis-aqua product,
it was possible to quantitatively determine that after 24 h of green light irradiation of a 200
g/mL RuBIS-CPNs suspension (PBS buffer release), 1.1 pg/mL solution of the activated

complex was obtained.
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Figure 3.17: (a) Time-dependent HPLC evolution under irradiation of a RuBIS-CPNs colloidal suspension (200 pg/mL)
(Inlet) the whole chromatogram of the drug release of RuBIS-CPNs (0 — 35 min). (b) Plot of the time-dependent variation of
each com-ponent (retention times) upon irradiation. Detection wavelength: A =305 nm.
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Figure 3.17: Mass spectra of samples with (a) retention time = 16.9 min, {[Ruz(bigbpy)2BIS(MeOH)2](PFs)2** with m/z
=828.8 (calc. m/z =828.7), (b,c) retention time = 14.7 min give peaks at m/z = 271.0 and 541.1 corresponding to [Ru(bigbpy)]?*
(calc. m/z = 270.8) and [Ru(bigbpy)]** (calc. m/z = 541.0) respectively;
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3.2.5 Study of the RuBIS-CPNs in cells

After demonstrating the photoactivity of the RuBIS-CPNs and their ability to release the
aqueous cytotoxic product, it was aimed to investigate the behaviour of these CPNs in
biological environment. For this it was first studied the uptake of the CPNs and their
cytotoxicity and later it was determined the increase of cytotoxicity after irradiation. This part

of the work was carried out by our collaborators at the Leiden University.
Cellular uptake measurements

Skin non-melanoma A431 cells were incubated in the dark for 2 h with RuBIS-CPNs and
the amount of Ru in the cells was quantified using ICP-MS. To better define the role of the
nanostructuration on the internalization and phototherapy we repeated these experiments with
a related molecular complex [Ru(bigbpy)(N-methylimidazole).](PFs)2 (complex 2), especially
synthesized as reference study. Complex 2, a mononuclear analogue of complex 1 coordinated
with 2 axial methylimidazole ligands, was selected as reference molecular complex for RuBIS-
CPNs due to the analogous ruthenium coordination sphere in both systems which facilitates
and makes more suitable the comparative studies.

Complex 2 was obtained with 80% yield, upon reaction of complex 1 with an excess of
1-methylimidazole (ratio 1:10) in EtOH under reflux and N> atmosphere (for more information
see materials and methods section). Remarkably, the time-dependent UV-Vis evolution of
complex 2 under green light irradiation (Figure 3.18) is very similar to that previously observed

for complex 1 (Figure 3.15¢e),% validating its use for further biological studies.
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Figure 3.18: (a,b) Chemical representation of complex 2 and RuBIS-CPNs. (c) Evolution of the UV-vis absorbance spextra
of a solution of complex 2, upon green light ( Xexc = 532 nm, 0.42 W/cm?) irradiation.
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As can be seen in Figure 3.19, complex 2 uptake is of 16 ng Ru/million cell, which is a
value comparable to similar molecular Ru complexes previously reported.>” RuBIS-CPNs
were taken up by cells A431 up to 11 times more (183 ng Ru/million cell). Such difference was
tentatively assigned to the different internalization mechanisms. To confirm it, additional Ru
quantification studies were performed co-incubating RuBIS-CPNs or complex 2 with the
endocytosis inhibitors NaNs3, NH4Cl, or Dynasore, which are inhibitors of active uptake,
endocytosis, and dynamin-dependent endocytosis, respectively. The cellular uptake of RuBIS-
CPNs was decreased in the presence of Dynasore (96.3 ng Ru/million cells), ammonium
chloride (101 ng Ru/million cells), and sodium azide (138 ng Ru/million cells),. For the
mononuclear complex 2 the opposite result was observed, with a higher uptake (i.e. Xxx, Xxx,
and xxxx ng Ru/million cell, respectively) in the presence of the same inhibitors,. Overall, these
results suggested that endocytosis-related processes may be involved in cellular uptake of
RuBIS-CPNs, as reported previously for other nanoparticles,°” while for complex 2 different

mechanisms probably take place.1%
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Figure 3.19: Cellular uptake gquantification for Ru content in A431 cells treated the complex 2 (19 pg/mL) or RuBIS-CPNs
(25 g/mL) nanoparticles for 2 hours in presence or absence of uptake inhibitors: ammonium chloride, Dynasore, or sodium
azide endocytosis.

(Photo)cytotoxicity studies

Once proved the RuBIS-CPNs were successfully internalized in the cells, it was
investigated the cytotoxicity of the particles in the dark and after irradiation, when the aqueous
active complex is released. Again, the cytotoxicity study was carried out comparing the values
to the reference complex 2.

RuBIS-CPNs dispersions (from 0.7 ng/mL to 2.83 pg/mL based on Ru content) or
complex 2 solutions (from 1.0 ng/mL to 5.0 ug/mL based on Ru content) were prepared in

Opti-MEM medium, which is....... In order to fully dissolve the complex 2, the minimum
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amount of DMSO (< 0.5 %) was also added. The RuBIS-CPNs suspensions and the complex

2 solutions were seeded in human skin (A431) and lung cancer (A549) cell lines. For the study

it was followed method described in previous reports.t% The cells were seeded at t = 0, treated
at t = 24 h, irradiated with green light (Aexc = 520 nm, 39.3 J/cm?) for 1 h at 48 h, and cell

viability was quantified at t = 96 h using standard sulforhodamine B (SRB) assay. Half-

effective growth inhibition concentration (ECso in M) values at t = 96 h are shown in Figure

3.20 and dose-response curves are shown in Figure 3.21. Cisplatin, known to be highly

cytotoxic, was also tested under the same conditions and used as control.

RuBIS CPNs Complex 2 Cisplatin
Cell Light
Type  DoseJ/cm? fj\;‘; CIlal  PI[b] ('igj[‘; Cllal  PI[b] chl\% CIlal  PI[b]
+0.46 +0.06 +0.45
0 11.9 Hd6 28.1 e 3.0 o
A431 24 17 11
203 -0 +0.04 o +0.55 is +0.31
: : —0.04 : —0.32 : —0.28
+0.09 +1.16 +0.15
0 91 —0.08 283 —0.74 3.0 —0.15
A549 18 10 1.0
203 50 +0.02 s 1043 20 +0.17
: : —0.02 : —037 : —017

Figure 3.20: Phototoxicity assay outline: cells were incubated in the dark for 48 h, and the Cytotoxicity of RuBIS-CPNs and
complex 2 in A431 and A549 cancer cell lines in the dark and under green light (Aexc = 520 nm, 39.3 J/cm2) irradiation [a]
Confidence interval, [b] photo indices. EC50 values are expressed in pM as half-maximal effective concentration (95%
confidence interval are also given in pMv).
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Figure 3.21: Comparative dose-response curves and calculated phototoxicity index (PI) after 1h irradiation with green light
(green data points) and in the dark (black data points) for: A431 cell line in presence of RuBIS-CPNs (a) or the complex 2
(b); A549 cell line in presence of RUBIS-CPNs (c) or the complex 2 (d); and cisplatin (CDDP) cytotoxicity dose - response
curves for A431 (e) and A549 (f) cell lines. Phototoxicity assay outline: cells were incubated in the dark for 48 h, and the

plates were irradiated for 60 min with green light (Aexc = 520 nm, power density 10.92 mW/cm2, light dose = 39.3 J/cm2).
SRB assay was performed at t=96h. Data points represent the average of triplicates (confidence interval of 95% in M)

Interestingly, the ECso values for RuBIS-CPNs in the dark (ECsp,dark) Were 11.88 UM and
9.10 M, while these values decrease under irradiation (ECsg light) to 4.95 M and 5.04 M for
A431 and A549 cells, respectively (Table 3.1). Therefore, there is a remarkable difference in
ECso values for the RuBIS-CPNs with and without irradiation, showing a cell-dependent
phototoxicity index (PI) values of 2.4 and 1.8 towards A431 and A549 cells, respectively. In
both cases PI values of RuBIS-CPNs are higher than those of the molecular complex 2 (1.7
and 1.0, respectively). From these data, the following considerations deserve to be mentioned.
First, the ECso,dark Of RUBIS-CPNSs was higher than that of complex 2, which was expected as
it is possibly related to the significant higher uptake. Second, the ECsoignt Values of model
complex 2 were 16.33 pM and 27.52 pM in A431 and A549 cells, respectively, up to 3-5 five

times higher than those found for RuBIS-CPNs, confirming the positive nanostructuration
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effect on the enhancement of phototoxicity. These results imply that less amount of Ru is
required to photoinduce efficient chemotherapeutic effect, minimizing cells death for non-
irradiated cells. Moreover, the obtained ECso,ight Values are similar to previously described
monomeric complexes®” but using almost half irradiation dose, which is also an additional
advantage given the possible undesirable side effects that may appear from using high
irradiation doses. And last but not least, ECsg dark Values for RuBIS-CPNs are 3-4 times higher
than those of cisplatin (3.01 and 3.04 pM), i.e. less toxic; while ECsgignt values of RuBIS-
CPNs were close to those obtained for the photo-independent gold-standard cisplatin (ECso =
3.01 pM and 3.04 pM in A431 and A549, respectively), which equates their effectiveness to
drugs commercially used today. Cytotoxicity of the bis-imidazol (bis) and methylimidazole
ligands are considered negligible since previous evaluation in our group using concentrations
ranging from 0 to 100 pg/mL in different cell lines (Figure 3.22) corroborated their very low

cytotoxic effect at the highest concentration assayed (100 pg/mL).
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Figure 3.22: Cell viability studies of BIS and N-methylimidazole free ligands in (a,b) non-malignant human fibroblast cells
(1Br3G) and (c,d) HeLa cell lines at different concentrations ranging from 0 to 100 pg/mL. Cell viability was evaluated at 48h
by a resazurin - based assay using the PrestoBlue cell viability reagen
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Singlet oxygen production

To discard PDT as possible origin of the photoactivity instead of PACT, the production
of singlet oxygen (*O2) upon green light irradiation of RuBIS-CPNs was quantified. For this,
the common method is to measure the near-infrared emission intensity of 'O, (1270 nm) in
CD30D though in this case to mimic the cell culture conditions, the value of singlet oxygen
quantum yield (¢a) was indirectly determined in Opti-MEM medium using a selective water-
soluble O probe, i.e., 9,10-anthracenediyl-bis(methylene)-dimalonic acid (ABMDMA). In
the dark, this dye absorbs light at 378 nm while in the presence of photo-generated O, a less
conjugated endoperoxide is formed, leading to a decrease of the absorbance at 378 nm. 11° The
rose Bengal dye was used as reference, as it produces O, with a known quantum yield @a =
0.76 ! under green light irradiation. When RuBIS-CPNs (25 pg/mL) were mixed with
ABMDMA (100 uM) in Opti-MEM, no changes in the absorption spectra were observed with
or without green light irradiation (Aexc =520 nm, see , contrary to rose Bengal (Figure 3.23) .12
The same study was performed in the same way for complex 2. In both cases the results

excluded O production, as expected for photosubstituted active ruthenium compounds.
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Figure 3.23: The absorption spectral changes of ABMDMA following green light irradiation in the presence of a) RuBIS-
CPNs (25 pug/mL), b) complex 2 (19 ug/mL). The *O2 generation studied in Opti-MEM medium.

3.4 Conclusions

We have successfully designed and synthetized light-sensitive coordination polymer
nanoparticles (CPNs) based on the polymerization of a Ru(ll) polypyridyl prodrug 1 with a
photocleavable bis-imidazole linking ligand BIS. Precise control of the reaction conditions has
allowed to obtain reproducible and narrow CPNs size distributions around 50 £12 nm, with

the prodrug being the backbone of the constituting polymer, allowing remarkable Ru-complex
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content well over those already described for other nanoencapsulation systems. The
photoactivation of the RuBIS-CPNs showed controlled release of the anticancer Ru complex
[Ru(bigbpy)(H20)2]%* upon green (532 nm) irradiation, while they were stable in cell-growing
medium in the dark, reducing the cell dead population and side effects in its inactivated form.
Interestingly, the dose of light necessary to obtain enough cytotoxic complex from RuBIS-
CPNs in vitro (39.3 J/cm?) is notably lower compared to previous values published for
similar green light photoactivated ruthenium systems (75 J/cm?).>” Moreover, in vitro studies
demonstrated that RuBIS-CPNs have an 11-fold increased uptake in comparison to related
monomeric complexes thanks to the energy-dependent endocytosis uptake pathway triggered
by the CPNs formulation. This fact determined a substantial increase in phototoxicity index in
comparison with monomeric species and a light selective cytotoxic effect close to the gold
standard cisplatin. All in all, RuBIS-CPNs demonstrates the potential of photoactivated CPNs

for PACT anticancer treatments.

3.5 Materials and methods
Reagents and Instrumentation

Solvents were purchased from Sigma—Aldrich and used as received and complex 1 was
provided by the group of Prof. Silvestre Bonnet (Leiden university). Fourier transform infrared
(FTIR) spectra were carried out with a Tensor 27/PMAS0FTIR Spectrometer in a range of
4000-400 cm. Dynamic light scattering (DLS) for the determination of the particle-size
distributions and the zeta potential values were measured in a ZetaSizer nano ZS (ZEN3600,
Malvern Instruments, Ltd., Malvern, UK). Scanning Electron Microscopy (SEM) images were
obtained on a scanning electron microscope (FEI Quanta 650 FEG, The Netherlands). The
samples were casted on aluminum holders following by evaporation and later a thin platinum
layer was sprayed to increase the conductivity of samples. Ultraviolet—visible spectroscopy
(UV-vis) study was carried out in the Agilent Cary 60 spectrophotometer, in the dark using a
1 cm quartz cuvette with a stirring bar, containing 2 mL of RuBIS-CPNs (20 ug/mL). Time-
dependent UV-Vis spectra during irradiation were recorded at regular time intervals (specified
in the spectra) after irradiation of the stirred sample with a continuous beam of a green (A =
532 nm, 30 mW, 0.42 mW/cm?) or blue laser (450 nm, 100 mW, 0.35 mW/cm?) set in front of

the cuvette.
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Synthesis and characterization of the photoactive materials
Synthesis of complex 2

[Ru(bigbpy)(dmso)CI]CI (50.0 mg, 0.072 mmol) was dissolved in EtOH and H20 (5 mL,
v/v = 1/1). Then 1-methylimidazole (60.0 mg, 0.73 mmol) was injected in the mixture and
refluxed for 12 h under N> protection. The reaction mixture was cooled to room temperature.
Ice cold water (5 mL) and KPFg (20 mg) were then added to the reaction mixture, dark brown
precipitate was thus formed and filtered. After column chromatography (SiO», Ethyl acetate /
MeOH = 10:1), 2 (50 mg, 80 %) [Ru(bigbpy)(N-methylimidazole).](PFs). complex (complex
2) was obtained as dark brown solid.
IH NMR (360 MHz, (CD3),SO) & 10.73 (s, 2H), 8.93 (d, J = 8.1 Hz, 2H), 8.46 (d, J = 7.7 Hz,
2H), 8.21 (d, J = 6.7 Hz, 2H), 8.12 (t, J = 8.0 Hz, 2H), 7.93 (ddd, J = 23.1, 18.0, 7.3 Hz, 8H),
7.41 (d, J = 6.6 Hz, 2H), 7.32 (s, 2H), 6.86 (s, 2H), 6.08 (s, 2H), 3.35 (s, 6H). 3C NMR (91
MHz, (CD3)2S0) 8 156.28, 151.20, 150.01, 145.50, 140.25, 135.81, 135.58, 131.80, 129.28,
128.82, 127.86, 123.77, 122.69, 120.21, 118.81, 116.06, 115.79, 34.22. MS-ESI (m/z): [M]*
Calcd. for C3sH3z2N1oRu* 705.8, found 705.2. Elem. Anal. Calcd. for CzsHz2F12N10P2Ru 3H20 :
C, 40.55; H, 3.60; N, 13.51 Found: C, 40.72; H, 3.62; N, 12.95. (Figure 3.24-3.27)
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Figure 3.24: 'H-NMR spectrum of complex 2 in (CDs)2SO.
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Figure 3.26: 13C-NMR spectrum of complex 2 in (CD3)2SO.
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Figure 3.27: Mass spectrum of complex 2.

Synthesis of coordination nanoparticles RuBIS-CPNs

([Ru(bigbpy)(dmso)CI]CI) (complex 1, 10.9 mg, 15.8 umol) was firstly dissolved in a 2-
necked round-bottom flask (10 mL) in 1 mL Milli-Q® water and N, atmosphere at 80 <C for
10 min. BIS (3.4 mg, 15.8 umol) was dissolved in 1 mL Milli-Q® water and injected to the
reaction slowly and the colour of the reaction changed from orange to dark brown. The reaction
was stirred at 80 <C at 600 rpm for 1 h in dark conditions. After 1 h, 0.5 mL of saturated KPFg
water solution was added to the mixture which precipitated. The solid was purified through
three times centrifugation (10 min, 4300 rpm) and washed with Milli-Q® water. Finally, the as

obtained solid was freeze-dried and stored as a powder (13.0 mg, yield = 92.8 wt%).
HPLC methodology for RuBIS-CPNs releasing quantification

Time-dependent HPLC evolution under irradiation of a RuBIS colloidal suspension (200
po/mL) were performed with stirring and aliquots at different irradiation times were taken,
filtered and analysed by HPLC. Calibration curve was performed using different concentrations
(0.1, 0.5, 1, 5, 10 and 20 pg/mL) of a stock solution of the [Ru(bigbpy)(H20)2]?* activated
complex. The stock solution was obtained from the irradiation with green light (100 mW, 1.1
mW/cm?) of complex 1 (1 mg/mL) dissolved in PBS solution for 20 h to make sure that Ru

complex was fully converted to the active form through photocleavage and photosubstitution
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process. Analyses were performed using a HPLC Waters 2695 separation module coupled to a
Waters 2487 UV-Vis detector. The column used was a Restek® C-18 (250 mm x 4.6 mm).
Eluent A was a 0.1% (v/v) H3PO4 aqueous solution and eluent B was acetonitrile absolute
(HPLC grade). Before the analysis, the column was pre-equilibrated using the starting
conditions of the method (99 % A (v/v)) for 10 min, followed by a gradual decrease of A from
100 % to 40 % (v/v) in the first 20 min and lasting 5 min. Then, the mobile phase reduced to
20 % A (v/v) in 1 minute and lasted 4 min. At the end, mobile phase was increased to 100 %
A (v/v) in 1 min to elute residues and this ratio was kept for additional 5 min. For the next
injection, mobile phase was reset to the initial conditions (A:B) 100:0 (v/v) and kept for 10 min
to equilibrate. The flow rate was set at 1.0 mL/min at temperature. This method was used for

both calibration curve and quantification of active complex release from RuBIS-CPNs.
Quantitative *H NMR and *F NMR for component analysis of RuBIS-CPNs

7 mg of RuBIS-CPNs were dissolving in 6 mL deuterated dimethyl sulfoxide solvent
((CD3)2SO) containing deuterium chloride (DCI) to decompose the nanoparticles into the
molecular entities. Same ratio (DCI/ CD3)>SO was used for comparison (50 pL DCI / mL
(CD3)2S0) (Internal reference: 9 mg).

Cell culturing

Human skin (A431) and lung cancer (A549) cell lines were tested. Cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) “complete” (i.e. DMEM with
phenol red, supplemented with Fetal-Calf Serum (FCS, 10.0 % v/v), Penicillin-Streptomycin
(PS solution; 0.2 % v/v), and GlutaMax (GM, 0.9 % v/v)). Both cell lines were cultured under
humidified conditions (37 °C atmosphere containing 7.0 % CO3) in 75 cm? flasks and sub-
cultured (1:3-1:6) upon reaching 70-80 % confluency (approximately once per week). Media
were refreshed every 3 days; cells were passaged for 4-8 weeks maximum.

Cell-irradiation setup

The same cell-irradiation system was used as published previously from our group!® that
consisted of a Ditabis thermostat (980923001) fitted with two flat-bottomed microplate
thermoblocks (800010600) and a 96-LED array fitted to a standard 96-well plate. The Aexc =
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520 nm LED with power density (10.9 mW/cm?) (OVL-3324), fans (40 mm, 24V DC,
9714839), and power supply (EA-PS 2042-06B) were obtained from Farnell.

Cytotoxicity assay

Cells were seeded att = 0 h in 96-well plates at a density of A549 (5x103 / mL) and
A431(8 x10% / mL) in Opti-MEM complete without phenol red (100 pL) and incubated for 24
h at 37°C/, under 7% of CO,. After this period, aliquots (100 puL) of six different
concentrations between 50 ng/mL to 50 pg/mL (0.7 ng/mL to 2.83 pg/mL based on metal
content) of freshly prepared stock RuBIS-CPNs suspension or 2 solution in Opti-MEM were
added to three adjacent wells as triplicate. Minimum amount of DMSO (<0.5%) was used to
dissolve the compounds, which does not harm the cells in each well, including in the control
wells. Plates were incubated in the dark for an additional 24 h. After this period the plates were
irradiated for 60 min with green light (Aexc = 520 nm, power density 10.92 mW/cm?, light dose
= 39.3 J/cm?). After irradiation, all plates were incubated in the dark for an additional 48 h
either in normoxia or hypoxic incubator. The cells were then fixed by adding cold (4 <€) TCA
(10 % wiv; 100 pL) in each well. Next, TCA was removed from the wells, and the plates were
gently washed with water (x5), stained with SRB (0.6 % w/v in acetic acid (1 % v/v; 100 pL)
for 30 min, washed with acetic acid (1 % v/v; =300 uL), and air-dried overnight. The SRB dye
was solubilized with Tris-base (10 mm; 200 uL), and the absorbance in each well was read
at A=510 nm by using a M1000 Tecan Reader.

The SRB absorbance data was used to calculate the fraction of viable cells in each well (Excel
and GraphPad Prism software). The absorbance data were averaged from triplicates for each
concentration. Relative cell viabilities were calculated by dividing the average absorbance of
the treated wells by the average absorbance of the untreated wells. Three independent
biological replicates were completed for each cell line (three different passage numbers per cell
line). The average cell viability of the three biological replicates was plotted versus log
(concentration) [uM], with the standard deviation error of each point. By using the dose—
response curve for each cell line under dark and irradiated conditions, the effective
concentration (ECso) was calculated by fitting the curves to a non-linear regression function
with fixed maximum (100 %) and minimum (0 %), as relative cell viability, and obtaining a

variable Hill slope, which resulted in the simplified two-parameter Hill-slope equation (1)]

Y =100/ (1+10((log10ECs0—X) - Hill Slope))............... eq (1)
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Cellular uptake measurements

A431 cells (5 x 10°) were seeded in 12-well plates, incubated for 24 h under normoxic
conditions, treated with RuBIS-CPNs (25 pg/mL) or 2 (19 pg/mL) for 2 h. Then cells were
washed thrice with cold (4 <C) PBS (3 x 2 mL) to remove any compound attached outside the
cells. Then the cells were trypsinized and collected into 2 mL Eppendorf tube in Opti-MEM
media. Cells were counted on a BioRad cell-counting board, carefully washed once with cold
PBS to remove trypsin. Collected cells were then centrifuged at 3000 rpm for 5 min. The
resulting cell pellet was digested using in 65 % HNO3 at 100 <C overnight in a hot air oven.
Once back to room temperature the total volume was completed to 10 mL using Milli-Q water.
The ruthenium content and the standard deviation values of these solutions were analyzed on
the duplicate experimental results using the Perkin ElImer NexION 2000 of inductively coupled

plasma mass spectrometer (ICP-MS).
Endocytosis inhibition studies

A431 cells (5x<10° cells) were seeded in 12-well plates, incubated for 24 h under normoxic
conditions, and then treated with NaN3 (active uptake inhibitor, 15.4 mM), NH4CI (20 mM) or
Dynasore (dynamin-dependent endocytosis inhibitor, 80 puM) for 1 h; alternatively, the cells
were incubated at 4 <C for 1 h. After that, the cells were incubated with either RuBIS-CPNs
(50 pg/mL) or complex 2 (38 ug/mL) for 3 h in the regular incubator for the inhibitor samples,
or at 4 < for the low temperature samples. The cells were then treated like in the normal

cellular uptake study.

ICP-MS analysis

Nitric acid (65%, Suprapur®, Merck) was used in the sample digestion process, while
diluted (1%) nitric acid was used as a carrying solution throughout the ICP measurements.
National Institute of Standards and Technology (NIST)-traceable 1000 mg/L elemental
standards were used (TraceCERT®, Fluka) for preparation of calibration and internal standards.
Approximately 18 MQ cm™* water (MiliQ) was used in all sample preparation and analysis
steps. Calibration standards were prepared in a Secuflow fume hood (SCALA) to prevent
contamination by atmospheric particulates. The standard samples and measurement samples
were analysed for trace elements using the NexION® 2000 (PerkinElmer) ICP-MS equipped

with a concentric glass nebulizer and Peltier-cooled glass spray chamber. An SC2 DX
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autosampler (PerkinElmer) was connected to the ICP-MS for sample introduction. Syngistix™
Software for ICP-MS (v.2.5, PerkinElmer) was used for all data recording and processing. Five
trace elemental calibration standards for ICP-MS analysis were prepared using NIST-traceable
1000 mg/L Ru standard: 0, 1, 4, 20, 100 pg/L. Another set of calibration standard for Ru: 0,
0.1,0.5, 2.5, 10 1g/L were prepared for samples that were anticipated to contain low-level Ru.
Samples were analyzed without dilution in the original delivery containers to minimize the
possibility of contamination. 10 ug/L Rh and In were used as internal standard. To check the
calibration, samples were analyzed through a blank measurement and a repeated measurement
of one of the calibration standards. For the calibration curves with correlation coefficient
(Cor.Coeff) higher than 0.999 were accepted.

Singlet oxygen Oz production studies

Singlet oxygen generation measurements were conducted in cell-growing medium using
9, 10-anthracenediyl-bis(methylene) dimalonic acid (ABMDMA) as O-specific probe.
ABMDMA is a hydrophilic anthracene derivative which reacts with O, to produce the
corresponding endoperoxide,*'4 thereby lowering the absorbance at 400 nm. For the experiment,
0.1 mM of ABMDMA (in Opti-MEM) was mixed with RuBIS-CPNs (25 pg/mL) which was
previously dispersed in Opti-MEM cell culture media. The resulting samples were taken into a
3 mL quartz cuvette to record the absorbance in the dark or following green light irradiation
(exc =520 nm, 39.3 J/cm?). Absorption spectra were recorded initially every 30 seconds during
the first 1 minute of continuous light irradiation and successively every 1 min interval during
6 min. The reference rose Bengal dye caused significant changes to the absorption spectra of
ABMDMA at 400 nm (Figure 3.28), which indicated the production of 1O, with a quantum

yield of @, = 0.68. 11!
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Figure 3.28: Absorption spectral changes of ABMDMA in the dark (a) or following green light irradiation with the light of
dose 39.3 J/cm? (b) in the presence of Rose Bengal (0.1 1iM).
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Determining the required irradiation time for RuBIS-CPNs and complex 2 activation

Mock irradiation experiments were performed in the conditions of the cytotoxicity assay,

but in absence of cells, to determine the irradiation time necessary to activate RuBIS-CPNs

and complex 2 in the cytotoxicity assay. The highest concentration (50 pg/mL) of RuBIS-
CPNs was added (200 L) in transparent 96-well plates. Samples were irradiated for 60 min

with green light (Aexc = 520 nm, 39.3 J/cm?) and absorption changes at 440 and 390 nm for

RuBIS-CPNs and complex 2 was followed vs. irradiation time. The complete activation of

both compounds was achieved after 60 min of continuous irradiation (light dose 39.3 J/cm?)

(Figure 3.29).
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Figure 3.29: Mock irradiation studies for (a) RuBIS-CPNs and (b) complex 2 was conducted in cell culturing Opti-MEM
media at 37 <€ in air without the cells to know the light intensity and duration of time for the complete activation of these
compounds. Conditions: 50 pg/mL of RuBIS-CPNs or complex 2 (200 L), light irradiation Ae =520 nm, 39.3 J.cm,
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Chapter 4

Upconverting Coordination Polymer Nanoparticles for
Photochemical applications and Photophysical

Applications
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4.1 Introduction

Photon upconversion (UC) is the generation of high-energy luminescence through
sequential absorption of two or more photons of lower energy.'* For this reason it is also named
anti-Stokes type emission. An example of UC is the conversion of infrared radiation to visible
light.>® UC can take place with both organic and inorganic materials, through a number of
different mechanisms. Organic molecules that can achieve photon upconversion through
triplet-triplet annihilation (TTA-UC) are typically polycyclic aromatic hydrocarbons (PAHS)
which are a class of chemicals that occur naturally in coal, crude oil, and gasoline, such as
phenathrene, pyrene, anthracene etc. Inorganic materials capable of photon upconversion often
contain ions of d-block or f-block elements. Examples of these ions are Er3*, Yb3, Tm3*, Os**,

and so on.%13

(a) (b)

Ytterbium
[Xe] 4f'2652 [Xe] 4f 652 [Xe] 4f 2652
Naphthalene Phenathrene Lanthanides Lanthanides Lanthanides
“ Ti
Titanium Osmium Rhenium

[Ar] 3d %4s? [Xe] 4f'*5d ®6s> [Xe] 4f'*5d° 652
Transition Metals Transition Metals Transition Metals

Anthracene Pyrene

Figure 4.1: (a) Chemical structures of naphthlane, phenathrene anthracene and pyrene; (b) Chemical elements of erbium,
ytterbium, thulium, titanium, osmium and rhenium.

4.1.1 Upconverting Rare-earth-doped nanoparticles

Ln3* ions have several long-living electronic states which enable Ln-doped nanoparticles
to undergo multiphoton absorption and energy transfer processes which yield upconversion.
Depending on the type of Ln used and their combinations, UC emission occurs through
different mechanisms, which are illustrated in Figure 4.2: excited-state absorption (ESA),
energy transfer upconversion (ETU), cooperative sensitization upconversion (CSU), photon
avalanche (PA) and energy migration upconversion (EMU), 3 1314 = Compared to the
fluorescence of traditional dyes and quantum dots that are affected by the size and chemical
surroundings, the UC emission of Ln-based materials only results from shielding effect.

Additionally, with the good features of Ln-based UC, such as fixed energy levels, high
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resistance photobleaching, long-living lifetimes, large anti-Stokes shifts and highly efficient
conversion of NIR photons to visible/UV photons, several kinds of Ln-doped nanoparticles
have been developed, for example Ln-doped mesoporous silica,'® surface-modified Ln-doped
nanoparticles,'® core—shell-structured Ln-doped nanoparticles-incorporated polymer,’
which can be applied for anticounterfeiting,'®-%° fingerprint detection,® transparent displays,?
solar cells,* photoisomerization,?> the biological applications.?*** However, Ln-based
materials have some drawbacks such as narrow absorption bands, low quantum yield (QY),
high cytotoxicity, and a high power excitation needed (103-10° mW/cm?), which hinder its

applications to some extent.?
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Figure 4.2: Upconversion processes for Ln-doped UCPNs. GS: ground state; E1 and E2: electronic excited states; ESA:
excited-state absorption; ETU: energy transfer UC; CSU: cooperative sensitization UC; PA: photon avalanche; EMU: energy
migration upconversion. Image extracted from reference.!

4.1.2 Upconversion based on triplet-triplet annihilation (TTA-UC)

TTA mostly occurs with organic molecular dyes and was first introduced by Parker and
Hatchard in 1962 described as a delayed fluorescence observed from solutions of anthracene
and phenanthrene.?52" Later on, TTA was used to obtain UC, which consists of a series of
bimolecular processes and energy transfer steps that efficiently turn two low frequency photons
into one photon of higher energy. TTA systems consist of one absorbing species, the sensitizer,
and one emitting species, the emitter (or annihilator). Emitters are typically required to have
these characteristics:

(1) The excitation light can’t excite the emitters, (2) A high fluorescence QY. (3) the energy of
triplet state lower than the sensitizers. Sensitizers are also demanded to meet the following
requirements: (1) High consistency of excitation light and the absorption of sensitizers, (2) An
efficient intersystem crossing (ISC) to generate enough triplet states, (3) A relatively slow

phosphorescence decay to transfer energy.
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Figure 4.3: (a) Chemical structures of reported annihilators. (b) Chemical structures of porphyrin and phthalocyanine
complexes used as sensitizers. Images extracted from reference.28

In a sensitization via ISC process, singlet state of sensitizer (Ss1) is populated by photon
excitation. Subsequently, triplet excited state (Ts1) is forming by ISC. Along with the triplet
excited state energy transferring from the sensitizer to an emitter molecule, known as triplet-
triplet energy transfer (TTET), triplet excited state of emitter (Te1) is populated. When enough
triplet excited states of the emitter molecules are generated, collisions between triplet take place
with a second energy transfer process, known as triplet-triplet annihilation (TTA), which yields
an emitter molecule in the ground state and one in a high-energy singlet excited state (Se1)
which later on relaxes to the ground state as a delayed fluorescence that has higher energy than
the photons initially absorbed.’® 1! The overall balance sees two lower energy photons are

required to produce one higher frequency photons (Figure 4.4).
To achieve efficient TTA-UC, several requirements have to be fulfilled:

(1) Due to the biomolecular process of TTA, the sum of energy of two sensitizer triplet
states (Te1) has to be higher to the emitter singlet state (Se1) in order to accomplish the
annihilation process. (2) Efficient ISC is needed for the sensitizers to generate adequate amount

of triplet excited state (Ts1). (3) Long-living triplet state are required for both sensitizers and
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emitters for effective TTET and TTA. (4) The presence of oxygen affects all the triplet-state-

involved processes. Thus, a degassed environment is needed.?%-3!

To evaluate the efficacy of sensitized system, a term “ upconversion QY (Dy)” was
proposed, which refers to a ratio of the transmitted light to the absorbed light, which can also
be collectively shown in the equation (®y = Oisc@reTdTTaDE) by multiplying individual
processes of TTA-UC. Where ®@;sc stands for the QY of intersystem crossing (ISC). ®tre stands
for the triplet-triplet energy transfer between sensitizers and emitters (TTET). ®1ra stands for
the QY of triplet-triplet annihilation. @ stands for the QY of emitters. Therefore, theoretically
and ideally, the maximum @y = 50% (®isc, Orrer, and Oe are 100% and dr1a=50% due to

bimolecular process).

S1
b qﬂ/ T1 T_1

—+—

Excitation Excitation

So So

Sensitizer Emitter Sensitizer

Figure 4.4: Schematic illustration of the TTA-UC via ISC

To improve the efficacy of UC emission, another process has been found, which is to
avoid having ISC to reduce energy loss. In the 1940s,%23 Lewis and Kasha investigated the
singlet-to-triple (SI) absorption as a reverse process of phosphorescence, and in late 1960s,
the S absorption of transition metal complexes has been extensively studied and several Os
polypyridyl complexes have shown ST absorption in the NIR region.343” Thus, low excitation
intensities can be used and S-T-TTA UC is able to have a larger anti-stokes shift converting.3®-
42 The mechanism can be described that, in a sensitization via S-T process, triplet state of
sensitizer (Tsy) is populated directly by photon excitation. Subsequently, the triplet excited state
energy transfers from the sensitizer to an emitter molecule to afford triplet excited state (Te1).

Finally the two triplet states of emitter collide to accomplish TTA (Figure 4.5).
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Figure 4.5: Schematic illustration of the photoactivatable S-T-TTA UC

4.1.3 TTA-UC nanomaterials

In the early stage, most of research on TTA-UC was carried out in organic liquid solutions
(e.g. dimethylformamide, acetonitrile, and toluene) of the sensitizers and emitters. The liquid
environment assures molecular diffusion of the fluorophores and thus a higher efficiency of
the bimolecular processes (i.e. TTET and TTA) involved in the UC.%¥%4, These fundamental
studies were very useful to obtain information on the UC mechanism, to increase the UC
efficiency and to develop novel types of sensitizer/emitter pairs upconverting light from/to
different spectral regions. However, to make TTA-UC applicable in different fields, solid
materials undergoing TTA-UC in air atmosphere are required. Thus, more recently, researchers
have started investigating solutions to obtain solid TTA-UC materials, facing important
challenges to assure efficient UC: (1) the lack of mobility of photosensitizers and emitters in
rigid matrices dramatically limits the diffusion-controlled bimolecular triplet-triplet energy
transfer (TTET) and triplet-triplet annihilation (TTA) processes, with negative impact in the
overall UC efficiency.? 4546 (2) The aggregation of photosensitizers and emitters is more
frequent in the solid state and can negatively impact the optical properties (e.g. emission QY)
of the materials because of aggregation-caused-quenching (ACQ).4"#° (3) The dependency of
the UC from the presence of atmospheric molecular oxygen, which is a very good quencher of

the excited triplet states of the sensitizer and emitter, and thus of the UC process.

In liquid solutions containing TTA-UC can be preserved by purging an inert gas (e.g.
Ar or Ny or freeze-pump-thaw techniques, which expels the dissolved oxygen. Although these

methods are useful for fundamental studies, they are not suitable for practical applications. .
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The first case of efficient TTA-UC emission without requiring degassing procedures, was
reported by Kim and coworkers,>® who used a solution made of mixture of hexadecane and
polyisobutylene (PIB), possibly because of the low oxygen impermeability of PIB. Similar to
this, in later research, oxygen scavengers with reductive chemical structures consuming the
singlet oxygen, such a soybean oil and bovine serum albumin, hyperbranched unsaturated
polyphosphates, and oleic acid were used to implement TTA-UC under ambient settings.53
Although oxygen scavenging media avoid the requirement for a deoxygenation procedure,
most of these methods are still based on liquid solutions, which are not useful for most practical
applications such as solar energy harvesting, bioimaging/biotherapy, anticounterfeiting
technologies, OLEDs, etc.

With the rapid development of nanotechnology, many synthetic strategies to obtain TTA-
UC in the solid state were reported in past few decades, which can be classified in different

families, such as:
4.1.3.1 Liposomes and micelles based TTA-UC

To keep high concentration of both dyes, proximity of emitters and sensitizers, and good
energy transfer, Liposomes employed as spherical vesicles of a bilayer are good candidates to
accommodate TTA-UC .5+%6 Also, liposomes have been approved for clinical use by the United
States Food & Drug Administration (FDA).5"%° Thus, they are one of the first material
considered to prepare nanostructured solid materials. For instance, Bonnet and coworkers
synthesized liposomes using 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and
sodium N-(carbonyl-methoxypolyethyleneglycol2000)-1,2-distearoyl-sn-glycero-
phosphoethanolamine (DSPE-MPEG-2000), and used two pairs of dyes, to have red-to-blue
(the sensitizer platinum octaethylporphyrin and 9,10-diphenylanthracene) and green-to-blue
(palladium tetraphenyltetrabenzoporphyrin and perylene) upconversion with a layer of Ru-
based photoactivable complex anchored on the surface of liposomes to realize upconversion-

induced photoreaction (Figure 4.6).°
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Figure 4.6: (a) Chemical structures of platinum octaethylporphyrin (1), 9,10 diphenylanthracene (2), palladium
tetraphenyltetrabenzoporphyrin (3), and perylene (4). (b) Chemical structures of [Ru(tpy)(bpy)(SRR*))]2 (5%*) and
[Ru(tpy)(bpy)(H20)]* (62*) and the conversion of 5%* into 6%*. (c) The TTA-UC process in the lipid bilayer, using a
photosensitizer (PS) and an annihilator (A). Radiative energy transfer fromthe annihilator to complex 52*, denoted by a blue
arrow, triggers light-induced hydrolysis of 52* to release 62* in solution. Images extracted from reference.®?

Beverina and coworkers also demonstrated a successful internalization of water-
dispersible upconverting materials into the cytoplasm. The commercially available and
FDA- approved surfactant Kolliphor EL® was employed as emulsifier for obtaining
the solid upconverting nanomicelles.5* A further attempt was carried out by Yoda and
coworkers, a new amphiphilic molecule that consists of hydrophilic sensitizer moiety and
hydrophobic emitter moiety was synthesized for reverse micellar assembly providing a
unique concept that will enhance future development of high performance TTA-UC

systems.52

4.1.3.2 Silica based TTA-UC

Silica is one of the most widely used matrix for a range of applications because of high
chemical stabilities, large surface area, good compatibility, while offering easy synthesis with
cheap starting materials.53-%6 A growing interest of silica employed as TTA-UC substrate has
been developed. Han and coworkers selected a iodized boron-dipyrromethene (BODIPY)
dimer (BDP-F) and 9-phenylacetyleneanthracene (PEA) as a sensitizer and emitter respectively.
After incorporation of the oxygen scavenger (methyl oleate oil) solution of the upconverting

dyes in mesoporous silica nanoparticles. The silica based TTA-UC materials exhibited a good
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UC and successful drug delivery. (Figure 4.7).5” Also, Kim and coworkers employed hollow
mesoporous silica microcapsules as carriers for aqueous phase photon upconversion. The high
porosity feature of and hollow silica accommodate a good loading rate of TTA-UC medium.
In presence of oxygen scavenger, the upconverting silica microcapsules are working in ambient
environment.®® Further, Kwon and coworkers reported self-assembling micelles with TTA-UC
chromophores and oleic acid and later on encapsulated by silica shell, which has shown a red-
to-blue upconversion process and demonstrated potential surface functionalization on
nanocapsule surface and future application in aqueous phase.®® However, silica-based TTA-
UC materials still face the problems, such as the relatively low loading and the loss of the
upconversion chromophore during encapsulation and surface functionalization.* 8 70 These

challenges need to be tackled and more strategies have to be explored.
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Figure 4.7: The molecular structure of (a) BDP-F and (b) PEA. (c) The TTA-UC regulated activation of Cou-C from TTA-
core-shell structured nanocapsule with 650nm LED irradiation. “ON” and “OFF” indicate the initiation and termination of
LED irradiation, respectively; working power density=100 mW/cm?2.Top inset: the photoactivation reaction of Cou-C. Bottom

inset: illustration of a TTA-UC-mediated prodrug activation process in TTA silica based materials. Images extracted from
reference8’

4.1.3.3 Polymer-based based TTA-UC

By incorporating upconervsion chromophore into polymers, the local concentration
of dyes can be maintain in a high level also with a good mobility. In addition, due to the
advantages of polymer, such as ease of synthesis, good biocompatibility and facile surface
functionalization, a variety of polymer employed as matrixes/backbones have been
investigated extensively for fabrication of TTA-UC solid materials. One of the first
examples of polymer-based TTA-UC was reported by Baluschev and coworkers by
incorporating metalloporphyrins into polyfluorene to present a solid upconverting film."*
Furthermore, polyurethane films were made to explore the TTA-UC process efficiency of

a series of lately-developed bichromophoric triplet sensitizers featuring tris-
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cyclometalated Ir(I11), showing high value so far reported for the visible-to-UV TTA

systems in solid matrices (Figure 4.8).2
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Figure 4.8: (a) Schematic illustration of the upconverting polyurethane films, (b) Chemical structures of studied sensitizers.
Images extracted from reference’2.

4.1.3.4 Metal-organic coordination based TTA-UC

Metal-organic coordination bonds that interconnect emitters and sensitizers by metal
ions can fulfill the fast diffusion requirement for TTA-UC and allow a high exciton
mobility through molecular aggregates, which is considered as a good strategy to develop
solid state upconverting.”3"* Metal—organic frameworks (MOFs), as the well-known metal-
organic coordination based crystalline materials have captured widespread research interests
and recognized as potential candidates TTA-UC applications.”>’® Due to their synthetic
tunability and chemical stability, MOFs have also been explored as a efficient energy transfer
(ET) platform that may be favorable to triplet energy transfer. Howard and co-works presented
a sandwich-structure (A-B-A) MOFs and double-layer (A-B) MOFs where A and B stand for
a layer of emitter MOFs and sensitizer MOFs respectively (Figure 4.9). Within the structure,
after irradiation, triplets generated from the B layer can only flee out through A layers. Based
on these multilayer materials, solid-state upconverting thin films can be achieved with UC
thresholds lower than 1 mW/cm?2.”” Another example was presented by Zhou and coworkers,
porous emitter-based Zr-MOFs were synthesized with a following encapsulation of different

concentration of sensitizer to optimize the energy transfer and finally realize bioimaging.”
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Figure 4.9: A) SEM cross-section of a three-layer emitter—sensitizer—emitter (A—B-A) SURMOF heterostructure on a Si
substrate B) Schematic illustration of the heterostructure showing the layers are made from different organic linkers. B. C)
Out-of-plane XRD diffractograms showing the first three orders of the diffraction peak in the (001) crystalline direction of
MOFs prepared from Zn-emitter (A) and Zn-sensitizer (B) alone, plus the A-B—A heterojunction. Images extracted from
reference’’

Apart from MOFs, Hanson and coworkers constructed an nanocrystalline ZrO,/TiO2—organic
interface with an outer layer that consists TTA-UC molecules linked through Zinc ions ((4,4'-
(anthracene-9,10-diyl)bis(4,1- phenylene)diphosphonic acid DPPA as emitters and
Pt(INtetrakis(4-carboxyphenyl)porphyrin PtTCPP) as sensitizers) anchored on the surface of
metal oxide. This hybrid system provides a new method for constructing layer through metal-

organic coordination bonds (Figure 4.10).
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Figure 4.10: Schematic for the nanocrystalline ZrO2/TiOz2—organic interface where the chemical structure of DPPA (blue),
Zn?* ions (green) and PtTCPP (red) are shown. (b) Absorption spectra for ZrO2, ZrO2-DPPA, ZrOz-PtTCPP and ZrO2-DPPA
after soaking in PtTCPP with (ZrO2-DPPA-Zn-PtTCPP) and without (ZrO2-DPPA + PtTCPP) Zn(CHsCOO):2 pretreatment.
Images extracted from reference.’®
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4.1.4 Applications of TTA-UC nanomaterials
4.1.4.1 Biological applications

Bioimaging. Bioimaging relates to methods that non-invasively visualize biological
processes in real time and aims to interfere as little as possible with life processes.
However, standard fluorescence bioimaging, exploiting the Stokes-shift of the emitting
molecules or nanoparticles, presents autofluorescence interference generated from the tissue
themselves, excited with the same wavelength as that used to activate the fluorescent
marker, and low penetration depths, especially if short wavelengths are used. Thus, to
overcome these limitations, upconverting  materials are promising alternatives by
utilizing longer and more penetrating wavelengths as excitation light, while the anti-Stokes
emissions and longer lifetimes prevents any be interference with the autofluorescence.
Beverina and coworkers obtained water-dispersible TTA-UC-active nanomicelles for
enhanced theranostics The fabricated nanomicelles demonstrated effective emission at 10
mW/cm?. Using just one excitation light source, multichannel, high-contrast optical
imaging of 3T3 cells was made possible by biocompatible materials made of the
nanomicells (excitation at 532 nm). In the cytoplasmic region around the cell nucleus,
upconverted emission (435 nm) was detected, and red light was produced from the stained
dye, (phalloidin positive F actin). The internalization of the upconverting nanomicelles
into the cytoplasm was successful, as seen by the combined confocal fluorescence image
(Figure 4.11).7°
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Figure 4.11: (a) Outline of the UC-NM self-assembly reaction scheme and sketch of the TTA-UC process in asingle UC-NM.
The up-converted photons are generated thanks to the diffusion (black arrows) and annihilation (TTA) of sensitized dark triplet
excitons among the network of acceptors (Diphenyl anthracene,DPA, blue dots) embedded in the Kolliphor EL micelles. (b)
Cryo-TEM images of UC-NMs loaded with a 100:1 DPA:PtOEP cargo. (c-e) Confocal fluorescence image of 3T3 cell stained
with UC-NMs (blue) and phalloidin positive F actin (red) under laser excitation at 532 nm. Images extracted from reference.”®
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Biotherapy. Compared to the traditional photoinduced drug delivery processes,
higher energy excitations are needed, regarding to the wavelength of stokes shift. The high
phototoxicity and shallow penetration depth are the main drawbacks hindering the further
development. To coop with the problems, TTA-UC can be a perfect solution to step further
in field of biological applications. Similar methods can be found from Han’s group®’ and
Bonnet’s group®, which is about the fabrication of TTA-UC materials that are closely
attached with photoactivatable prodrug. After irradiation, the upconversion takes place and
further trigger the photocleavage to realize drug delivery. Further attempt was carried out by
Emrullahoglu and coworkers presenting two types of halogenated BODIPY -based
photosensitisers (BOD-1 and BOD-2) with high yield of singlet oxygen. Significant
upconversion was observed for BOD-2 when combined with perylene as the emitter, at the
same time with excellent photoactivity and photocytotoxicity both in solution and living cells,
thereby making it a highly promising tool for imaging-guided PDT.8!

4.1.4.2 OLED application

TTA-UC emission has long been considered potentially useful for OLED applications.
An effective TTA mechanism in OLEDs was developed by Friend and coworkers.®? They
designed TTA-UC dyes doped polymer LEDs representing the first application of
DPA, perylene, rubrene and TIPS-pentacene as OLED emitters. Monkman and coworkers
designed, and synthesized a series of carbazole and nitrile-substituted 1,3,5-triphenylbenzene
(TPB) and investigated the influence of the substituent orientation on the properties of the
compounds for the potential use for TTA OLED applications. The result turned out that para-
conjugation (p-TPB-2Cz) and meta-conjugation (m-TPB-2Cz) exhibited outstanding

performance in an OLED reaching an average quantum efficiency of 12.1% (Figure 4.12).83

82



(a)

p-TPB-m-Cz

(b)

400 {TO/CulITPDIMCP:p-TPB-2C2/PBDICA/A 10009
50 Device A

e

e

=
g
S

Brightness | [cd/m?]

g

\ —Device A
02 | \\ p-TPB-2Cz (film)

Normalized EL | [a.u.]

50
100
u

50 r
[

“300 400 500 600 700 10 15 2
Wavelength I [nm] Voltage I V]

Figure 4.12: (a) Chemical Structures of the Carbazolyl- and Cyano-Substituted TPB Derivatives. (b) electroluminescence
spectra of the fabricated device, and graph of the current density—voltage-luminance curves. Images extracted from reference.?

4.1.4.3 Energy applications

In terms of  energy applications, solar energy is adequate and free, but there is a lack of
easy-manufactured energy capture devices. Perovskites or polythiophenes, as a class of energy
conversion devices, are promising. However, due to the high bandgap, they sacrifice a large
portion of the photons that are lower than the bandgap. TTA-UC materials can utilize the
unused part of light and convert it into useful wavelength. Schmidt and coworkers reported the
first example of combining a dye-sensitized solar cell (DSC) and TTA-UC system.8* Also,
Hanson and coworkers have investigated self-assembled bilayers for many years offering a
promising strategy to directly harness photon upconversion via triplet—triplet annihilation
(TTA-UC).858 To be specific, it is found that the bilayers solar cell exhibits efficient
sensitizer-to-acceptor energy transfer and the photon-to-current efficiency. Additionally, the
redox potential of the Co?*** mediator had a significant influence to I values (0.8 mW/cm?)

which is also the lowest value reported for any TTA-UC system (Figure 4.13).88
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Figure 4.13: (a) Schematic illustration bilayer bilayers solar cell, (b) Electronic transitions and energetics for TiOz2, acceptor,
sensitizer, and the mediators (vs NHE) alongside the structure of the Coll/Ill redox mediators. Images extracted from
reference®®

4.1.4.4 Anti-counterfeiting applications

Product counterfeiting represents a large, growing risk to many global firms and people
including currency, medicines, and documents, has long been a threat to public property.
According to the “Counterfeiting and piracy in 2021 — the global impact”, the international
trade in counterfeit and pirated products could have amounted to as much as $509 billion in
2016, estimated to be 3.3% of world trade — up from $461 billion in 2013, representing 2.5%
of world trade. In this regard, a variety of anti-counterfeiting technologies have emerged on the
market to boycott the increasing amount of counterfeiting. Upconversion materials, as a novel
anti-counterfeiting alternative, exhibit multicolor optical properties, light power dependence
excitation, and a near-infrared source of upconversion that is difficult to obtain, resulting in the
difficulty of duplicating.®® TTA-UC-based anti-counterfeiting technique was proposed by Kim
and coworkers. They presented a new multilayer thin-film structure in which there are flexible
and photostable TTA-UC thin films with layers of oxygen barrier (Polyvinyl alcohol, PVA),
interference layer (striped layer) and host polymers.®® Upon UV light irradiation, the
luminescence of the striped layer will interfere with the patterned layer making it unreadable.
However, upon 635 nm irradiation, only the TTA-UC layer glows enabling QR code

recognizable to the smart phone (Figure 4.14).%°
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Figure 4.14: (a) Schematic showing the multilayers materials with a QR code doped with PATPBP and perylene. (b)
Fluorescence micrographs of this material under xenon lamp excitation at 365 nm and laser excitation at 635 nm, only the QR
code in the bottom image can be read using a smart phone or a QR code scanner. Images extracted from reference.®

4.2 Objective

Due to the many potential applications of solid state TTA-UC materials. Herein, we aim
to have a new approach to accomplish TTA-UC in solid state upconverting coordination
polymer nanoparticles (UC-CPNs), where the high content of the dyes in the amorphous
material compensates the lack of mobility, in which the monomers consist of functionalized
sensitizer and the emitter molecules with flexible alkyl chains, crosslinked by zirconium ions.
Such strategy allows to have ratio tunable UC-CPNs with good colloidal stability and efficient
TTET through a large excess of emitter, resulting in TTA-UC based solid materials possibly

applied in photochemical and photophysical applications.

To obtain the upconverting CPNs (UC-CPNSs), firstly three pairs of dyes have been design
(Figure 4.15):

(a) Emitter Sensitizer (b) Emitter Sensitizer (c) Emitter Sensitizer
ol f 030
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Figure 4.15: Chemical structures of functionalized (a) DPA (DPA-S-COOH) and palladium porphyrin (Pd-S-COOH), (b)
rubrene  (RUB-S-COOH) and phthalocyanine (PAC-S-COOH), (c) [4-((10-(4-carboxyphenyl)anthracene-9-
yl)ethynyl)benzoic (CAEBD-S-COOH) and diterpyridine Osmiun complex (Os-S-COOH).

(@) DPA-S-COOH and Pd-S-COOH are designed for visible-to-visible upconversion
(VVUC) through ISC.
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(b) PAC-S-COOH and RUB-S-COOH are designed for near infrared (NIR)-to-visible
upconversion (NVUC) through ISC.

(c) CAEBD-S-COOH and Os-S-COOH are designed for near infrared (NIR)-to-visible
upconversion (NVUC) through S-T

Secondly, with anticipated coordination properties of the molecules. CPNs will be made
via coordination methods e.g. using metal ions. The schematic illustration is shown in Figure
4.16.

Emitter Sensitizer
| Metal lons
- ' + —
‘ Solvent

Upconverting coordination
polymer nanoparticles
(UC-CPNs)

Figure 4.16: The schematic illustration of UC-CPNs synthesis.

Finally, with the obtained UC-CPNSs, possible photochemical and photophysical
application will be investigated, including upconvertion-induced photochromism,

upconvertion-induced photopolymerization, film application and security ink.
4.3 Results and Discussions

The first part of this project consisted of the preparation of the dye pairs (sensitizer and
emitter) required for the synthesis of the UC-CPNSs. For this, we designed three pairs of dyes
(DPA-S-COOH & Pd-S-COOH, RUB-S-COOH & PAC-S-COOH, and CAEBD-S-COOH
& 0Os-S-COOH) which are well-known molecules for upconversion with excitation and
emission wavelength spanning from NIR region to visible region. Due to the possibility of
chemical functionalization on the molecules, it is worthy to explore that with the proposed
strategy, if we can obtain the efficient UC-CPNs for further applications. It was decided to
attach a spacer around 5 to 10 atoms between carboxylic groups and chromophores because a

shorter spacer may increase rigidity to form crystalline and longer spacer will relatively reduce
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the concentration of chromophores during particles formation and increase the distance

between emitters and sensitizers, which is unfavorable for efficient energy transfer.
4.3.1 Organic synthesis

The first dyes synthesized, were the DPA-S-COOH and Pd-S-COOH, which were
selected for the preparation of VVUC-CPNs. The chosen synthetic route is shown in Figure
4.17,4.18.

DPA-S-COOH synthetic route

HO ~OH

2M K2C03 aq) —
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6 (DPA-S-
COOH)
Figure 4.17: Synthetic route for DPA-S-COOH

Suzuki coupling (1 and 2) was used to have terminal ester groupson diphenylanthracene
3with ayield of 67.7%. After hydrolysis with potassium hydroxideand and further acidification
using hydrochloric acid, the 4,4'-(anthracene-9,10-diyl) dibenzoic acid 3 was obtained with a
yield of 90.1% following a react with alkyl chain to extend the length of the molecule to afford
5 with a yield of 75.9%. The final product 6 was collected by hydrolysing 5 with further
acidification with a yield of 89% (5-step overall yield = 41.2%). Synthesis details are shown
in the materials and methods section.

Pd-S-COOH synthetic route
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Figure 4.18: Synthetic route for Pd-S-COOH

Dipyrroliphenylmethane was synthesized using pyrrole and benzaldehyde in acidic

condition with a yield of 76%. Afterwards 4-formylbenzoate was used to construct porphyrin

ring with two terminal ester groups with a ver low yield of 7.1%. Following by KOH

hydrolysis and HCI (aq) acidification, alkyl chain was introduced to afford 2 with a yield of

71.1%. Pd ion was introduced to coordiante with porphyrin by using PdCl; at high temprature

with a yield of 72.2%. Due to the sensitivity of metallic phophyrin towards acidic
environment, acidity was monitored carefully using pH indicator during the addition of
hydrochloric acid and 4 was finally obtained with a yield of 91.7% (6-step overall yield

1.8%). Synthesis details are shown in the materials and methods section.
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The second dyes synthesized, were the RUB-S-COOH and PAC-S-COOH, which were
selected for the preparation of NVUC-CPNs. The chosen synthetic route is shown in Figure
4.19, 4.20.

RUB-S-COOH synthetic route
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Figure 4.19: Synthetic route for RUB-S-COOH

The desgined synthetic route has 5 steps in total. Since it is difficult to functionalize the
benzene group on the rubrene core directly, the compound RUB-S-COOH had to be designed
and synthesized from very beginning. Thus, ethyl 4-bromobenzoate was selected as the starting
material with lower cost compared to the methyl-4-bromobenzoate. The first step is the
Sonogashira cross-coupling reaction used in organic synthesis to form carbon—carbon bonds.
It employs a palladium catalyst as well as copper co-catalyst to form a carbon—carbon bond
between a terminal alkyne and an aryl or vinyl halide. The synthesis was carried out at 90 <€,
yielding the corresponding product 3 with a yield of 96.7%. The second step consisted of the
hydrolysis of the trimethylsilyl group so that the alkynyl hydrogen can be exposed for the next
step, achieved with a yield of 86.7%. Later on, the hydrogen is deprotonated by using a strong
base n-BuLi under -78°C following a reaction with 5, which involves electrophilic addition and
ring arrangement with a yield of 23.5%.% The last  step contains the hydrolysis, acidification

and side chain extension. Synthesis details are shown in the materials and methods section
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PAC-S-COOH synthetic route
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Figure 4.20: Synthetic route for PAC-S-COOH

The first step (1 and 2) is Williamson ether synthesis that is an SN2 reaction in which a
diphenol ion is a nucleophile that displaces a halide ion from an alkyl halide to give an ether.
However, cyanide groups can also react with nucleophile, which resulted in a failure.
Afterwards, a further trial was carried out by using 4 and 5. Due to the slightly acidic nature of
phenol and electon withdrawing property of cyanide groups, williamson reaction undergoes
succussfully in a mild base environment to afford 6 with a yield of 68%. But the 7 can’t be
obtained probably because of the side-reduction of the ester groups taking place with Li. Thus
the pair RUB-S-COOH and PAC-S-COOH was not considered for further investigation.

The third dyes synthesized, were the CAEBD-S-COOH and Os-S-COOH, which were
selected for the preparation of NVUCCPNs. The chosen synthetic route is shown in Figure
4.21,4.22.

CAEBD-S-COOH synthetic route
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Figure 4.21: Synthetic route for CAEBD-S-COOH
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Methyl 4-(10-bromoanthracen-9-yl)benzoate 1 was synthesized through suzuki coupling
reaction with 9,10-dibromoanthracene and (4 - (methoxycarbonyl) phenyl) boronic acid as
starting materials with a yield of 45.7%. The second step is sonogashira coupling to construct
the core sturcture with two terminal ester groups 2 with a yield of 73% following by hydrolysis
and acidification to obtain 3 with a yield of 91%. Afterwards, the same strategy was used to
extend the length of the molecule to finally have two terminal carboxylic group 5 with a yield
of 89% (7-step overall yield of 23.4%). Synthesis details are shown in the materials and

methods section.

Os-S-COOH synthetic route
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Figure 4.22: Synthetic route for Os-S-COOH

Ethylene glycol was chosen as reaction solvent. However apart from osmium coordiantion,
the solvent can also react with carboxlic acid affording ester.%® Taking advantage of the
previous side-reaction, succinic anhydride was used to further extend the length of the spacer
(2-step overall yield of 12.6%). Synthesis details are shown in the materials and methods

section.

4.3.2 Optical measurements of DPA-S-COOH and Pd-S-COOH

Before the synthesis of upconverting nanoparticles, the absorption and emission of DPA-
S-COOH and Pd-S-COOH were measured in DMF. DPA-S-COOH showed an absorption
spectrum with the typical vibronic bands, with Aaps = 375 nm. The emission maximum of the
DPA-S-COOH (extinction coefficieny = 1.37 x 10* Mt cm™)  (Aexc = 375 nm) was
recorded at Aems = 425 nm. The absorption and emission spectra of Pd-S-COOH (extinction
coefficieny = 3.34 x 10° M cm™) showed a band at Aaps = 523 nm and a band at Agms = 700
nm respectively upon 532nm excitation (Figure 4.23a-e). Additionally, the QY of DPA-S-
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COOH and Pd-S-COOH were measured in DMSO using perylene as a standard reference,
under N2 environment (QYppra-s-cooH = 98.9%, QY pd-s-cooH = 1.4%,
4.23f,9).

Once the optical properties of the dyes were characterized, the next step consisted in the

Aexc = 532 nm, Figure

investigation of the UC properties of solutions made by the two dyes. For this study, the
concentration of DPA-S-COOH was set to 1x10* M, while the concentration of Pd-S-
COOH was varied from 1x10 to 2x10° M. The resulting dimethyl sulfoxide (DMSO)

solution was degassed by N> and irradiated with laser (Aexc = 532 nm, 18mW) showing

successful anti-Stokes emission (Aems = 435 nm), which

UC (Figure 4.23h).
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Figure 4.23: (a,c) UV-Vis spectra of DPA-S-COOH and Pd-S-COOH at various concentrations in DMF and (b,d) linear
fitting of the absorbance at 375 nm and 416 nm. (e) Absorption and emission of two dyes. (f,g) Perylene in EtOH was used as
a standard reference (absolute quantum efficiency ®ret = 0.92 in aerated EtOH). The QY of two dyes was calculated with the
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equation below. @ = Dref(l/Iref) (Aref/A) (N?/n?ref), where @ is the QY, | is the integrated emission intensity, A is the absorbance
at the excitation wavelength, and n is the refractive index of the solvent. The subscript ref refers to the reference fluorophore
of known QY. (h) UCL spectra of DPA-S-COOH and Pd-S-COOH in different concentration ratio in DMSO under N2
protection (hexc = 532 nm, 18 mW)

4.3.3 systhesis of VVUC-CPNs using Zn(OACc):2

Zn(OAc)2 was used first to manufacture the particles due to the high coordination
ablility of carboxlic acid groups towards metallic ions. To begin, DPA-S-COOH and Pd-S-
COOH were dissolved in DMF. When Zn(OAc). was added, precipitates formed almost
immediately. The particles were obtained as a white solid after removing excess Zn(OAc). and
unreacted compounds with several times DMF and water washing upon centrigugation. SEM
images of the nanoparticles revealed that shape and size were not uniform showing an

average size of 127 + 37 nm (Figure 4.24a). Due to the ununiform morphology of particles,

size distribution and stability of particles can be done only after using 0.2um filter to remove

aggregates. Figure 4.24b,c are showing good stability in 29h with an average size of 98+29

nm. FTIR of particles and different components indicated the successful synthesis of
particles ..... (Figure 4.24d).

With the observation of the UC luminescence of nanoparticles suspension showing an
emission at 450 nm under N2 atmosphere (Aexc = 532 nm), and a picture of cuvette showing a
blue colour beam with a filter (Figure 4.24e,f), it can be concluded as an achievement of UC
emission confirming that the proximity of the dyes permits the TTA-UC process and a success

of coordination synthesis strategy.
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Figure 4.24: (a) Representative SEM image of Zn-based VVUC-CPNs. (b) DLS of upconversion nanoparticles Milli-Q®
water  suspension. (c) Stability of upconversion nanoparticles in Milli-Q® water. (d) FTIR of nanoparticles, DPA-S-COOH,
Pd-S-COOH, and Bis ligand. () UC luminescence of Zn-based VVUC-CPNs Milli-Q® water suspension (Aexc = 532 nm). (f)
A picture of cuvette showing a blue colour beam with a filter (Aexc = 532 nm).

4.3.4 VVUC-CPNs systhesis using ZrOCl2

Once proved this strategy permitted obtaining nanoparticles with UC properties it was
decided to improve their size and shape uniformity. For this, the synthesis was further
optimized. Zn(OAc). was used again with four different types of sufactants (Cetrimonium
bromide (CTAB), sodium dodecyl sulfate (SDS), polyvinylpyrrolidone (PVP) and
polyethylene glycols 2000 (PEG)). Additionally, due to inertness of metal oxides, ZrOCl, was
chosen as crosslinking metal ion for substitution, with and without four different types of
sufactants. The SEM images turned out that the assistance of surfactants did not improve the
morphology when Zn(OAc). was used (Figure 4.25a-d). With the addition of SDS (Figure
4.25Q), the the morphology of particles is flakes with size over 200 nm. The cases with and
without surfactants all showed sphere morphology (Figure 4.25e,f,h,i). Finally, the synthesis

with ZrOCl, and without adding surfactant was chosen for the future work.
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Figure 4.25: Representative SEM images of nanoparticles with addition of (a) CTAB, (b) PVP, (c) SDS, (d) PEG.

4.3.5 Optimization of the UC emission/phosphorescence ratio in the UC-CPNs

Once optimized the synthesis of the CPNs to have good size distribution, it was decided
to improve the purity of the UC emission by increasing its intensity towards the competing
phosphorescence emission. To do this, the efficiency of the TTET had to improved. To favour
this, the distance between the donor and acceptor has to be minimized (less than 1 nm) for the
effective overlap of wavefunctions for an electron exchange. Also, to assure the sensitizer
triplet states energy is efficiently transferred to the emitter, the latter has to be present in large
excess. Thus, new syntheses of the CPNs were carried out tuning the initial ratio of the
sensitizer and emitter to study the effect on the UC/phosphorescence emission ratio.

The concentration of DPA-S-COOH was initially fixed to 1 mg/mL and the amount of
Pd-S-COOH was set to a range between 0.3 and 5 pg/mL having 5 different concentration (1:
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Img/mL & 0.3125ug/mL, 2: Img/mL & 0.625ug/mL, 3: Img/mL & 1.25ug/mL, 4: 1mg/mL
& 2.5pg/mL, 5: Img/mL & 5ug /mL). All synthesis yielded the desired CPNs of size around

60.0 nm, as shown by SEM images. (Figure 4.26).

(e)
400 nm
e ]

Figure 4.26: SEM images of (a)1, (b)2, (c)3, (d)4, ()5

All obtained CPNs showed UC at A =445 nm upon green light irradiation (Aexc = 532 nm),
with residual phosphoresence luminescence (PL) at A = 653 nm, indicating different
efficiencies of triplet energy transfer and demonstrating the importance provided by the
possibility of tuning the dyes ratio within a solid system (Figure 4.27a).

Among them, the batch 3 (made by using 1 mg/mL of DPA-S-COOH and 1.25 ug /mL of
Pd-S-COOH) showed an intensive upconversion emission with a highest integral ratio of
UCL/PL = 6.54 (Figure 4.27b). The VVUC-CPNSs suspension irradiated with 532 nm laser
(100 mW/cm?), manifested blue light emission, visually confirming the upconversion (short-
pass filter was used to remove excitation light and residual phosphorescence Figure 4.27c).
Finally, high performance liquid chromatography (HPLC) was used to determine the
concentration of the emitter molecules in the CPNs, while the inductively coupled plasma-
mass spectrometry (ICP-MS) technique was used to quantify the concentration of sensitizers

(through the Pd center) and Zr?* ion. The ratio (wt%) of the dyes in the particles was Pd-S-
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COOH/DPA-S-COOH = 0.06% (molar ratio is 1/2900) with polymer formula DPA-S-
COOH2900Pd-S-COOH1Zrse90 (Figure 4.27d). This ratio was used for the rest of work.
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Figure 4.27: (a) Upconversion emission of five different VVUC-CPNs water suspensions (Aexc = 532 nm) obtained by using
different DPA-S-COOH/Pd-S-COOH ratio (1: Img/mL & 0.3125pg/mL, 2: Img/mL & 0.625pg/mL, 3: 1mg/mL &
1.25pug/mL, 4: 1mg/mL & 2.5pg/mL, 5: 1mg/mL & 5pg /mL). Magenta subtractive dichroic color filter, filter was used to cut
the 532 nm excitation beam. (b) Emission spectrum and (c) Photograph of the emission of the aqueous suspension of VVVUC-
CPNs obtained from DPA-S-COOH/Pd-S-COOH = 1281 (entry 3) (Aexc = 532 nm, N2 atmosphere). Magenta subtractive
dichroic color filter was used to cut the 532 nm excitation beam. (d) Quantification of 5 batch (1-5)

The CPNs with highest UC/phosphorescence ratio were further characterized. The shape
of amorphous upconverting nanoparticles with an average size of 47.0 8.0 was revealed by
SEM images of VVUC-CPNs, Figure 4.28a). The size distribution of the resuspended
UCCPNSs in Milli-Q® water was estimated to be roughly 70 nm using dynamic light
scattering (DLS, Figure 4.28b). X-ray powder diffraction (XRD) showed the absence of
diffraction peaks which confirms the amorphous nature of the solid nanoparticles. This
corroborates the 5-carbon alkyl chain was a sufficient length to break the crystalline order
(Figure 4.28c). Fourier-transform infrared spectroscopy (FT-IR) showed a band at 1650 cm
and another medium intensity band at 1371 cm; the intensity and frequency of the bands
indicate that they correspond to vCOasym and vCOsym Vibrations, respectively. The former is
shifted from 1705 cm and the latter from 1440 cm-?, observed in DPA-S-COOH, or from
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1688 cm* and 1441 cm of the Pd-S-COOH free ligands, indicating the coordination of the
carboxyl groups of the ligands to the metal center (Figure 4.28d).9%%
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Figure 4.28: Characterization of VVUCCPNSs: (a) Representative SEM image, scale bar = 500 nm. (b) Size

distribution of VVUCCPNSs in MiliQ®. (c) X-ray powder diffraction (XRD) spectrum. (d) FTIR of two
dyes and VVUCCPNSs.

To quantify the efficiency of the UC. For this, the excitation intensity threshold (lw)
and the QY (®uc) were determined. The I is the incident light power density value above
which the formed triplets of the emitter mainly undergo TTA as enough triplet states have
been formed. In this regime the UC intensity increase passes to be quadratic to linear with
respect to the incident light intensity. In the logarithm plot of the integrated UC intensity
against the incident light power density, the It is determined as the intersection point between
the fitting lines of the quadratic (at low intensities) and linear (at higher intensity) trends
(Figure 4.29a). For our VVUC-CPNSs the Iy, was 90 mW/cm?, at which it was measured a
relative dyc = 0.65%.7° This value has to be considered respect to a maximum value of ®yc
=50%, due to the bimolecular character of the UC process. %>

To bring more light to this fact further spectroscopic data were obtained for these CPNs.
The absorption spectrum of a VVUC-CPNSs water suspension showed the characteristic
DPA-S-COOH bands, but broadened and red-shifted, in addition to some light scattering
(Figure 4.29b). Pd-S-COOH could not be detected due to its low contribution to the final
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polymer molecular formula DPA-S-COOH2900Pd-S-COOH1Zrse90. Moreover, the DPA-S-
COOH emission ( A exc = 375 nm) within the nanoparticles was slightly broader and red-
shifted compared to that of a bulk DMF solution, suggesting some degree of aggregation of
the dye in the nanoparticles (Figure 4.29c¢).

In the future, these values can be further improved, by slightly modifying the design of
the monomeric molecules. Indeed, CPNs obtained from only DPA-S-COOH (DPA-S-
CPNs) showed a fluorescence QY of 18.5% (Figure 4.29d) and the absolute fluorescence
quantum yield of DPA-S-COOH (Aexc = 375 nm) in VVUC-CPNs is 34.2% (Figure 4.29¢),
which is quite lower respect to the initial monomer, suggesting DPA aggregation in the
particles. This means that TTA efficiency is reduced, lowering the overall value of the UC.
The presence of bulky group in the structure of the DPA molecules is expected to prevent

aggregation, while keeping high dye density.
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Figure 4.29: (a) logarithm plot of integrated UCL intensity against excitation power density. Excitation intensity threshold
(Itn) was determined from the interception of the two fitting lines in the quadratic and linear regimes. (b) Absorption and (c)
emission spectra of a DMF solution of DPA-S-COOH and VVVUC-CPNs aqueous suspension (Aexc = 375 nm). Absolute
fluorescence quantum yield of DPA-S-COOH in (d) DPA-S-CPNs (18.5%) and (e) VVUC-CPNs (34.2%), exciting at Aexc =
375 nm.

4.3.6 Optical characterization of Os-S-COOH and CAEBD-S-COOH

To demonstrate the universality of the approach, UC-CPNs were also designed to
upconvert NIR radiation into visible light (NVUC-CPNSs). For this we also investigated the use
of sensitizers forming their triplets upon direct singlet-to-triplet absorption, without passing

through the ISC, which competes disfavorably with vibrational relaxation when the singlet
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excited state (Sy) is of lower energies. The monomers of choice was an Os complex (Os-S-
COOH) as sensitizer, functionalized with succinic acid attached to the aromatic moiety
through an ester bond, and the [4-((10-(4-carboxyphenyl)-anthracene-9-yl)-ethynyl)-benzoic
derivative (CAEBD-S-COOH, emitter) chemically modified with a carboxylic acid-
terminated alkyl chain, attached to the aromatic moiety through amide bond (Figure 1c). The
optical properties of the dyes in DMF solutions matched with reported data of the respect parent

molecules. Os-S-COOH (extinction coefficieny = 2.12 x 10* M cm) has absorption and

phosphorescent bands at Avax = 680 nm and Aems = 773 nm (Aexc = 650 nm), respectively. The
absorption and fluorescence bands of CAEBD-S-COOH (extinction coefficieny = 2.4 x 10*

M- cm?) were at Amax = 410 nm and Aems = 455 nm (Aexc = 410 nm), respectively (Figure 4.3a-
e). Irradiation with 650 nm laser of a degassed DMF solution of the sensitizer (5x10* M) and

emitter (102 M) confirmed the upconverted emission (Figure 4.30f).
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Figure 4.30: (a,c) UV-Vis absorption spectra of CAEBD-S-COOH and Os-S-COOH at various concentrations in DMF and
(b,d) linear fitting of the absorbance at 410 nm and 680 nm, respectively. (¢) Absorption and emission (Aexc =410 nm, Aexc
=680 nm, respectively) spectra of CAEBD-S-COOH and Os-S-COOH in DMF. (f) UC emission of a degassed DMF solution
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of the Os-S-COOH (5x10* M) and CAEBD-S-COOH (10-3 M), irradiated with 650 nm CW laser. Subtractive cyan dichroic
filter was used.

4.3.7 Synthesis of the NVUC-CPNs

NVUC-CPNs have been synthesized using the same strategy. For characterisation, the
solid was centrifuged, isolated, and freeze-dried. The shape of amorphous upconverting
nanoparticles with an average size of 89.2 +£12.8 nm was revealed by SEM images of VVUC-
CPNs (Figure 4.31a). The size distrubution of the resuspended UCCPNs in MiliQ® water was
estimated to be roughly 120 nm using dynamic light scattering (DLS, Figure 4.31b). X-ray
powder diffraction (XRD) showed the presence of an amorphous structure of the solid particles
and the absence of any crystalline moiety (as it happens instead in MOF-based coordination
polymers), which confirmed the 5-carbon alkyl chain was sufficient to break the crystalline
order (Figure 4.31c). Fourier-transform infrared spectroscopy (FTIR) of VVUC-CPNs
confirmed the coordination bonds between —COO" groups and the metal centers through the
absorption bands at v = 1540, 632 cm™, ®% indicating the dyes coordination to the Zr in the
CPNs (Figure 4.31d).%2%
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Figure 4.31: Characterization of NVUC-CPNs: (a) Representative SEM image, scale bar = 1 um. (b) Size
distribution of NVUC-CPNs in MilliQ®. (c) X-ray powder diffraction (XRD) spectrum. (d) FTIR of two dyes and
NVUC-CPNE.

4.3.8 Optimization of the UC emission/phosphorescence ratio in the UC-CPNs

The concentration of CAEBD-S-COOH was initially fixed to 1.5 mg/mL and the amount
of Os-S-COOH was set to a range (12.5 - 50 pg/mL). After obtaining the materials, optical
porperties of three batches were investigated in nitrogen environment (Figure 4.32a).

All batches have shown upconversion upon green light irradiation (Aexc = 650 nm) with
different intensity of upconversion luminescence (UCL) at A = 511 nm and residual
phosphoresence luminescence (PL) at A = 773 nm indicating different efficiency of triplet
energy transfer and demonstrating the importance provided by the possibility of tuning the dyes
ratio within a solid system.

Among them, the batch 2 (CAEBD-S-COOH 1.5 mg/mL & Os-S-COOH 25 ug/mL)
showed an intensive upconversion emission with a highest integral ratio of UCL/PL = 7.31
(Figure 4.32b). The photo of the cuvette containing NVUC-CPNs suspension was taken upon
irradiation with short-pass filter showing blue light emission, which is the proof of
upconversion (Figure 4.32c). Finally, high performance liquid chromatography (HPLC) was
used to determine the concentration of the emitter molecules in the CPNs, while the inductively
coupled plasma-mass spectrometry (ICP-MS) technique was used to quantify the concentration
of sensitizers (through the Os center) and finally afford polymer formula as CAEBD-S-
COOHgy0Os-S-COOH1Zr236 (Figure 4.32d). This ratio was used for the rest of work.
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Figure 4.32: (a) Upconversion luminescence of 3 batches with different ratio between emitter and sensitizer (1-3, 1.5 mg/mL
& 12,5 pg/mL, 1.5 mg/mL & 25 pg/mL, 1.5 mg/mL & 50 pg/mL). (b) Upconversion luminescence of batch 2 with the
highest ratio between UCL/PL. (c) Photo of the cuvette with NVUC-CPNs upon 680 nm irradiation (Subtractive cyan dichroic
filter was used). (d) Amount of Os-S-COOH, CAEBD-S-COOH and Zr?* for the reactions and quantification of exact amount
of each component within the particles in 1-3 batches, using HPLC for CAEBD-S-COOH and ICP-MS for Os-S-COOH and
Zr?* Subtractive cyan dichroic filter was used.

4.3.9 Upconversion application exploration

Once demonstrated the viability of the UC-CPNs for different spectral ranges and good
colloidal stability in MilliQ® water (Figure 4.19), we aimed to investigate the applicability of
the UC-CPNs obtained. For this, it was decided to use the UC emission of the CPNs to:

- Induce reversible (photochromism) and irreversible (photopolymerization)
photochemical processes,

- Fabricate nanomaterials with air-stable UC emission.

4.3.9.1 Upconversion-induced photochromic change

“Photochromism” is simply defined as a light-induced reversible change of color, which
involes a reversible transformation of a chemical species between two forms by the absorption
of electromagnetic radiation (photoisomerization).®” To be specific, the stable initial form of

photochrome is transformed by irradiation into an active form of photochromes, where the two
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forms have different absorption spectra (Figure 4.33). The back reaction can occur thermally

(Photochromism of type T) or photochemically (Photochromism of type P).
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Figure 4.33: (a) Schematic of photochromism.

Due to the fast deveploment of photochromism, both in the industrial and the academic
fields, a growing interest has been found in fabricating functional photochromism (T-Type)
material in the area of ophthalmic lenses and smart windows.?® However, most of the T-Tpye
photochromes absorb selectively in the UV and synthesizing molecules that absorb in the
visible or NIR is not cost-friendly and straightforard. Therefore, UC would be good solution
for the photochromism, which extends th activation to visible and NIR of solar light as it is

allowed a larger number of photons to be used.

Due to the upconversion emission of VVUC-CPNs is  410-480 nm (Amax = 450 nm), a

vairety of photochromic dyes have been evaluated upon 450 nm laser to see the colour change
and recovery time. Finally, the graphite (GR) was chosen as the candidate for the experiment
with an observation of colour change. However, colour changes haven’t been observed even
witha high concentration of VVUC-CPNSs, the possible explanation will be the low intensity
of upconverted emission that can’t trigger the photochromism. In addition, we have found that
high intense of green light (532 nm) accelerate the colour recovery that hinders the

photochromism
4.3.9.2 Upconversion-induced photopolymerization

The application of photochemistry to polymer and material science has led to the
development of complex vyet efficient systems for polymerization, polymer

postfunctionalization, and advanced materials production. Using light to activate chemical
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reaction pathways in these systems not only leads to exquisite control over reaction dynamics,
but also allows complex synthetic protocols to be easily achieved.®*-192 UC that converts long
wavelength light to shorter emission has more advantages, such as deep penetrating depth to
activate photopolymerization and more access to the LED or light sources. Thus, it would be
interesting to use upconversion luminescence to trigger the photoinitiator generating reactive
intermediate.

Herein, polymerization of 2-Hydroxyethyl methacrylate (HEMA) was attempted in the
presence of VVUC-CPNs (A, = 450 nm) and photoinitiators (Riboflavin, A max =444 nm).10%

104 To be specific, different ratios between HEMA and solvent have been used (HEMA/solvent
ratio 1.21 : 10,5 : 1 and 1 : 0) to explore that how does different amout of HEMA affect the
speed of polymerization. Additionally, 0.01M triethanolamine (TEOHA) was used as a
coinitiator in aqueous solvents. The whole experiments were carried out under an N2 protection
conditions at 25 ° C, in the presence of 2-4mg/mL VVUC-CPNs and  Riboflavin.
Unfourtunately, gellization has not been observed neither blue upconverting emission (The
condition was set base on the reference and an observation of gellization under sunlight). The
possible reason is that the upconverted emssion from VVUC-CPNSs is not enough to initiate

the polymerization.

4.3.9.3 Air-stable upconverting transparent films

The first material consisted of a transparent polymeric film, of interest for OLEDs, solar
cell and solar concentrator. The low size (< 100 nm) and narrow size distribution of CPNs
prevent the light scattering and should allow the fabrication of highly transparent polymeric
films embedding the nanoparticles (Figure 4.34), as the group Nanosfun demonstrated with
low-size oil photochromic nanodroplets® and fluorescent solid lipid nanoparticles.'% On the
other hand, the aqueous medium in which they are dispersed offers the possibility to use the
water-soluble film-forming polyvinyl alcohol (PVA) matrix, where UC organic dyes are
normally not soluble, but which is also one of the most efficient oxygen barrier polymer and

useful for UC.107-108
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Figure 4.34: Colloidal stability of UC-CPNs in MilliQ® water (a) VVUC-CPNs, (b) NVUC-CPNs

PVA films were easily prepared by drop-casting a VVUC-CPNs and NVUC-CPNs
suspensions in the presence of PVA and letting the water evaporate at room temperature
(Figure 4.35a). Flexible, free-standing and highly transparent films could be pealed out from
the container (Figure 4.35b). Thanks to, not only their small dimensions, but also their
homogeneous distribution within the polymer, the resulting films showed high transparency
(%Tss5nm = 84 and 75%T against air, respectively, Figure 4.35c). Most importantly, the films
showed blue and greenish emissions, respectively, upon irradiation with 532 and 650 nm lasers
under air atmosphere, confirming the generation of air-stable UC photons (Figure 4.35d,e ).
From here two facts deserve to be emphasized. First, the UC/phosphorescence ratio of VVUC-
CPNs was even higher than the corresponding colloidal suspensions (Figure 4.35f), possibly
due to a better protection from oxygen quenching by the PVA, which prevents the need of
additional protective coatings, e.g. nanocellulose, or antioxidants, normally used to inhibit
oxygen diffusion and/or quenching of the triplet states.13 And second, UC was observable
using a relatively low amount of CPNs (0.67 wt.% respect to PVA), without needing rubber-

type polymers or high dyes concentration (as normally happens in UC polymeric matrices)..3%
31, 109-110
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Figure 4.35: (a) Schematic of PVA film preparation. (b) VVUC-CPNs@PVA and NVUC-CPNs@PVA films bended with
fingers, to show flexibility. (c) Transmittance of plain PVA, NVUC-CPNs@PVA and VVUC-CPNs@PVA films.
Photographs of transparent (d) VVUC-CPNs@PVA and (e) NVUC-CPNs@PVA films showing UC emission under 532 nm
and 650 nm CW laser irradiation, respectively. (f) UC emission of VVUC-CPNs@PVA film (Aexc = 532 nm). Magenta
subtractive dichroic color filter, filter was used to cut the 532 nm excitation beam.

Even more, localized irradiation with 532 nm CW laser at the center of the VVUC-
CPNs@PVA film, yielded intense UC emission at the edges of the film (Figure 4.35d and
Figure 4.36). This result demonstrated that the CPNs are small enough to minimize the
scattering of light, which concentrates at the edges through total internal reflectance. These
transparent films based on UC-CPNs are thus promising materials to obtain luminescent solar
concentrators based on UC emission, desirable to avoid the typical dyes reabsorption of re-

emitted light during its traveling to the edges.
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Figure 4.36: UC emission of VVUC-CPNs@PVA film (Aexc = 532 nm). Magenta subtractive dichroic color filter, filter
was used to cut the 532 nm excitation beam.

4.3.9.4 Air-stable upconverting printed patterns for security inks

The good colloidal dispersion of our nanoparticles in aqueous suspensions was also
successfully used to prepare water-based security inks. Both VVUC-CPNs and NVUC-CPNs
could be easily patterned, in the presence of PVA binder, onto glass substrate through spray-
coating and using a pre-patterned mask (with “UC” shape, Figure a), preserving their
fluorescent properties under UV irradiation (Aexc = 365 nm, Figure b) and UC emissions under
532 and 650 nm light (Figure c).

VVUC-CNPs

UC

NVUC-CNPs

ucC

Figure 4.20: (a) Photograph of VVUC-CPNs and NVUC-CPNs spray-coated patterns under (a) ambient light and (b) UV
irradiation (Lexc = 365 nm). Photo of the UC emission of VVUC-CPNs- and NVUC-CPNs-based “UC” patterns, irradiated

with (a) 532 nm and (b) 650 nm CW laser, respectively.

To prepare an encrypted label, a glass substrate was first spray-coated all over the surface
with a suspension made of DPA-S-CPNs or CAEBD-S-CPNs (containing only DPA-S-COOH
or CAEBD-S-COOH) and PVA, obtaining a uniform printed UV active substrate (background)
with rough surfaces due to the PVA microcapsules formed upon spraying (Figure d). On top
of this, the PVA/VVUC-CPNs or PVA/NVUC-CPNSs aqueous suspensions were spray-coated

on the respective prepared substrate, interposing the pre-patterned“UC” mask between the
nozzle and the substrate (Figure a). When the scanning of the substrate surface with 532 and
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650 nm CW lasers and pulsed 532 nm beam. UC emission only appears when the beam scans
over the “UC” pattern, decrypting the hidden message.

(a) PVA UC-CPNs
solution Suspension

m m VVUC-CPNs DPA-S-CPNs
a— PVA with PVA with

or or

CAEBD-S-CPNs

NVUC-CPNs

Spraying

Glass slide

Figure 4.23: (a) Schematic of PVA film preparation. preparation of the material with UC-based encrypted message;
photograph of spray-coated (b) VVUC-CPNs and (c) NVUC-CPNs patterns showing UC emission upon irradiation with 532
nm and 650 nm CW lasers, respectively, when the laser beam scans over the "UC* pattern. (d) VVUC-CPNs patterns scanning
with 532 nm (pulsed Nd:YAG).

4.4 Conclusions

In conclusion, the introduction of alkyl chain within emitter and sensitizer ligands allowed
us to synthesize UC amorphous nanoscale coordination polymers with high dye densities and
easy dye-ratio tunability. This approach prevents dyes migration and phase segregation of the
dyes in polymer material (matrix) and allows the optimization of the dye interactions and the
consequent energy transfer processes involved in the TTA-UC. We proved the approach can
be generalized to upconvert photons from/to different spectral regions and through distinct
mechanisms (intersystem-crossing or direct singlet-to-triplet absorption). Moreover, given
their chemical and colloidal stability in water, these CPNs could be considered the organic
counterpart of the lanthanide-based inorganic UCNPs, but with lower excitation intensity
thresholds. The system might be further improved through the addition of bulky group in the
DPA-S-COOH structure to reduce aggregation, while preserving the high density in the CPNs
to favor TTET and TTA. Finally, the combination with the water-soluble and oxygen-barrier
PVA polymer, allowed us to obtain UC water-borne inks and transparent films where UC is

preserved even at low CPNs concentration. The interest for these platforms was exemplified
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by the development of anticounterfeiting patterns and luminescent solar concentrators,

respectively.

4.5 Materials and methods
Reagents and Instrumentation

Solvents were purchased from Sigma—Aldrich and used as received and complex 1 was
synthesized and characterized according to previously reported methodology [14]. Fourier
transform infrared (FTIR) spectra were carried out with a Tensor 27/PMA5S0FTIR
Spectrometer in a range of 4000-400 cm™. Dynamic light scattering (DLS) for the
determination of the particle-size distributions and the zeta potential values were measured in
a ZetaSizer nano ZS (ZEN3600, Malvern Instruments, Ltd., Malvern, UK). Scanning Electron
Microscopy (SEM) images were obtained on a scanning electron microscope (FEI Quanta 650
FEG, The Netherlands). The samples were casted on aluminum holders following by
evaporation and later a thin platinum layer was sprayed to increase the conductivity of samples..
Ultraviolet—visible spectroscopy (UV-vis) study was carried out in the Agilent Cary 60

spectrophotometer
HPLC methodology for UC-CPNs quantification

Chromatographic conditions: analyses were performed using a HPLC Waters 2695
separation module coupled to a Waters 2487 UV-Vis detector (suitable for dual detection 280
369nm). The column used was a Restek® C-18 (250 mm x 4.6 mm). Eluent A was a 0.1% (v/v)
TFA aqueous solution and eluent B was acetonitrile absolute (HPLC grade). Before the
analysis, the RP column was preequilibrated using the starting conditions of the method (99 %
A (v/v)) for 10 min, followed by a gradual decrease of A from 100% to 0% (v/v) in first 15
min and lasting 4 min. Then, mobile phase was raised to 100 % A (v/v) in 3 min and lasting 3
min. Finally, mobile phase was reset to the initial conditions (A:B) 100:0 (v/v) and stayed for
10 min to equilibrate for the next injection. The flow rate was set at 1.0 mL/min and the column
temperature was kept at 25 <C. The detection wavelengths were 280 and 369 nm. This method
were for calibration curve of DPA-S-COOH and CAEBD-S-COOH and quantification of UC-
CPNs.

ICP-AES analysis
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UC-CPNs are determined by after dissolving the metals in aqua regia.
UC-CPNs synthesis

Dyes were dissolved in 2 ml anhydrous DMF with final additioin of ZrOCl,, The resulting
mixture was stirred and heated at 90°C for 15h. Precipitates were isolated by centrifugation
with following 3 times DMF washing and 2 times water washing to remove unreacted

compound.
Upconversion luminescence and phosphorescence measurement

Img/mL UC-CPNs were dispersed in MiliQ® water in sealable quartz cuvette and the
suspension was degassed by N2 for 1.5h for upconversion measurement. Phosphorescence was

measured using the some method after 1.5h degassing.
UC-CPNs Film preparation

2 mg/mL UC-CPNs were dispersed in 1 mL MiliQ®. The resulting suspension afterwards
mixed with ImL 20 wt% PVA solution with stirring for better despersion. The mixture were

poured into a container for film formation through evaporation.

Glass slide printing
2 mg/mL UC-CPNs were dispersed in 2 mL MiliQ®. The resulting suspension afterwards
mixed with 2mL 10 wt% PVA solution with stirring for better despersion. The mixture was

used for

Synthesis and spectra

Br

TMS Pd(Ph3P)4, Cul, PhsP | |
+ / .

TEA, 90 °C

o o

A mixture of ethyl 4-bromobenzoate (2.01 g, 8.77 mmol, 1.0 equiv), Pd(PPhs)s (504 mg, 0.44
mmol, 0.05 equiv.), Cul (83 mg, 0.44 mmol, 0.05 equiv.) and PPh3 (137 mg, 0.53 mmol, 0.06

equiv.) was dissolved in triethylamine (60 ml) under argon. Ethynyltrimethylsilane (1.03 g
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10.49 mmol, 1.2 equiv) was added and the reaction mixture was heated at 90 <C for 17 hr. After
cooling to rt, the mixture was filtered through CELITE and evaporated to dryness. The crude
was purified by flash chromatography (HEX/DCM 10/1 to 2/1) to afford 2.08 g (96.7%) as a
yellowish liquid. R = 0.50 (hexanes:DCM = 1:1)

IH NMR (360 MHz, CDCl3) & = 7.96 (d, J=8.4, 2H), 7.50 (d, J=8.5, 2H), 436 (q, J=7.1, 2H),
1.38 (t,J=7.1, 3H), 0.25 (s, 9H)
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To asolution of K.COs3 (2.33 g, 16.8 mmol, 2.0 equiv.) in EtOH/DCM (50 mL/10 mL) mixture
ethyl-4-((trimethylsilyl)ethynyl)benzoate (2.08 g, 8.4 mmol, 1.0 equiv.) was added under argon.
The reaction mixture was stirred for 4 h at rt, then filtered and evaporated to dryness. The crude
was purified by flash chromatography to afford 1.27 g (86.7%). Rs = 0.40 (hexanes:DCM 1:1)
IH NMR (360 MHz, CDCl3) & = 8.02 — 7.95 (m, 2H), 7.54 (d, J=8.3, 2H), 4.37 (q, J=7.1, 2H),
3.22 (s, 1H), 1.39 (t, J=7.1, 3H).23C NMR (91 MHz, CDCl3) & = 165.93, 132.02, 130.48, 129.41,
126.61,82.84,79.97,61.20

3.22
1.41

1.39
1.37

deprotectiongue @ 19 @ @ omwx
1H NMR 350%:%?} g N Taan
W SR

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

IH NMR spectrum of ethyl 4-ethynylbenzoate
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Ethyl-4-((trimethylsilyl)ethynyl)benzoate (1.27 g, 7.32 mmol, 1.0 equiv) was dissolved in dry
THF (50 ml) under N2. n-BuLi (3.2 mL (2.5 M), 8.05 mmol, 1.1 equiv) was added dropwise
at -78°C. After 1 h, a solution of benzophenone (1.40 g, 7.69 mmol, 1.05 equiv.) in dry THF
was added and the reaction mixture was allowed to reach room temperature for 1 h. The
reaction mixture was quenched by addition of 1.0 M HCI and extracted with ethylacetate, dried
over Na2S04, and concentrated under reduced pressure. The crude material was crystalized by
adding hexane affording 1.66 g (64%) as white solid. Rf= 0.70 (hexanes:EA = 5:1)

IH NMR (360 MHz, CDCl3) & = 8.01 (d, J=8.4, 2H), 7.70 — 7.63 (m, 4H), 7.56 (d, J=8.4, 2H),
7.42 —7.33 (m, 4H), 7.32 — 7.27 (m, 2H), 4.38 (q, J=7.1, 2H), 2.98 (s, 1H), 1.40 (t, J=7.1, 3H).
13C NMR (91 MHz, CDCl3) & = 166.01, 144.65, 131.66, 130.29, 129.44, 128.38, 127.89,
126.94, 126.04, 94.49, 86.41, 74.85, 61.23, 14.30.
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Ethyl 4-(3-hydroxy-3,3-diphenylprop-1-yn-1-yl)benzoate (250 mg, 0.7 mmol, 1.0 equiv.) was
dissolved in dry DCE (5.0 mL) under argon. The mixture was cooled to 0 < and then, TEA
(177 mg, 1.75 mmol, 2.5 equiv.) was added followed by MsCI (0.064 mL, 0.8 mmol, 1.2
equiv.). After stirring at rt for 24 hr, the reaction mixture was heated at 110 <C for 24 hr. The
volatiles were removed in vacuo and the crude was purified by flash chromatography
(HEX/DCM — 10:1 — 5:1 — 2:1) affording 111.5 mg (23.5%) as orange solid. R¢ = 0.50
(hexanes:EA =5:1)
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IH NMR (360 MHz, CDCls) & 7.76 (d, J = 8.1 Hz, 4H), 7.38 (dd, J = 6.1, 4.1 Hz, 2H), 7.26 (t,
J=4.2 Hz, 2H), 7.19 — 7.08 (m, 6H), 7.05 (t, J = 7.5 Hz, 4H), 6.96 (d, J = 8.1 Hz, 4H), 6.88 (d,
J=7.1Hz, 4H), 4.45 (q, J = 7.1 Hz, 4H), 1.47 (t, J = 7.1 Hz, 6H).

13C NMR (91 MHz, CDCls) § 166.80, 146.76, 141.32, 137.33, 135.96, 132.37, 132.11, 130.30,
129.97, 128.37, 127.75, 127.33, 126.65, 126.26, 126.12, 125.38, 125.18, 60.89, 14.45.
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13C NMR spectrum of diethyl 4,4'-(6,12-diphenyltetracene-5,11-diyl)dibenzoate
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S1. Synthetic procedure and characterization

HO...OH
Br B 2M K,COj (aq)

—Q & 0
L >OO_

I PdCl,(dppf),/DMF
r 0“0

1 2 |

The mixture of 1 (9,10-dibromoanthracene, 250mg, 0.74mmol), 2 (4 - (methoxycarbonyl)
phenyl) boronic acid, 335mg, 1.86mmol) and a catalytic amount of PdCI2(dppf). (54
mg,0.074mmol ) were dissolved in 20mL of degassed DMF. Then an aqueous 2 M K>CO3
solution was added to the mixture and the reaction was heated to 155 °C for 22 h until the
anthracene was consumed. The crude product was purified by column chromatography using
DCM to afford white solid compound 3 (224mg, 67.7 %).

'H NMR (360 MHz, CDCls) & 8.35 — 8.23 (m, 4H, H*%'%) 7,60 (ddd, J = 8.2, 6.6, 2.4 Hz, 8H,
H191618192122.242%) 7 35 (dd, J = 6.9, 3.3 Hz, 4H, H**'*%),4.03 (s, 6H, H®*).
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The 9,10-(methyl-4-carboxyphenyl) anthracene (217mg, 0.48mmol) was suspended in MeOH
(15 mL). 1,4-dioxane (15 mL) and KOH aqueous (2M, 15 ml). The mixture was refluxed at
60 °C for 20 h. After cooling to the room temperature, the mixture was tuned to pH = 2 using
4 M hydrochloric acid. The precipitate was collected by filter affording white solid 4 (183 mg,
90.1%)

IH NMR (360 MHz, (CD3)2S0 ) & 13.17 (s, 2H, H3031), 8.22 (d, J = 8.2 Hz, 4H,H361114) 7 61
(d, J = 8.2 Hz, 4H, H15192224) 7 58 _ 7 52 (m, 4H, H16:182L25) 7 A8 — 7.42 (m, 4H, H1212.13),
13C NMR (91 MHz, (CD3)2S0 ) & 167.67 (s, C?832), 143.30 (s, C1726), 136.43 (s, C719), 131.75
(s, C*589),130.76 (s, C'>192224) 130.10 (s, C*6:1114) 129.30 (s, C2023), 126.66 (s, C161821.25),
126.38 (s, CL212.13),
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4 (4,4'-(anthracene-9,10-diyl) dibenzoic acid, 70 mg, 0.167 mmol) was placed in 10 mL 2-
necked flask and benzene (5 mL) was added under N2 protection. Then thionyl chloride was
added to the suspension and refluxed for 5 h with catalyst quantity of anhydrous DMF. After
removal of redundant thionyl chloride and benzene, the residue was dilute by dehydrated DCM
and used directly for the next step affording white solid 5 (85 mg, 75.9%).

IH NMR (360 MHz, CDCls) § 8.02 (d, J = 8.2 Hz, 4H, H361114), 7,63 (dd, J = 6.8, 3.3 Hz, 4H,
H151922.24) 7 55 (d, J = 8.1 Hz, 4H, H61821.25) "7 33 (dd, J = 6.9, 3.2 Hz, 4H, H1.21213) 6.42 (t,
J = 5.4 Hz, 2H, H¥"47), 3.68 (s, 6H, H45%), 3.57 (dd, J = 13.1, 6.8 Hz, 4H, H37:39), 2.38 (t, J =
7.3 Hz, 4H, H3343), 1,77 — 1.69 (m, 8H, H34364042) 1 57 _ 1 44 (m, 4H, H3:41),

13C NMR (91 MHz, CDCl3) § 174.16 (s, C3%4), 167.43 (s, C?348), 142.38 (s, C172%), 136.30 (s,
C7:19), 134.09 (s, C20%3), 131.58 (s, C4589), 129.56 (s, C16:18:2125) 127,09 (s, C361114) 126.66
(s, C15:19.2224) 125 40 (s, C121213) 5160 (s, C45), 39.84 (s, C37:%9), 33.87 (s, C3343), 29.36 (s,
C¥40) 26.43 (s, C¥341)24.42 (s, C*%). DEPT 135 (91 MHz, CDCls) & 131.58 (s,
C161821.25) 128,07 (s, C36.1114) 126,66 (s, C15192224) 125 40 (s, C121213) 51 59 (s, C4%5) 39.83
(s, 373), 33.86 (s, C343), 29.35 (s, C3640), 26.42 (s, C¥41), 24.42 (s, C*42).
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/
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5 © 6 (DPA-S-COOH) °

The 5 (85 mg, 0.13 mmol) was suspended in MeOH (15 mL). 1,4-dioxane (15ml) and KOH

aqueous (2M, 15 mL). The mixture was refluxed at 60 °C for 20h. After cooling to room

temperature, the mixture was tuned to pH = 2 using hydrochloric acid (4M). The precipitate

was collected by filter affording the molecule 6 as a white solid (72.5 mg, 89.0%).

IH NMR (360 MHz, N, N-dimethyl-formamide-d-): § 12.36 (s, 2H, H32%), 8.75 (t, J = 5.3 Hz,
2H, H2747), 8.30 (d, J = 8.1 Hz, 4H, H361114), 7.72 — 7.60 (m, 8H H15192224.16.18.21.25) 7 51 (dd,
J=6.9, 3.1 Hz, 4H, H121213) 351 (dd, J = 12.6, 6.5 Hz, 4H, H37:%), 2.36 (t, J = 7.3 Hz, 4H,
H3343) 1.71 (dt, J = 15.3, 7.6 Hz, 8H, H3:364042) 157 143 (m, 4H, H3341),

13C NMR (91 MHz, N, N-dimethyl-formamide-d7): & 174.53 (s, C304), 166.18 (s, C%49),
141.54 (s, C17:25), 136.58 (s, C719), 134.63 (s, C2023), 131.24 (s, C+589), 129.54 (s, C16.18.21.25),
127.70 (s, C361114) 126,54 (s, C15192224) 12582 (s, C121213) 3958 (s, C3%), 35.08 (s
C3:43), 29,95 (s, C36:40) 26.57 (s, C3541), 24.76 (s, C3+42). DEPT 135 (91 MHz, CDCls) 5 131.24
(s, C16.1821.25) 197 70 (s, C36.1L14) 12654 (s, C15192224) 125 82 (s, CL21213), 39,58 (s,37:%9),
33.76 (s, C3343), 29.40 (s, C3640), 26.57 (s, C3541), 24.77 (s, C3442). MS-ESI (m/z): [M] Calcd.
for CsoH10N206™ 643.3, found 643.3.
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IH NMR spectrum of 6
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A mixture of benzaldehyde (2.0 g, 18 mmol) and pyrrole (30 mL, 0.44 mol) was treated with
InClz (0.2 g, 0.9 mmol) at room temperature under N> protection. After stirring for 6 h, NaOH
(4.0 g, 0.1 mol) was added and the reaction mixture was stirred for 45 min. excess NaOH was
filtered and excess pyrrole was removed by distillation under reduced pressure. The resulting
black solid was purified by silica gel column chromatography with CH»Cl, to afford a dark-
brown solid dipyrroliphenylmethane (3.2 g, 76.0%).

IH NMR (250 MHz, CDCl3) § 7.92 (s, 2H, H519), 7.33 (d, J = 1.9 Hz, 1H, H5), 7.31 - 7.26 (m,
2H, H416) 7.25 —7.20 (m, 2H, H'31), 6.70 (dt, J = 4.2, 2.1 Hz, 2H, H'?), 6.16 (dd, J = 5.9,
2.8 Hz, 2H, H37), 5.97 — 5.88 (m, 2H, H28), 5.48 (s, 1H, H).
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Dipyrroliphenylmethane (2.0 g, 9 mmol) and methyl 4-formylbenzoate (1.47 g, 9 mmol) were
dissolved in 40 mL of propionic acid, and mixture was refluxing for 1 h. The solvent was
evaporated under reduced pressure. Purification was done by silica gel column chromatography
with CHCl to afford a purple solid (POR-ESTER, 470 mg, yield 7.1%)

'H NMR (360 MHz, CDCls) & 8.88 (d, J = 4.9 Hz, 4H, H?3%19) 8.80 (d, J = 4.9 Hz, 4H,
H151621.22) '8 45 (d, J = 8.2 Hz, 4H, H27293L35) 831 (d, J = 8.1 Hz, 4H, H26:30.3234) 8 25_ 8 18
(M, 4H, H40.424547) 7 .84 7 71 (m, 6H, H394143.44.46.48) 4 12 (s, 6H, H5L55) -2.79 (s, 2H, H12:24),
13C NMR (91 MHz, CDCl3) § 167.33 (s, C*9%2), 146.93 (d, J = 2.2 Hz, C111.1423) 146.91 (d, J
= 2.2 Hz, C4817.20) 141,93 (d, J = 2.2 Hz, C""19), 141.91 (d, J = 2.2 Hz, C%:36) 134.58 (d, J =
3.1 Hz, C%%8), 13454 (d, J = 3.1 Hz, C%53), 129.63 (s, C%6:303234) 127.95 (d, J = 6.4 Hz,
C27293135) 127,88 (d, J = 6.4 Hz, C39434448) 126.78 (s, C446), 120.81 (d, J = 17.7 Hz,
CH0424547) 120.62 (d, J = 17.7 Hz, C1522210) 118.96 (d, J = 16.8 Hz, C391621) 118.77 (d, J =
16.8 Hz, C813), 52.47 (s, C51%),

130



8.88
8.87
8.81
8.79
845
8.44

8.32

8.30
8.23
8.22

&30
780
778
s

—4.12
—1.56

Il
v
N\\ / \5 2
10— 39 1+ ﬁH N = l/ e a—
4 N/
4 13 B
\_/ N . LN
— 43 14 N H,,zj 44— d5
\ I\
15. 22
N
l
)‘l/ \27
30, 26
\T%
C, 52,
| | i o N
I [ 54 53
“ |
I e |
o S, [ [y
A 1 Z
$EE=2 g = g
i i = 5
95 90 85 80 70 65 60 55 S50 45 40 35 30 25 20 15 10 05 4o -1.0 -2.0 -3.0 -0
IH NMR spectrum of 7
4] .
h 3
B 3
5 &
i
‘I
.
| L l” M
170 160 150 140 130 120 110 100 o0 80 70 &0 50 40 30 20 10

13C NMR spectrum of 7

131



bl L | _ |

)
:( L]
R '
= -
w o s s 1 & 5 4 3 2 1 o a2
COSY spectrum of 7

—52.47

i s

T T T T T T T T T T T T T
150 140 130 120 110 100 an a0 70 60 S0 40 a0 20
f1 (pprm)

DEPT135 spectrum of 7

132



L

L

ol 1 .

.
R T
HSQC spectrum of 7

I . j

.I
g .
e
.
]
] [}
T T T T T T T T T T T T T
9 8 7 6 5 4 3 2 1 0 -1 -2 -3

~100
F110
120
130
140
150
160
170

F100
F110
120
1130
H140
H150
1160
F170
1180

190

133



HMBC spectrum of 7

KOH (2 mol/L, 5SmL) i) sOCl,
THF/MeOH i i
HoN -
(10ml, v/v=1:1) e V\HNO
|
OW
[}
7 Pd-COOH 8

7 (40 mg, 0.055mmol) was dissolved in 5 mL THF and 5 mL MeOH. KOH solution (2 M, 5
mL) was added to the previous solution refluxing for 6 h. After cooling to room temperature,
the mixture was acidified with HCI (2 M) to the pH 2. The compound was collected by filtration
to afford a dark-green solid (28 mg, yield 72.8%). Pd-COOH (450mg, 0.64mmol) was placed
in 100 mL 2-necked flask and 50mL of benzene were added under N2 atmosphere. Then 10
mL of thionyl chloride was added to the suspension and refluxed for 5 h with catalytic quantity
of dehydrated DMF. After removal of the solvent and redundant thionyl chloride under the
reduced pressure, the residue was dissolved in 20 mL dehydrate CH>Cl, and then added to the
mixture of methyl 6-aminohexanoate hydrochloride (581 mg, 3.2 mmol) and triethylamine
(323mg, 3.2mmol) which were previously dissolved in 20 mL CHCl>. After removal of the
solvents under reduced pressure, the resulting mixture was purified by silica gel column
chromatography with CH>Cl, / MeOH, 100:1 v/v as eluent mixture, to afford the molecule 8
as a a purple solid (436 mg, 71.1%).

!H NMR (360 MHz, CDCls) 6 8.83 (dd, ] = 24.8, 4.6 Hz, 8H, H>3910.1516.2122) '8 96 (d,J = 7.9
Hz, 4H, H27293135) 819 (d, J = 6.8 Hz, 4H, H26303234) 813 (d, J = 7.9 Hz, 4H, H4042.45.47),
7.85 — 7.68 (m, 6H, H30414344.4648) § 58 (t J = 5.6 Hz, 2H, H%53), 3.71 (s, 6H, H7172), 3.64
(dd,J=13.0,6.6 Hz, 4H, H®63),2.42 (t,J = 7.3 Hz, 4H, H%%67) 1.82 — 1.73 (m, 8H, H56:58.64.66),
1.56 (dd, J = 15.2, 8.1 Hz, 4H, H>"%%), -2.79 (s, 2H, H!224), 13C NMR (91 MHz, CDCls) §
174.21 (s, C80.68) 167.63 (s, C4951), 145.32 (s, C11114.23481720) 147 89 (s7:192836) 13457 (d, J
= 12.5 Hz, C%38) 134.12 (s, C5%), 127.86 (5, C26:303234) 126,76 (s, C446), 125.31 (s,
CA0.42.4547) '1120.55 (s C1522210) 118.98 (s, C3916:216.13) 51,63 (s, C'172), 39.99 (s, C°63), 33.91
(s, C5967), 29.42 (s, C5664), 26.51 (s, C5785), 24.49 (s, C%866),  MS-ESI (m/z): [M]* Calcd. for
CeoHssNeOs* 957.4, found 957.4
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13C NMR spectrum of 8
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DEPT135 spectrum of 8
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HMBC spectrum of 8

Intens:i* +MS, 0.6-0.6min #33-37, Background Subtracted
x104
4 1+
] 957.4
5,
4,
1 1+
3+ 469.2
2- 1+
2+
] 413.31+ 1+ 979.4
T 857.4
1_
569.4 685.4
39.4 7715 8155 929.9 \
] OOV I YUY 10 1 AV
300 400 500 600 700 800 900 1000 1100 miz
Mass spectrometry of 8
0 0

PdCI2
e O
Benzonitrile

8 (70 mg, 0.073 mmol) and PdClI; (16 mg, 0.087 mmol) were dissolved in benzonitrile (30
mL) and refluxed for 4.5 h. After removal of the solvents under reduced pressure, the residue
was purified by column chromatography on a silica gel using CH.Cl, / MeOH, 100:1 v/v as

eluent mixture, to obtain the molecule 9 (56 mg, 0.064 mmol, 72.2%) as an orange solid.
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IH NMR (360 MHz, CDCl3) & 8.81 (d, J = 5.0 Hz, 4H, H23%1%), 8.74 (d, J = 5.0 Hz, 4H,
H1516.2122) '8 21 (d, J = 8.1 Hz, 4H, H630.3234) 811 (t, J = 9.1 Hz, 8H, H26:30.323440,42.4547)
7.74 (dd, J = 11.4, 7.2 Hz, 6H, H34143444648) 652 (1 J = 5.7 Hz, 2H, H%053), 3.70 (s, 6H,
H7.72), 3,62 (dd, J = 13.0, 6.6 Hz, 4H, H%83), 2.41 (t, J = 7.3 Hz, 4H, H%%7), 1.76 (dd, J = 14.9,
7.4 Hz, 8H, H36586466) 1 55 (dd, J = 15.2, 8.3 Hz, 4H, H575). 13C NMR (91 MHz, CDCl3) &
174.19 (s, C8088), 167.58 (s, C4951), 144.91 (s, CL111423) 141,69 (s, CH817:20) 141.49 (s, C?836),
141.15 (s, C37:3) 134.20 (s, C1522210) 134.04 (s, C%:30323%) 131.40 (s, C*146), 130.73 (s,
C40.424547) 129 09 (s, C2%.3), 127.90 (s, C391621), 126,79 (s, C227313%) 12533 (s, C3%16.21),
122.11 (s, C719), 120.62 (s, C513), 51.62 (s, C™-72), 39.96 (s, C5563), 33.90 (s, C5%67), 29.41 (s,
C56:64), 26.49 (s, C57:5), 24.47 (s, C58%6). DEPT135 (91 MHz, CDCls) 5134.19 (s, C15222.10),
134.04 (s, C26303234) 131,40 (s, C4146), 130.73 (s, C4424547) 127.90 (s, C3916.21) 126.79 (s,
C2027.313%) 12533 (s, C3%1621) 51,62 (s, C7-72), 39.96 (s, C5593), 33.90 (s, C%67), 29.41 (s,
C56:64), 26.49 (s, C5765), 24.47 (s, C5859),
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9 10 (Pd-S-COOH)

9 (56 mg, 0.053mmol) was dissolved in 10 mL of THF and 10mL of MeOH. Potassium
hydroxide solution (2 mol/L, 10mL) was added to the previous solution refluxing for 5 h. After
cooling to room temperature, the mixture was acidified with HCI (1 mol/L) to pH 7. The
compound was collected by filtration to afford the molecule 10 as an orange solid (50 mg, yield
91.7%).

IH NMR (360 MHz, (CD3)2S0) & 12.10 (s, 2H, H6-6%), 8.89 (s, 2H, H50.53), 8.81 (s, 7H, Ar-H),
8.34 —8.15 (m, 11H, Ar-H), 7.83 (t, J = 6.9 Hz, 6H, H3941434446.48) 3 42 (d, J = 6.2 Hz, 4H,
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H5563), 2.29 (t, J = 7.3 Hz, 4H, H5967), 1.73 — 1.56 (m, 8H, H56.58.6466) 1 51 — 1.38 (m, 4H,
H57.65), 13C NMR (91 MHz, (CD3)2SO ) & 175.00 (s, C%68), 166.47 (s, C*51), 143.76 (s,
C1111423) 141 38 (s, C*817.20) 141.11 (s, C?836), 141.03 (s, C3738) 134.80 (s, C23), 134.25 (s,
C26303234) 131 81 (s, C4146), 131.94 (s, C40424547) 131 69 (s, C1522210) 128,70 (s, C391621),
127.55 (s, C2927313%) 126,34 (s, C3216.21) 122 38 (s, C719),121.52 (s, C813), 39.95 (s, C5:63),
34.16 (s, C%967), 29.46 (s, C°0:4), 26.62 (s, C5755), 24.82 (s, C°85), MS-ESI (m/z): [M]* Calc.

for CsgHsoNeOsPd - 1031.3, found 1031.3
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Intens. | -MS, 0.7-0.7min #39-40

2.
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Mass spectrometry of 10

Section 1. Synthetic procedure and characterization

|
o 040 )
Pd(PPh3)4, CSCOg,
sosli - &

1,2 dimethoxythane, 85 °C
Br B.
HO ~OH

The mixture of 9,10-dibromoanthracene (4.0 g, 11.90 mmol), (4 - (methoxycarbonyl) phenyl)
boronic acid (0.85 g, 4.76 mmol), CsCOs (4.0 g, 11.90 mmol) and a catalytic amount of
Pd(PPh3)4 (192 mg, 0.016 mmol) were dissolved in 250 mL 1,2 dimethoxyethane. The reaction
was heated to 85 °C for 22 h under N> atmosphere. The crude product was purified by column
chromatography using CHCIls/Hexane = 8/2 to afford yellowish solid 1 (1.5 g, 45.7 %).

IH NMR (400 MHz, CDCl3) & 8.62 (d, J = 8.9, 0.7 Hz, 2H, H311), 8.36 — 8.23 (m, 2H, H814),
7.66 — 7.55 (m, 4H, H6.17.1920) "7 54 7 46 (m, 2H, H>1?), 7.38 (m, J = 8.8, 6.5, 1.1 Hz, 2H,
H113), 4.02 (s, J = 1.8 Hz, 3H, H%).
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Pd(PPh),, Cul, PhyP, DCM, EtOH,
TMS

\\
/
/

TEA, 90 degree K,CO;, 1t

“o"o o o
A mixture of ethyl 4-bromobenzoate (2.01 g, 8.77 mmol, 1.0 equiv), Pd(PPh3)4 (504 mg, 0.44
mmol, 0.05 equiv.), Cul (83 mg, 0.44 mmol, 0.05 equiv.) and PPh3 (137 mg, 0.53 mmol, 0.06
equiv.) was dissolved in triethylamine (60 ml) under argon. Ethynyltrimethylsilane (1.03 g
10.49 mmol, 1.2 equiv) was added and the reaction mixture was heated at 90 <C for 17 hr. After
cooling to rt, the mixture was filtered through CELITE and evaporated to dryness. To a solution
of K,COs (2.33 g, 16.8 mmol, 2.0 equiv.) in EtOH/DCM (50 mL/10 mL) mixture ethyl-4-
((trimethylsilyl)ethynyl)benzoate (2.08 g, 8.4 mmol, 1.0 equiv.) was added under argon. The
reaction mixture was stirred for 4 h at rt, then filtered and evaporated to dryness. The crude
was purified by flash chromatography to afford 1.27 g (86.7%). Rf = 0.40 (hexanes:DCM =
1:1).
IH NMR (360 MHz, CDCl3) 6 = 8.02 — 7.95 (m, 2H, H24), 7.54 (d, J=8.3, 2H, H%5), 4.37 (q,
J=7.1, 2H, H), 3.22 (s, 1H, H!?), 1.39 (t, J=7.1, 3H, H13). 13C NMR (91 MHz, CDCl3) & =
165.93 (s, C8), 132.02 (s, C1%), 130.48 (s, C?), 129.41 (s, C>%), 126.61 (s, C°), 82.84 (s, C’),
79.97 (s, C*?), 61.20 (s, C'7), 14.29 (s, CT)
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1H NMR spectrum of ethyl 4-ethynylbenzoate
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99¢ H e, cu ||
+ >
O TEA, 90 degree OOO

1 (1.5 g, 3.84 mmol), ethyl 4-ethynylbenzoate (0.855 g, 5.34 mmol), Pd(PPh3)4 (250 mg, 0.22
mmol) and Cul (55 mg, 0.28 mmol) were mixed in 60 mL THF and 60 mL di-isopropyl amine
with N2 protection. The reaction was refluxed for 24h. The solvent was removed and the
reaction mixture was washed with H,0 and CHCIs. The organic phase was dried, evaporated
under vaccum and finally purified by column chromatography (hexane:DCM = 2:1) to afford
2 ([4-((10-(4-carboxyphenyl)anthracene-9-yl)ethynyl)benzoate) as a pale yellow solid. The

solid was recrystallized from hot acetone. Yield: 1.3 g (73%).
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IH NMR (400 MHz, CDCls): § 8.73 (d, J = 8.7 Hz, 2H, H*14), 8.28 (d, J = 8.1 Hz, 2H, H311),
8.14 (d, J = 8.3 Hz, 2H, H1618), 7.85 (d, J = 8.1 Hz, 2H, H?5?7), 7.62 (dd, J = 12.4, 5.6 Hz, 4H,
H15192428) 7 53 (d, J = 8.1 Hz, 2H, H212), 7.42 (dd, J = 8.1, 7.1 Hz, 2H, H13), 4.44 (q, J = 7.1
Hz, 2H, H¥), 4.02 (s, 3H, H%), 1.45 (t, J = 7.1 Hz, 3H, H%). 3C NMR (101 MHz, CDCls): &
167.12 (s, C31), 165.98 (s, C2Y), 143.61, 137.82, 131.49 (s, C?428), 131.31 (s, C1618), 129.70,
129.41,126.69 (s, C?527), 117.63, 100.64 (s, C35), 89.43 (s, C*), 61.50 (s, C*), 52.36 (s, C¥7),
14.22 (s, C%). DPET135 (101 MHz, CDCl3): & 131.49 (s, C?428), 131.31 (s, C1618), 129.69 (s,
C2:27)127.00 (s, C151%), 126.85 (s, C212), 126.69 (s, C113), 126.04 (s, C514), 109.33 (s, C311),
61.24 (s, C3%), 52.32 (s, C%7), 14.39 (s, C%).
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2 ((10-(4-carboxyphenyl)anthracene-9-yl)ethynyl)benzoate (1.0 g, 2.12 mmol) was suspended
in 100 mL 1,4- dioxane/MeOH/water (v:v = 2:5:3) in a 250 mL flask. NaOH (8.0 mg, 200
mmol) was added and refluxed for 10 h at 60 °C. The reaction was monitored by TLC and
when starting material was completed consumed, the pH value was adjusted to pH 2 by adding
2 M HCI. Yellowish precipitate 3 was collected by filtration. Yield: 0.85 mg (91.0%).

IH NMR (400 MHz, (CD3)2S0 ): & 13.21 (s, 2H, H2:33),8.70 (d, J = 8.6 Hz, 2H, H514), 8.21
(d, J = 7.4 Hz, 2H, H311), 8.07 (d, J = 7.5 Hz, 2H, H16.18) 7.98 (d, J = 7.6 Hz, 2H, H?5:?7), 7.73
(s, 2H, H1519), 7,55 (d, J = 12.7 Hz, 6H, H1:21213.24.28)

13C NMR (101 MHz, DMSO) & 167.63, 167.22, 142.61, 138.16, 132.15, 132.09, 131.57,
131.30,131.02, 130.17, 130.07, 129.39, 127.86, 127.14, 127.04, 126.81, 116.61, 100.99, 88.91.
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1,4 dioxane/MeOH/water.reflux

Il 1) SOCl,,Benzene f 1) NaOH
OOO 2 \OJOI\/\/\/NHZ OOO 2) 4M HCI (aq)
O HCI O
07 0oH o H/\/\/\nzo\
0
3 4

3 (70 mg, 0.167 mmol) was placed in 10 mL 2-necked flask and benzene (5 mL) was added
under N2 atmosphere. Then thionyl chloride was added to the suspension and refluxed for 5 h
with catalytic amount of dehydrated DMF. After removing the redundant thionyl chloride and
benzene, the residue was redispersed by anhydrous CH.>Cl,and used directly for the next step
affording white solid 4 (85 mg, 75.9%). The 4 (85 mg, 0.13 mmol) was suspended in MeOH
(15 mL). 1,4-dioxane (15ml) and KOH aqueous (2M, 15 mL). The mixture was refluxed at

60 °C for 20h. After cooling to room temperature, the mixture was adjusted to pH 2 using 4

M hydrochloric acid. The precipitate was collected by filtration, achieving the molecule 5 as

white solid after solvent evaporation (72.5 mg, 89.0%).

'H NMR (400 MHz, N, N-dimethyl-formamide-d;): § 12.21 (s, 2H, H*'%), 8.84 (d, J = 8.7
Hz, 2H, H54), 8.65 (dd, J = 25.4, 5.1 Hz, 2H, H%3), 8.28 (d, J = 8.2 Hz, 2H, H31), 8.15 (d, J
= 8.3 Hz, 2H, H'618), 8.06 (d, J = 8.3 Hz, 2H, H%5?7), 7.83 — 7.72 (m, 2H, H5%9), 7.71 — 7.53
(M, 6H, H1.21213.2428) '3 46 (d, J = 9.6 Hz, 4H, H3%3), 2.42 — 2.21 (m, 4H, H3%47), 1.80 — 1.58
(m, 8H, H36:384446) 155 _ 141 (m, 4H, H¥%), 13C NMR (101 MHz, N, N-dimethyl-
formamide-d7): 5 174.66 (s, C*8), 174.64 (s, C*), 166.33 (s, C3), 165.89 (s, C2Y), 141.11 (s,
C2, 138.46 (s, C19), 135.46 (s, C17), 135.01 (s, C?5), 132.35 (s, C*8), 131.81 (s, C591519),
131.26 (s, C%28), 129.80 (s, C59), 127.94 (s, C>12), 127.81 (s, C16.18), 127.47 (s, C%?7), 127.24
(s, C113), 126.84 (s, C5%4), 126.66 (s, C31Y), 125.75 (s, C%), 116.95 (s, C7), 101.21 (s, C3),
88.00 (s, C¥), 39.77 (s, C*3), 39.70 (s, C%), 33.95 (s, C*), 33.91 (5, C¥7), 29.54 (s, C*), 29.44
(s, C%8), 26.74 (s, C*), 26.68 (s, C%), 24.93 (s, C*7), 24.90 (s, C%). DEPT 135 (101 MHz, N,
N-dimethyl-formamide-d7): & 131.81 (s, C'>%9), 131.26 (s, C?4?8), 127.94 (s, C>*?), 127.81 (s,
C16.18) 127.47 (s, C?5:27), 127.24 (s, CL%%), 126.83 (s, C54), 126.66 (s, C31Y), 39.77 (s, C*3),
39.70 (s, C¥), 33.95 (s, C*), 33.91 (s, C¥), 29.54 (s, C*6), 29.44 (s, C¥), 26.74 (s, C*), 26.68
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(s, C%%), 24.93 (s, C*"), 24.90 (s, C3°). MS-ESI (m/z): [M] Calcd. for C42H40N 206 667.3, found

667.3
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OO0 o) O\/\OJ\/\IrOH
0
® 2PF, > 2PF,
Oy -OH 1) 0sCI3 = N y NN
Ethylene glycol, 230 degree, S IN | N | Succinic anhydride S IN | N l
N 24h ~ | Ns c y N JZLN

I P> > Os —_— Os

Z | N d I 2) KPF6 z N/ | \N z | Toluene, reflux,6h = N/ | \N 4 |
N Ny ) Ny U Ng
[ . (
HO L~ g " O)J\/\I(O\/\O o

Osmium(ll1l) chloride hydrate (100.0 mg, 0.34 mmol) and [2,2":6',2"-terpyridine]-4'-carboxylic
acid (187.0 mg, 0.68 mmol) were refluxed in 6 mL ethylene glycol for 20 hours at 230 °C under
continuous stirring. The black solution was obtained. After cooling to room temperature, KPFg
in deionized water (15 mL) was added, giving black precipitates. The precipitates were filtrated
and washed with water and MeOH (7:3). To the solution of affording black precipitates in
toluene was added succinic anhydride (680 mg, 6.8 mmol). After refluxing for 8hours, the
solution was concentrated and resulting solid was washing by ethyl acetate to remove excess
succinic anhydride affording 1 Os(tpy-sapcer-COOH), 2PFg

IH NMR (400 MHz, (CD3)2S0) & 12.22 (s, 2H, H%2), 9.42 (s, 4H, H"11313%) 9,07 (d, ] = 7.7
Hz, 4H, H2162640) 7,91 (t, ) = 7.8 Hz, 4H, H%132%37) 7.43 (d, J = 5.0 Hz, 4H, H8.182436) 7.2
(d, ] = 6.6 Hz, 4H, HL172541) 478 (s, 4H, H*47), 4.59 (s, 4H, H*343), 2.64 (d, ] = 6.4 Hz, 4H,
H5L54), 2,57 (d, J = 5.8 Hz, 4H, H%%).  13C NMR (101 MHz, (CD3)2S0) & 173.91 (s, C5761),
172.82 (s, C°0%%), 163.74 (s, C1922), 159.03 (s, C+1428:38) 15454 (s, C?1636:40) 153.07 (s,
C810.3234) 1 138.88 (s, CO182436) 135,04 (s, C'230), 128.58 (s, C1172541) 125,82 (s, C"11:313),
123.01 (s, C513.2937) 64.68 (s, C*4*7), 62.59 (s, C4>48), 29.28 (s, C515%), 29.24 (s, C%660), DEPT
135 (101 MHz, (CD3)2S0) & 153.07 (s, C8103234) 138.87 (s, C5182436) 135,04 (s, C12%0),
128.57 (s, C111:2541) 125,81 (s, C1L3L35) 122,99 (s, C>132937)  64.77 (s, C*47), 62.30 (s,
C*548),40.54 (s, C554), 29.20 (s, C5660), MS-ESI (m/z): [M]* Calcd. for (Cs4H3sNO120s)/2*
517.1, found 517.1
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5.1 Introduction

Photodynamic therapy (PDT) has been investigated over the past three decades and is
currently an approved therapeutic modality for skin cancer,’ the treatment of superficial
bladder,*® early lung and advanced esophageal cancers,’® and age-related macular
degeneration in a number of countries.’%-!! Basically, in a PDT process, a photosensitizer (PS)
exhibits no or low toxicity by itself, but in the presence of light excitation and oxygen
molecules, reactive oxygen species (ROS) are generated to cause damage to proteins, nucleic

acids, lipids, membranes, and organelles, leading to irreversible destruction of the treated tissue.

Under the irradiation of light with a specific wavelength, an excited singlet state of a PS
is initially populated. The generated singlet excited state of the PS rapidly relaxes to the lowest
singlet excited state Si, which undergoes intersystem crossing, populating the lowest triplet
excited state (T1) of the PS (ISC, S1 — Ty). The obtained triplet state can then proceed to the

following processes:

e react with substrates and O to generate free radicals, such as superoxide radical (-O2)
and hydroxyl radical (-OH) (type I reaction).

e transfer its energy to the molecular O (in its triplet ground state) to form highly reactive
singlet oxygen (*O.), resulting in the significant cellular toxicity (type Il reaction) (Figure
5.1).

The mechanisms of tumor ablation is ccurring through (1) direct cytotoxic effects on tumor
cells, (2) indirect damage to the tumor vasculature, and (3) induction of an inflammatory

response that activates the immune system.
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Figure 5.1: One-photon-excited and two-photon-excited PDT with two mechanisms (types | and I1). Image extracted from

reference. 12

Numerous solid tumors have been treated with hundreds of PSs in clinical settings during
the past 30 years, including BODIPY, phthalocyanine, chlorin, and tetrapyrrole.t*-6
Additionally, nile blue compounds,’’1® rose bengal,’®*? hypericin®-??> are commercially
accessible and often utilized in clinical trials. A variety of PSs have been used till now in
clinical trials and reported to  enhance PS efficiency. Compared to other traditional treatments,

such as surgery and radiotherapy, PDT has several main advantages:

(1) PSs only displays high toxicity after being activated by exposure to a certain
wavelength of light, which reduces systemic toxicity during internalization and boosts

selectivity.
(2) Because ROS harm various cell types, PDT offers a wide range of possible uses.
(3) PDT is a minimally invasive procedure as it.........

(4) By using nanomaterials PDT can be a synergetic therapy when combined with other
forms of treatment including surgery and chemotherapy. For in vivo biological applications,

such as the increased permeability and retention (EPR) effect.
Apart from these advantages, PDT has various limitations that needs to be overcomed:

(1) Traditional porphyrin-like derivatives have very poor water solubility and are difficult

to produce and purify.

(2) Due to their complicated structural makeup and high triplet yields, metal-coordianted

photosensitizers are especially challenging to synthesis.

(3) Many metal-based sensitizers, also demonstrated substantial cytotoxicity when not
exposed to light. (3) Because inorganic nanoparticle-based PSs are nonbiodegradable and have
very short excitation wavelengths that have high energy and produce significant phototoxicity,

they are difficult to use in biological applications.?
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5.1.1 Synthetic strategies for efficient photosensitizer design
5.1.1.1 Introducing heavy atoms.

Many different photosensitizers for PDT have been developed during the years. Johannes
and colleagues have synthesized homoleptic iodinated bis(dipyrrinato) zinc(I1) complexes with
exceptionally extended excited-state lifetimes (the lifespan of metal complexes ranges from
207 to 559 ns). The ISC process is promoted by the iodine atoms (heavy atom), due to the spin-
orbit coupling. Thus, when exposed to light at therapeutically significant longer wavelengths,
the formed excited state of the complexes were found to interact with the molecular oxygen to
produce *0,.2* Additionally, as the energy of the excited states of thiocarbonyl compounds are
lower than those of the carbonyl compounds, sulfur substitution of the oxygen within the
fluorophore molecules causes a redshift of the absorption spectrum, allowing to use excitation
wavelengths of deeper penetration.? Juan and coworkers have developed a general strategy for
sulfur replacement of different molecules, via one-pot reaction. With this strategy, a set of thio-
based PSs of different absorption spectra , able to generate efficiently singlet oxygen (Figure
6.2).2
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Figure 5.2: Design of thio-based PSs. Thiocarbonyl substitution at the carbonyl group of a variety of fluorophores can
dramatically enhance their abilities to generate ROS. Illustrated are structures of the starting (left) and thio-based fluorophores
(right) described in this study. Images extracted from reference. 26

5.1.1.2 Energy transfer-based strategies

Donor-acceptor-donor (D—A—D) PSs having large conjugation system is a way to enhance
fluorescence and 'O, generation. Apart from this, to enhance the visible/near-infrared

absorbance, strategies such as Forster resonance energy transfer (FRET) or bond energy
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transfer (TBET) have been considered another approach to develop PSs for high PDT
efficiency fluorescent molecular arrays. For example, Zheng and coworkers designed an
unquenched activatable PS based on the conjugation of porphyrin pyropheophorbide (pyro)
as a FRET acceptor and 5-carboxy-X-rhodamine (Rox) as a FRET donor with a caspase-3-
specific peptide sequence as a linker. This structure allowed to induce apoptosis throughd O,

generation.?’
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Figure 5.3: Structure of a QUaPS with Pyro shown in red and Rox shown in blue. (b) Normalized spectra of Rox donor
emission and Pyro acceptor Q-band absorption. Images extracted from reference. 27

5.1.1.3 Activatable PSs

Many effective PSs have been obtained to date, based on several different molecules,
though many of these lack selectivity towards particular tumor cellst. Having PSs with high
ROS generation efficiency and high selectivity towards cancer cell still represent great
challenge. Chen and coworkers achieved a phthalocyanine-based photosensitizer (ZnPc(TAP)4)
that is non-toxic and has high anti-tumor action at pH 6.5 (under slightly acidic conditions) and
low photocytotoxicity at pH 7.4. This photosensitizer enables tumor imaging-guided anticancer
therapy (Figure 6.4a).28 In other studies, Lo and coworkers designed a new pH-responsive
fluorescence probe and photosensitizer based on the phthalocyanine units' self-quenching
process (Figure 6.4b). Due to the sensitivity of linker towards acidity, this dimer exhibits
increased fluorescence emission and singlet oxygen production making it switchable for
possible application.?® Other types of activatable PSs, such as protein-activated PSs,30-3
Photoactivated PSs,3>% H,0.-Activated PSs,** are also novel design for efficient

photosensitizer.

175



Figure 5.4: Chemical structures of (a) ZnPc(TAP)4 and (b) pH-responsive probe.

5.1.2 Nanomaterials for PDT

Many first-generation PSs have already received clinical approval. However, most of
these still present several disadvantages, such as hydrophobicity and shallow penetration depth,
low uptake, and lack of selectivity. Thus, nanomaterials have been explored to obtain PDT.
Over the past few years, different types of nanomaterials have been developed as carriers or
PSs for PDT. These nanomaterials show enhanced properties that make them more effective
for PDT than organic PSs.

5.1.2.1 Carbon-based nanomaterials for PDT

Carbon nanotubes (CNTs)absorb light and produce O, which makes them competitive
for the use of PDT. the versatile surface modifications of CNTs can turn them into outstanding
PDT agents. Wang and coworkers reported a surface modified single wall carbon nanotubes
(SWCNTSs) with a conclusion that surface functionalization affected the photodynamic ability,
showing different photodynamic efficiency in vivo and in vitro depending on the method of

function (Figure 5.5).%
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Figure 5.5: TEM pictures of (b) SWCNT functionalized with PEI and (e) SWCNT functionalized with PVPk30; (c) ROS
generations are expressed as fold-change over control. Images extracted from reference. 36
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5.1.2.2 Gold-based nanomaterials for PDT

Gold-based nanomaterials possess promising a variety of promising characteristics, such
as high surface areas, good photophsical property, good biocompatibility, ease of surface
modification via goldthiol chemistry, and morphology tunability inducing absorption
change.3"% Thus, gold-based materials have been well-studied and become good alternatives
for PDT. Chiang and coworkers presented a series of gold nanomaterials, such as nanocages
(Au NCs), nanorods in shells (NR shell), and nanoparticles in shells (NP shell), which are ideal
multi-functional theranostic nanomaterials. These materials can act as fluorescent cellular
markers and impose synergic effects (photothermal and photodynamic therapy) on the
destruction of tumors in mice when exposed to very low doses of NIR light leading anew

discovery in the treatment of future cancer therapy.*
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Figure 5.5: (a), (b) and (c) represent the transmission electron microscopic images of gold nanoparticle-in-shell, nanocages
and nanorod-in-shell. (d) Cell viabilities of HeLa cells incubated with different lipid-coated gold nanoshells under dark and
photoirradiation conditions at 37 C. Images extracted from reference.*°

5.1.2.3 MOFs-based nanomaterials for PDT

Nanoscale MOFs (NMOFs) have becomea briliant delivery platform for PDT due to
versatile functionalities of materials, the well-defined crystalline structures, high porosity, and
tunable framework stability. Li and coworks presented NMOFs constructed by H.DBP (5,15-
di(p-benzoato)porphyrin) and Hf**, which showed high PDT efficacy in vivo with half of the
mice (subcutaneous xenograft murine models) with 50 times tumor volume reduction and half

of the mice with complete tumor eradication, comparing to the mice treated with H,DBP with
no therapeutic effect.*
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Figure 5.6: Synthesis of NMOF and the schematic description of singlet oxygen generation process. Image extracted from
reference. 4!
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5.2 Objectives

Polycyclic aromatic hydrocarbons such as anthracenes or rubrene are commonly used as
10, trappers forming endoperoxide on its molecular & surface with the singlet oxygen. While
the endoperoxide can be broken after heating to release singlet oxygen again, which can be
ultilized for PDT (Figure 5.7).#>* However, most of the cases using anthracenes as 'O carriers
are molecular level*® and host-guest structured.*® A coordinated nanostructured singlet oxygen-
trapping MOFs was reported, but due to the lack of internal thermal trigger, this material can

not be used for biological application.**
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Figure 5.7: Schematic image to trap dissolved oxygen using a nanoconstructed with dpa, which has photosensitizing and
trapping abilities with oxygen. Image extracted from reference. a4

The general aim of the work reported in this chapter is the preparation of the coordination
polymer nanoparticles (CPNs) for photodynamic therapy, which are able to store molecular

oxygen, and release it as singlet oxygen, at will, upon radiation.

To achieve nanoparticles with these properties the following specific objectives need to
be fulfilled:

- The monomeric units of the CPNs is constituted by a chemically functionalized
anthracene (DPA-S-COOH), , synthesized in Chapter 4. ZrC102 is used .....

- The corresponding DPA-S-CPNs are expected to react with oxygen upon their
irradiation with UV light, in air atmosphere. In this way the DPA-S-CPNs are able to
chemically store a high amount of oxygen within the nanostructure, forming the
corresponding endoperoxides for each anthracene monomer.

- Singlet oxygen must released from the endoperoxide upon heating.

- DPA-S-CPNs are then synthesized to incorporate photothermal agents (e.g. gold

nanoshell) to induce the photothermal release of singlet oxygen (DPA-S-
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COOH@AWU). In this way, due to the high concentration of 'O, trapped in the
nanoparticle, we expect the particles release sudden and high amount of O, upon

visible or near infrared irradiation. (Figure 5.8).
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Figure 5.8: Schematic image of trapping and releasing process of gold-coated DPA-S-CPNs to induce cell apoptosis.

5.3 Result and discussion
5.3.1 DPA-S-COOH singlet oxygen trapping and releasing monitoring by NMR

Before the synthesis of DPA-S-CPNs, we firstly verified the molecule DPA-S-COOH
singlet oxygen trapping ability. A few milligram of DPA-S-COOH was dissolved in deuterated
DMF and its NMR spectra was recorded as time 0 min. Afterwards, the containing NMR tube
was irradiated by 450 nm laser for 15h where the NMR spectra appeared three new picks
marked with red dots and one pick at 7.5 ppm disappeared, which is a typical oxygen trapping
spectra change based on the reported reference.** Later on, a recovery process was also
monitored by heating the irradiated NMR tube at 100 degree for 10h revealed by NMR spetra.
Although there were some impurities observed, the main peak at around 7.5 is recoverd,

indicating the a structure restore (Figure 5.9).#
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Figure 5.9: NMR spectrum monitoring of DPA-S-CPNs trapping and recovry process.

5.3.2 Absorption change of DPA-S-COOH upon light irradiation

Structural change of the conjucation system causes the absorption change because of the
formation of endoperoxide, which revealed by the UV-vis measurements. The DMF solution
of DPA-S-COOH was irradiated by 450 nm laser for 12h, and the absorption decreased
significantly, which can be seen in Figure 5.10a,b. To enhance practical use and accelerate the
singlet oxygen trapping process, solar simulator was used. The result turned out that 2h
irradtion can dramatically reduce the absorption, which significantly speed up the process

indicating an efficient oxygen trapping for easy manipulation (Figure 5.10).
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Figure 5.10: (a) UV-vis of DPA-S-COOH trapping and recovry process irradiated by 450 nm laser. (b) Plot of irradiation and
recovery absorption change at 375 nm. (c) UV-vis of DPA-S-COOH trapping process irradiated by solar simulator.

5.3.3 Photothermal induced fluorescence enhancement in molecular level

Due to the formation change of aromatic rings, the fluorescence of DPA-S-COOH has
been quenched. Thus, to verify the feasibility that if the heat generated by gold shells can trigger

the cleavage of endoperoxide. An attempt was carried out:

DPA-S-COOH was firstly dissolved in DMF solution and irradiaterd by solar simulator
recorded by fluorometer as time 0. Afterwards, gold nanoshells (0.15mg/mL) were added in
DMF with following NIR excitation (780nm). In the first 30 min irradiation, the fluorescence
was increased. However when the irradiation time prolonged to 1h, the fluorescence was
decreased with gold shells aggregates obersved (Figure 5.11). Although the fluorescence
increase was stopped, a conclusion can be made that, upon 780 nm irradiation, the heat
generated from gold is able to cut the endoperoxide and recover the aromatic structure with a

fluorescence restore.
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Figure 5.11: Fluorescence recovery of irradiated DPA-S-COOH and gold shells in DMF upon NIR irradiation (780nm)

5.3.4 Photothermal induced fluorescence enhancement investigation in nanoscale level

Given the preliminary molecular-level verification, we wanted to know if the fluorescence
restore can take place in nanoscale level. The straightforward attempt is to simply mix DPA-
S-CPNs with gold nanoshell. The absorption of the mixture suspension is showing two typical
bands of 375 nm and 780 nm which corresponding to DPA-S-CPNs and gold nanoshells
respectively (Figure 5.12a). To investigate the fluorescence change, the emission of DPA-S-
CPNs was measured before and after solar simulator irradiation (Aexc = 375 nm, Figure 5.12b).
From the spectra, it showed a emission decrease after oxygen trappment. At the same time, the
small window (before and after) indicates poor fluorescence and limit of detection probably
because of ACQ. Even though, 40 min irradiation (Aexc = 780 nm) was used to see emission

change. Unfortunately, emission enhancement was not observed (Figure 5.12c¢)
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Figure 5.12: (a) Absorption of mixture of DPA-S-COOH and gold shells in waster. (b) Emission spectrum of DPA-S-CPNs
before/after solar simulator irradiation. (c) Fluorescence change of mixture of DPA-S-COOH and gold shells in waster after
40min irradiation (Aexc = 780 nm)

For a further trying, we then used methods reported in the literature*’ to synthesize

nanoshells in the presence of DPA-S-CPNs tring to have nanoparticles encapsulated within the
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hollow gold nanoshells. However, the absorption of resulting suspension shifted from
anticipated 780 nm (absorption of gold nanoshells) to 555 nm (Figure 5.13a), which can be
speculated that the solid gold was formed along with verification of transmission electron
microscopy (TEM) indicating gold seeds forming (Figure 5.13b). Even though, a laser (Aexc =
532 nm) was used for trying. Unfortunately, emission recovery has not been observed even

with a higher concentration of gold seeds.
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Figure 5.13: (a) Absorption of mixture of DPA-S-COOH and gold particles through in situ synthesis. (b,c) TEM iamges of
the resulting DPA-S-COOH@AuU

5.4 Future work

Given to the prelimilary result, monitoring the emission of DPA-S-COOH to evaluate DPA-S-
CPNs is not a good approach not only because of low efficiency of heat transfer but also the
small detection window caused by ACQ. Therefore, a new method has to be used, for example
The energy level of the singlet oxygen 0. is 94.29 kJ/mol above the triplet ground state. The
energy level corresponds to a transition at about 1270 nm in the near-infrared spectrum.
Consequently, a direct phosphorescence measurement of the emission at 1270 nm is one way
to find singlet oxygen.*® In addition, the thermal trigger can be extend to organic small
molecule-based photothermal agents that could be incorporated with the DPA-S-CPNs, which
may induce the heat from inner part to the outside part of the particle realizing complete heat

transfer. The possible candidates molecule can be chemical modified Bodipy or tannic acid.*-
50
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Chapter 6

General Conclusions
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In the present Thesis, the rational design of coordination polymer nanoparticles have been
exploited for the development and study of functional materials for their potential application, such as
biological and device application. For achieving this challenging objective, the complete
characterisation in a wide range of methodologies and functional validation was performed. The results

are summarized next:

1. For the first time, PACT coordination polymer particles (RuBIS-CPNs) have been
developed. The DLS and UV-vis measurements demonstrated the nanoscale size,
stability and photoactivity upon 532 nm irradiation.

2. For the first time photocleavage process was precisely quantified by using HPLC
technique.

3. In vitro studies demonstrated that RuBIS-CPNs have an 11-fold increased uptake in
comparison to related monomeric complexes thanks to the energy-dependent
endocytosis uptake pathway triggered by the CPNs formulation.

4. This fact determined a substantial increase in phototoxicity index in comparison with
monomeric species and a light-selective cytotoxic effect close to the gold standard
cisplatin. Thus, RuBIS-CPNs demonstrates the potential of photoactivated CPNs for
PACT anticancer treatments.

5. Two paires of upconversion dyes have been designed, synthesized and characterized
(DPA-S-COOH, Pd-S-COOH, CAEBD-S-COOH, and Os-SCOOH). In addition,
with chemical functionalization, the upconversion between emitters and sensitizers still
remains, which indicates the successful dyes synthesis for the upconversion.

6. We have demonstrated how the introduction of long alkyl chains within the emitter and
sensitizer has allowed for the fabrication of nanoscaled amorphous coordination
polymers with high dyes density and easy dyes-ratio tunability. This approach prevents
dyes migration and phase segregation of the dyes in polymer material and allows the
optimization of the dye interactions and the consequent energy transfer processes
involved in the TTA-UC.

7. We proved the approach can be generalized to upconvert photons from/to different
spectral regions and through distinct mechanisms (intersystem-crossing or direct
singlet-to-triplet absorption). Given their chemical and colloidal stability in water, these
CPNs could be considered the organic counterpart of the lanthanide-based inorganic
nanomterials, but with lower excitation intensity thresholds.

8. Last, but not least, their colloidal stability facilitated their application on different areas
otherwise difficult to achieve: i) water-borne security inks for advanced

anticounterfeiting technologies where printed messages could be decrypted upon UC
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emission; ii) the fabrication of transparent films, in which the local high dyes density
within the CPNs assures UC is preserved once they are embedded in polymer matrices
even at low CPNs concentration. These films also showed concentrated emission in the
edges, of interest for future luminescent solar concentrators.
9. Utilizing the oxygen trapping ability of anthracene upon light irradiation, we extend
the possible application of DPA-S-CPNs to explore the singlet oxygen release for
photodynamic therapy.

The versatility and simplicity of the approaches used for the formation of the water-dispersible CPs
nanostructures presented in this Thesis, demonstrated the potential applications offered by the rational
design allowing the development of functional materials. The results presented in this Thesis represent
new examples for the formation of nanostructured materials and its application that could lead to the

improvement of current systems.
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