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Abstract

Simultaneous and real-time sensing of specific cellular parameters can be achieved by
the use of multifunctional nanocarriers. Multifunctional nanocarriers combine multiple
properties in single particles, and enable minimally invasive and all-optical monitoring of
specific physiological parameters at a cellular level with unprecedented efficiency and

sensitivity.

This study is devoted to the synthesis of entirely organic upconversion nanoparticles
(UCNPs) and to the investigation of their unique optical properties and cytotoxic effects.
These UCNPs provide an excellent platform to construct multifunctional nanocarriers for
various biomedical applications, because of their anti-Stokes luminescence properties
and strong dependence of the efficiency of triplet-triplet annihilation assisted

upconversion (TTA-UC) on the local temperature and oxygen content.

This thesis includes an up-to-date literature review on the application of UCNPs as a
therapy and diagnostics (theranostic) platform. The thesis also describes: i) the
fundamental theoretical aspects of the TTA-UC,; ii) the advantages of the use of this TTA-
UC process for biosensing purposes; iii) the requirements to the structural and energetic
characteristics of the couples of sensitizer/emitter; iv) and a theoretical prediction for the
maximal quantum yields of delayed emitter fluorescence (dEF) and residual sensitizer

phosphorescence (rSPh).

The selected matrix composition for UCNPs formation is entirely biocompatible, mostly
consisting of natural waxes and vegetable oils. Spectroscopic techniques were used to
assess the effectiveness of the TTA-UC process in organogel matrix and UCNPs. The
matrix material ensures the significant increase of the rotational diffusion of the optically
active molecules for a temperature interval centered at 36 °C. The optimal UCNP-
composition (Y-894 / DBOV-Mes in rice bran oil 30 wt.% / squalene 30 wt.% / carnauba
wax 40 wt.% / Tween-20) demonstrates the monotonic increase of the dEF-signal and
decrease of the rSPh-signal at monotonically increasing the sample temperature, that
leads to exclusively sustainable T-calibration curve. The obtained UCNP-composition

demonstrates highly stable dispersions with pronounced oxygen scavenging ability.



We have determined the cytotoxicity of the UCNPs and their optimal concentration for
efficient intracellular T-sensing through the cooperation with the biologists from our group.
The upper limit of the solid content of the sensing UCNPs (1250 ug mLt) demonstrates
high T-sensitivity — up to 250 mK, optically achieved in the ambient environment, around
the life-science relevant temperature of T = 36 °C. The UCNPs are well tolerated by bio-
objects and highly suited for biomedical applications as suggested by the fluorescence

microscopy of cellular uptake process and cytotoxicity test.

Additionally, we studied external-stimuli responsive protection of excited triplet states
against deactivation by singlet oxygen. The sacrificial singlet oxygen scavenging
capability of N-butyl-2-pyridone provides long-term protection of the triplet-triplet

annihilation photon energy upconversion process against photooxidation.



Zussammenfassung

Die Entwicklung multifunktionaler Nanotrager, die in der Lage sind, bestimmte
Zellparameter gleichzeitig in Echtzeit zu erfassen, ist fur viele Forscher weiterhin eine
vorrangige Aufgabe. Eine Einzigartigkeit solcher Nanotrager beruht auf einer
Kombination mehrerer nutzlicher Eigenschaften in einem Partikel. Dies ermdglicht ein
minimal invasives und rein optisches Monitoring spezifischer physiologischer Parameter

auf zellularer Ebene mit bisher unerreichter Effizienz und Empfindlichkeit.

Diese Studie befasst sich mit der Synthese von Aufkonversions-Nanopartikeln (UCNPSs),
die vollstandig aus organischen Materialien bestehen, und der Untersuchung ihrer
einzigartigen optischen Eigenschaften und zytotoxischen Effekte. Ihre Eigenschaften der
Anti-Stokes-Lumineszenz, eine starke Abhangigkeit der Effizienz des durch Triplett-
Triplett-Annihilation unterstitzten Aufkonversions-Prozesses (TTA-UC) von der lokalen
Temperatur und des Sauerstoffgehalts bieten eine hervorragende Plattform fur den
Aufbau solcher multifunktioneller Nanotrager flr verschiedene biomedizinische

Anwendungen.

Diese Arbeit enthalt eine aktuelle Literaturtbersicht Uber die Anwendung von UCNPs als
theranostische Plattform. Die Arbeit beschreibt auch i) die grundlegenden theoretischen
Aspekte von TTA-UC; ii) die Vorteile der Verwendung dieses TTA-UC-Verfahrens fir
Biosensingzwecke; iii) die Anforderungen an die strukturellen und energetischen
Eigenschaften der Sensibilisator / Emitter-Paare; iv) und eine theoretische Vorhersage
fur die maximalen Quantenausbeuten der Fluoreszenz-verzdgerten Emitter (dEF) und

der restlichen Sensibilisatorphosphoreszenz (rSPh).

Die fur die Bildung von UCNPs ausgewahlte Matrixzusammensetzung ist vollstandig
biokompatibel und besteht hauptsachlich aus natlrlichen Wachsen und Pflanzendlen.
Spektroskopische Techniken wurden verwendet, um die Wirksamkeit des TTA-UC-
Prozesses in Organogelmatrix und UCNPs zu bewerten. Das Matrixmaterial sorgt fir eine
signifikante Erhdéhung der Rotationsdiffusion der optisch aktiven Molekule fir ein
Temperaturintervall von 36 °C. Die optimale UCNP-Zusammensetzung (Y-894 / DBOV-
Mes in Reiskleiedl 30 Gew.% / Squalen 30 Gew.% / Carnaubawachs 40 Gew.% / Tween-
20) zeigt die monotone Zunahme des dEF-Signals und Abnahme des rSPh-Signals bei

monotoner Erhdhung der Probentemperatur, so dass eine ausschlielich nachhaltige T-
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Kalibrierungskurve erhalten wird. Die erhaltene UCNP-Zusammensetzung zeigt

hochstabile Dispersionen mit ausgepragtem Sauerstoffaufnahmevermaogen.

Aufgrund der Zusammenarbeit mit Biologen aus unserer Gruppe wurde die Zytotoxizitat
der UCNPs und die optimale Konzentration der UCNPs fur ein effizientes intrazellulares
T-Sensing bestimmt. Die Obergrenze des Feststoffgehalts der abflihlenden UPNPs
(1250 pg mL?) zeigt eine hohe T-Empfindlichkeit - bis zu 250 mK, die in der Umgebung
optisch erreicht wird, um die Life-Science-relevante Temperatur von T = 36 °C. Die
Fluoreszenzmikroskopie des Zellaufnahmevorgangs und des Zytotoxizitatstests legen
nahe, dass die UCNPs von Bioobjekten gut vertragen werden und sich hervorragend fur

biomedizinische Anwendungen eignen.

Zusatzlich wurde der Schutz angeregter Triplettzustdnde durch externe Stimuli gegen
Deaktivierung  durch  Singulettsauerstoff  untersucht. Das  Opfer-Singulett-
Sauerstofffangvermdégen von N-butyl-2-pyridon bietet einen Langzeitschutz eines
Aufwartsumwandlungsprozesses von  Triplett-Triplett-Annihilationsphotonenenergie

gegen Photooxidation.
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Motivation and objectives

All the biochemical reactions responsible for the cellular functions occur either
exothermically or endothermically at particular locations within the cell organelles
exposed to different oxygen conditions. They are fundamentally co-regulated by the
intracellular temperature distribution. In a living object, the intracellular oxygen
concentration, as well as the local temperature, is tightly regulated and maintained within
the narrow physiological limits. For the normal vital activity and metabolism, cells keep up
such crucial parameters of the intracellular environment like temperature and oxygen
content in narrow physiological limits.>? The deviation above or below these limits leads

to cell dysfunction and may subsequently provoke different disturbances in an organism.

In an ideal case, minimally-invasive intracellular oximetry and thermometry could allow
us to monitor physiological and metabolic parameters in biological specimens, and
consequently would allow us to evaluate the efficiency of drug treatment or other external
stimuli, such as chemical and environmental stress.® However, despite broadly studied,
it is still a considerable technological challenge to perform the intracellular minimally-
invasive real-time monitoring of local oxygen concentration and local temperature

distribution.

Miniaturization of the optical sensing tools is an essential step for the development of
biomedical sensing techniques and devices. The miniaturization enables the detection of
studied parameters with the required sensitivity and selectivity. Optical sensing has an
additional requirement in terms of spectral mismatch: there are strongly contradictive
demands for the wavelength of the excitation light.* As a consequence of the tissue
transparency properties, wavelengths at the range of AA ~700 + 940 nm are well
transmitted, while photons with enough high energy, namely A << 700 nm, can initiate

biochemical processes and serve as a sensing tool.#

A possible solution to these sensing problems is the process of triplet-triplet annihilation
assisted upconversion (TTA-UC). The TTA-UC-based sensing technique uses a
ratiometric material response on the acting parameter (sample temperature, local
viscosity change, or variation of the oxygen concentration) instead of single material

response. The TTA-UC relies on optically created densely populated organic triplet



ensembles, in which the inter-molecular energy transfer depends strongly on a variety of
environmental parameters, such as temperature, viscosity, the presence of heavy metal
atoms or oxidizing agents, as well as on the contamination with molecular oxygen. The
use of the mutual dependence of the residual sensitizer phosphorescence (rSPh) and
emitter delayed fluorescence (dEF) on the acting parameter ensures the elimination and
compensation measurement errors. There is a variety of distortion factors affecting the
signal observed: the influence of measurement conditions on the emission intensity,
fluctuations in excitation and instabilities in detection, concentration, or inhomogeneous

distribution of the sensing material.®

Furthermore, TTA-UC is the only upconversion method that has been experimentally
demonstrated to operate with noncoherent low-intensity illumination such as sunlight.®
This unique process allows the generation of high-energy photons from the lower-energy
excitation photons at very low intensity, and extremely low spectral power density of the

used optical source.”®

The miniemulsion polymerization method is an effective strategy for the synthesis of novel
nanomaterials, in which the structure, morphology, and size parameters can be easier
controlled in comparison with other heterophase polymerization methods.®® The
miniemulsion process allows the encapsulation of molecular compounds, liquids, or solid
materials (e.g., dyes, photoinitiators, drugs, or DNA) inside the nanoparticles.!! Thus, a
variation of encapsulated materials enables to obtain nanoparticles with desired

properties.

Merging the techniques of annihilation upconversion and miniemulsion polymerization
leads to the creation of ultimate sensing tools, demonstrating simultaneous, real-time and

spatially local — temperature and oxygen sensing in living objects.*?13

The objective of this thesis is to demonstrate the main advantage of the realized
experimental system, namely that both temperature (T) and molecular oxygen (O2) —
sensing procedures can be performed via a single nano-confined object, delivering
complete independent optical signals, revealing the local temperature and oxygen

concentration.
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Chapter 1: Introduction

Despite the remarkable progress in cancer research, cancer continues to be challenging
for modern medicine. The chance of curing will significantly increase if cancer is
diagnosed at early-stage of the disease and then treated adequately. Despite the
progress made in improving cancer diagnostic approaches using techniques such as
computed tomography (CT), magnetic resonance imaging (MRI), single photon emission
computed tomography (SPECT), positron emission computed tomography (PET), and
their hybrid techniques, including SPECT/CT, PET/CT, and PET/MRI,**23 the
development of non-invasive, high precision and ultrasensitive techniques for early
diagnosis remains one of the priority tasks for the scientific community. Since the existing
cancer screening technigues have some limitations, such as being expensive and time-
consuming, they also have the risk of side effects, for instance, they are not suitable for
young women (in case of diagnostic mammography).?* Therefore, there is a need to
identify a technology that can improve the precision and accuracy of an early cancer

detection.

In recent years, the use of nanocarriers (polymer-drug conjugates, polymer-protein
conjugates, liposomes, polymeric nanoparticles, polymersomes, micelles, nanoshells,
immunotoxins, immunopolymers) as a diagnostic, prognostic, and therapeutic platform
for various biomedical applications has been increased vastly — at least on the in vitro
level, especially for the potential cancer treatment.?>2’ Advances in nanocarrier
engineering have contributed to the development of novel nanoscale biosensing
approaches. These approaches may help in understanding the mechanisms of diseases
at the cellular level and recognition of the disease at an early stage, and also can be used
for the monitoring early response of the disease to actual treatment and evaluate

treatment efficacy.

1.1 Biology of cancer cells

Healthy cells become tumor cells through the mutations taking place in deoxyribonucleic
acid (DNA). Generally, when the DNA sequences are injured, the cells activate their repair

mechanism or programmed process of cellular self-destruction in the dependence on a
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degree of damage.?® Unfortunately, in some cases, cancer cells can acquire mutations or
other changes. That allows to escape the detection by the immune system and the tumor
is progressing.?® The tumor progression is considered as a process involving mutation
and selection of cells with the progressively increasing capacity for proliferation, survival,

and invasion.?8

Extracellular and intracellular microenvironments of healthy and diseased tissues exhibit
differences in temperature, oxygenation, pH value, redox potentials, protein and enzyme
concentrations.®® Altered cellular metabolism is one of the most obvious cancer
hallmarks.3! In a cancer metabolic reprogramming increased glucose uptake into the cells
is observed. The cells produce much less adenosine 5'-triphosphate (ATP) from aerobic
glycolysis (only 2 ATPs per mole of glucose), whereas oxidative phosphorylation in
healthy cells generates up to 36 ATPs upon complete oxidation of one glucose molecule.
This inefficient ATP-producing metabolic pathway in cancer cells is known as the Warburg
effect.3? Compared to the healthy cells which are using glycolysis only when oxygen
supply is limited (anaerobic glycolysis), the cancer cells prefer using glycolysis even in
normoxic conditions.33 Aerobic glycolysis is a result of an energy dysregulation in cancer
cells driven by various factors, such as activation of oncogenes, loss of tumor

suppressors, and mitochondrial DNA mutation.3?

Oxygen supply in tumor tissues is not regulated according to the metabolic demand, as
is the case with healthy tissues.3* Median oxygenation in healthy tissues averages about
5% oxygen and ranges from about 3% to 7.4%, at physiological hypoxia from 2% to 6%
oxygen.?® Importantly, that oxygen level severely reduces in tumor cells and ranges
between approximately 0.3% and 4.2% oxygen.3® Hypoxia, or reduced oxygenation, may
identify an aggressive phenotype of tumors which is resistant to conventional cancer
therapies.3* The tumors with large pathological hypoxia regions may have a better ability
to metastasize than well-oxygenated tumors.3¢ Clinical studies have clearly shown that
the presence of hypoxic regions in tumors significantly reduces the overall survival of

patients.3’

Temperature plays a vital role in many cellular processes such as cell metabolism, cell
division, and gene expression.®® The local temperature depends on thermoregulatory

mechanisms and exo-endothermic biochemical processes, which are altered in
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pathology.3° Since blood flow to the tumor tissue is significantly less than to healthy tissue,
thermal energy generated by the tumor metabolism is carried away less rapidly from the
tumor than from the healthy tissue. Thus, the tumor tissue is characterized by a higher

temperature than the healthy tissue due to impaired thermoregulatory mechanisms.3°

The intracellular thermometry and oximetry are considered to be accurate indicators of
cell behavior.3® The deviation of these essential parameters from the physiological norm
reflects different disturbances in the cells and can be used as an indicator of a number of
diseases, including various types of cancer. Therefore, the development of a nanoscale
minimally-invasive and bio-acceptable prognostic tool possessing high sensitivity to the
detection of pre-cancerous or cancerous changes in cells can help clinicians and
oncologists to decide about adequate therapy approaches and to consequently improve

the quality and expectancy of life.

1.2 Intracellular techniques for oxygen concentration and temperature
measurements

Biosensors are analytical devices that are capable of providing the conversion of a
biological response into a quantifiable and processable signal.?® The biosensors can
broadly be classified into different classes according to the type of signal transduction
(optical, electrochemical, thermometric, piezoelectric or magnetic) or the type of
biorecognition element (nucleic acid, enzymes, proteins, antibodies, and cells).#! Optical
biosensors are more versatile than other types of biosensors. The optical biosensing
mechanism is based on the interaction of the optical field with a biorecognition light-
sensitive object and the registration of a converted signal in dependence on an acting
parameter.*> Generally, optical biosensing can be implemented by two detection
protocols: label-free (evanescent wave fluorescence, bioluminescent optical fibre, surface
plasmon resonance and localized surface plasmon resonance, reflectometric interference
spectroscopy, waveguide interferometric, ellipsometric, surface-enhanced Raman
scattering biosensors) and label-based (fluorescent labeling, isotopic labeling,
chemiluminescent labeling, electrochemically active probe labeling, and nanopatrticle

labeling).*® 44 In a label-free detection method the measured signal is generated directly
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by the interaction of the analysed material with the transducer,*? while the label-based
detection method employs a label and the measured signal is generated by a colorimetric,

fluorescent or luminescent method.42

A commercial biosensor that is capable to carry out minimally-invasive, simultaneous and
independent quantitative measurements of cellular temperature and oxygen
concentration has not been demonstrated yet, regardless of the considerable amount of
conducted research. The current employing tools for measuring tissue oxygenation (pO2)
such as oxygen polarographic electrodes, the OxyLite fluorescence-quenching
technique, direct injection of oxygen-sensitive NMR probes based on fluorine are invasive
and limited in in vivo application.®> The present developments and techniques, that are
used to measure the internal temperature of living cells, are based on luminescent and
non-luminescent thermometry. As thermal probes in the luminescent thermometry
organic dyes, QDs, or Ln®* ions, can be encapsulated in polymer and organic—inorganic
hybrid matrices. Non-luminescent thermometry encompasses scanning thermal
microscopy, nanolithography thermometry, carbon nanotube thermometry, and
biomaterials thermometry.*¢4’ Many of these techniques have several restrictions such
as being toxic, getting affected by the cell components, being not user-friendly and

needing bulky equipment.4’

Currently, the methods based on phosphorescence and fluorescence are most commonly
used for biosensing applications.*34° The approaches based on fluorescence or
phosphorescence intensity measurements and oxygen-dependent quenching of
fluorescence or phosphorescence are well-established techniques with excellent
sensitivity to temperature and specificity to oxygen.>%-53 However, the sensing technigues
based on these optical processes have the lack of reliability, since phosphorescence and
fluorescence are integral parameters depending simultaneously on several
environmental parameters such as the local temperature, local oxygen contamination,
and also molecular concentration fluctuations of dye molecules and their

photobleaching. 5354

The optical sensing based on the triplet-triplet annihilation upconversion process (TTA-
UC) represents a new approach for testing the physiological parameters of living objects.

The sensing process involves an optical excitation of upconverting dyes at so-called
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upconversion regime, followed by ratiometric registration of two optical signals — delayed
emitter fluorescence (dEF) and residual sensitizer phosphorescence (rSPh) — as a
function of the local temperature in an oxygen environment. The use of the mutual
dependence of the rSPh and dEF on the acting parameter ensures
inherent/instantaneous compensation regarding other unwanted local changes of the
sample parameters.®® The excitation at the tissue transparency window combined with
extremely low excitation intensity and ratiometric type registration ensures a high signal

to noise ratio, keeping the sensing procedure minimally invasive.

1.3 Nanocarriers applied to diagnostic and therapeutic purposes

The use of nanocarriers as biosensing instruments, smart imaging agents, and targeted
drug delivery systems significantly influences the effectiveness of the cancer diagnostic
methods and treatment approaches. Many nanomaterials such as polymer-based
nanomaterials, liposomes, quantum dots (QD), carbon-based nanomaterials, metal- or
oxide-based nanomaterials, UCNP possess intrinsic therapeutic/diagnostic potential due
to physical and biochemical proprieties.>>>’ Each of these nanomaterials can be modified
with polymers, nanocomplexes, other nanoparticles, dendrimers, macromolecular scale
complexes, or biomolecules such as proteins, antibodies, antigens, and can produce a
multitude of modifications to achieve higher selectivity.5 For the development of
nanomaterials with high specificity regardless of the application, several factors should
be taken into account, including their size, shape, modifications, composition, stability,
biocompatibility, biodegradation, and biodispersion.585° These parameters can improve

the nanomaterial performance in biological systems and, consequently, their capabilities.

Carrier materials can be broadly classified into two groups: organic carriers and inorganic
carriers. Regardless the nature of the carrier material, the outer surface of the carrier
should be hydrophilic to ensure an effective nanoparticle distribution in blood circulatory

system.60

Most of the organic nanocarriers can be obtained by self-assembly or chemical binding
of small organic building blocks (“bottom-up” techniques) for fabrication a wide range of

the organic systems such as micelles, liposomes, polymersomes, vesicles, polymer
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conjugates, capsules, dendrimers, and polymeric NPs. In the “top-down” techniques,
large objects have to be disintegrated. Here are the most common techniques: the
mechanical milling, microfluidics and lithography. The organic nanocarriers can load
molecules either by conjugation on the surface or in the core, or by physical

encapsulation, which makes them promising drug delivery systems.55:61

There are three techniques for producing inorganic nanocarriers: physical methods
(pulsed laser ablation, vapor condensation), chemical syntheses, and mechanical
processes (bead milling). The photophysical properties of inorganic nanocarriers
combined with their ability to be functionalized with biomolecules make them promising
nanostructure for a variety of bioanalytical purposes: ions detection, detection of organic
compounds, detection of biomolecules, pH nanosensor.%? In particular, metal and metal

oxide NPs are being investigated intensely for therapeutic and imaging applications.

1.3.1 Organic nanoparticles

Organic nanoparticles can be commonly described as solid particles composed of organic
compounds (mainly lipids or polymers) ranging in diameter from 10 nm to 1 um.%3 Such
a type of nanoparticles has attracted significant attention due to their excellent
biocompatibility, low toxicity, and potential applications in biosensorics, medical

photonics, bioimaging, and so forth.5%64-68

The main groups of organic nanocarriers include carbon, polymer, and lipid-based
nanocarriers. Their organic nature minimizes intrinsic toxicity and makes them suitable
for the incorporation of both therapeutic agents and imaging agents in a single
nanocarrier. That allows the potential for combining treatment and diagnosis

(theranostics).

Liposomes are the most studied colloidal nanocarrier systems in the perspective of drug
delivery vehicles. Conventional liposomes (“first-generation liposomes”) are artificially
prepared vesicles made of a lipid bilayer composed of natural or synthetic lipids.®® The
main disadvantages of the possible applications of the conventional liposomes as drug
delivery systems are their high uptake by the macrophages and consequent removal from

the blood circulation.®® The liposomes with modified surfaces (“second-generation
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liposomes”) allow inhibiting the detection mechanism by the phagocytes system and
extend the blood circulation periods of nanocarriers. The presence of biocompatible
synthetic polymers poly-ethylene glycol (PEG) derivatives or poly(ethyl ethylene
phosphate) (PEEP) on outer membranes leeds to an adsorption of specific proteins which

provide the stealth effect.”®

The first US Food and Drug Administration (FDA) approved an organic anticancer nano-
drug (1995) is Doxil® (doxorubicin hydrochloride liposome injection).”* Doxil® has been
approved for AIDS-related Karposi’s sarcoma for the treatment of platinum-based
chemotherapy-resistant ovarian cancer and multiple myeloma, as well as for metastatic
breast cancer.”t"2 The Doxil's® action leads to slow down or stop cancer cell growth.”*
Various novel nano-drug formulations based on similar so called “stealth” liposomes or
other organic nanocarriers loaded with different active drugs or with drug combinations
are widely investigated now. The organic drug carrier, approved by the FDA in october
2015, is Onivyde® (nanoliposomomal formulation of irinotecan).”® Onivyde® is intended
for the treatment of gemcitabine-based chemotherapy-resistant metastatic
adenocarcinoma of the pancreas.’>’* The mechanism of Onivyde’s® action is based on
the effect of component irinotecan, and its metabolite SN-38 on cancer cells causing DNA

damage and cell death.”

Many FDA-approved nano-drugs are based on polymers. Plegridy® (peginterferon beta-
1a) was approved for the treatment of relapsing-remitting multiple sclerosis, Adynovate®
(antihemophilic factor) for bleeding prophylaxis and the treatment of acute bleeding in
hemophilia A,”> Zilretta® (triamcinolone acetonide extended-release injectable
suspension) was approved in October 2017 for the treatment of osteoarthritis knee pain.°
Many polymer-containing formulations of nano-drugs are being investigated in clinical

trials.”

Many of the liposomal nanoformulations of drugs are under clinical investigation.
Arikayce® (liposomal formulation of amikacin) is intended for the treatment of serious
chronic lung infections, as well as Pulmaquin® (combines liposomal and aqueous-phase
ciprofloxacin) for patients with either cystic fibrosis. More complex liposomal drug delivery
systems are also in the clinical phase trials. ThermoDox® (lysolipid thermally sensitive

liposome) represents a thermally sensitive liposomal encapsulation of doxorubicin which
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rapidly changes the structure when it is exposed to high heat (~ 41 °C) and intended for
the treatment of a wide range of cancers.”?> On reaching microvessels within a heated
tumor, the drug is released and quickly penetrates tumor cells.”® In this way, a site-specific

release of the drug is achieved.

By choosing appropriate materials and design features, organic-based nanoparticles can
demonstrate stimuli-responsiveness. These nanoparticles can sense physiological
changes within an organism, providing powerful opportunities in next-generation

diagnostics.”’

1.3.2 Inorganic nanoparticles

Inorganic nanoparticles have a vast potential in modern biomedical applications due to
their unique material- and size-dependent physiochemical properties.> In particular,
optical, magnetic and electrical properties, in addition to stability, and ease of
functionalization, make the inorganic nanoparticles attractive alternatives for diagnostic

and therapeutic purposes.”®

The inorganic nanoparticles include noble metal, metal oxide, semiconductor and silica-
based nanoparticles. They exhibit magnetic, electrical and optical properties.”® These
physical properties can be varied by changing the size, shape, and surface modifications
of the NPs. Some inorganic NP-based agents have already been clinically approved, such
as aminosilane-coated superparamagnetic iron oxide nanoparticles designed for tumor
therapy (glioblastoma) using local tissue hyperthermia, the iron oxide-based
nanoparticles are also employed as magnetic resonance imaging (MRI) contrast agent
(Feraheme®) for the detection and characterization of especially small focal liver

lesions.”277

The toxicity of inorganic NPs is an unavoidable aspect of concern for in vivo applications.
The surface modification with different inorganic/organic molecules, polymers such as
hydrophobic or hydrophilic, neutral or charged, synthetic or natural may reduce their
toxicity 80-83 and improve functionality. For example, the surface coating of magnetic NPs
ensures preventing the release of toxic ions from a magnetic core into biological media

and shielding the magnetic core from oxidation and corrosion.®” The specific surface
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coating of NPs inhibits the adsorption of plasma proteins during in vivo applications, thus
achieving the NPs circulation time in blood for longer and maximizes the possibility to

reach target tissues.

1.4 Nanocarriers for TTA-UC

In recent years, upconversion-luminescence materials have drawn widespread interest in
biomedical research, because it enables an increasing excitation penetration depth in
tissue by using the longer wavelength of the incident light, compared with conventional
downconversion-luminescence materials. There are various optical mechanisms for
realizing the upconversion processes such as two-photon absorption, second harmonic
generation, lanthanide (Ln*?) based upconversion, and TTA-UC. Among the various
principles of light upconversion, TTA-UC is the only upconversion method that has been
experimentally demonstrated to operate with noncoherent low-intensity illumination (in
order of mMW-cm2).17 This unique process allows the generation of high-energy photons
from lower-energy excitation photons at very low intensity and extremely low spectral
power density of the optical source used.'®'® The TTA system consists of a sensitizer
molecule (absorbing species) and an emitter molecule (emitting species), both form the
energetically optimized upconversion dyes pair. An additional advantage for the wide
application of the TTA-UC based techniques in medicine is also an extensive library of
upconversion dyes: a required wavelength range of excitation and emission can be
carried out by a selection of appropriate sensitizer and emitter pairs. Since all optical
properties of biological tissues regarding light penetration must be taken into account.
The lower energy photons can penetrate in tissues much deeper than photons with high-

energy.>3

Nanoparticles for upconversion have emerged as promising agents for biological sensing,
imaging technologies, and theranostics. To date, most of the reported luminescent
nanothermometers, which are used to detect the local temperature of a living cell with
sub-micrometric spatial resolution, are developed by using lanthanide and transition
metal based upconversion nanopatrticles.> In contrast, the TTA-UC based nanoparticles

were mainly fabricated for bioimaging applications.5>728485 However, inorganic
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nanoparticles are more toxic and limited for in vivo applications in comparison with
organic nanoparticles.> The synergy of the organic nanoparticle biosafety and the TTA-
UC process advantages in one biosensing tool provides the creation of a new approach
for simultaneous, real-time and spatially local thermometry and oximetry in living

objects.1213

20



Chapter 2: Triplet-triplet annihilation upconversion: mechanism
description and fundamental principles

This chapter provides a brief overview of the mechanism and fundamental principles of
the TTA-UC process, which will help in the understanding of the research presented in
this thesis. The general fundamental concepts, terms, and definitions related to the
presented work are explained in short. This section will also focus on the critical role of

oxygen and its influence on the TTA-UC process.

2.1 The mechanism of the TTA-UC process

Photon upconversion is an anti-Stokes emission process that involves the conversion of
lower energy photons into higher energy photons. The photon upconversion, based on
TTA, also known as p-type delayed fluorescence, was first reported by Parker and
Hatchard in 1962 within the pairs of phenanthrene—naphthalene and proflavin—
anthracene.® However, only in the 21st century, the process has found wide applications
in bioimaging, biosensing, and may be used for drug delivery (phototriggered targeting

systems).53:87-91

The TTA-UC process is performed in a metal-organic bichromophore system consisting
of an emitter (typically aromatic hydrocarbons) and a sensitizer (metallated
macrocycles)®”> as an energetically optimized pair. The process is based on the
photophysical interplay of sensitizer and emitter molecules.®® A schematic representation
of the TTA-UC mechanism and the detailed energy transfer processes is shown in Figure

2.1.

The photon energy is absorbed by the sensitizer molecules (the red arrow, Figure 2.1)
and stored in its long-lived triplet states, formed in the process of intersystem crossing
(ISC) (Equations 2.1 and 2.2). However, the intramolecular transitions between states
with different multiplicity are spin-forbidden. Nevertheless, the effect of the spin-orbit
coupling allows for the coupling of a singlet state to a triplet state in the presence of a
heavy metal atom. In the case of such heavy metals like palladium or platinum, the yield
of the ISC approaches close to unity.®* Thus, the use of organometallic compounds as

sensitizer could significantly enhance the efficiency of the ISC.
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Figure 2.1 - Simplified energetic scheme of the TTA-UC process. The red arrow means excitation,
green arrow — delayed emitter fluorescence (dEF), violet arrow — residual sensitizer
phosphorescence (rSPh). ISC - intersystem crossing process, TTT - triplet-triplet energy transfer
process, TTA - triplet-triplet annihilation process, S — singlet state, T — triplet state.

The depopulation channels for these sensitizer triplet states (Tsensitizer) include a radiative
decay (rSPh, Figure 2.1 violet arrow), the non-radiative energy dissipation or the transfer
of the energy to an emitter triplet state (Tlemitter) by @ Dexter-type, called triplet-triplet

energy transfer process (TTT) (Equations 2.3 and 2.4).

Then two emitter molecules in their excited Tlemiter interact and undergo inter-molecular
triplet-triplet annihilation process (TTA). In results, one emitter molecule accumulates
their triplet excited states energies to form higher singlet excited state (S'emiter), and the
other molecule returns to its singlet ground state. Finally, the excited emitter singlet state
decays radiatively back to the ground state by dEF (green arrow, Figure 2.1) bearing high
energy photons (Equation 2.5).

All the energy transfer processes of TTA-UC can be described in the following equations:

IS
SOsensitizer + hVexc — Slsensitizer — T sensitizer (t1), t = t1 (2.1)
IS
SOsensitizer + hVexc — Slsensitizer — Tsensitizer (t2), t = t2 (2.2)
TTT
Tsensitizer (t1) + S%%mitter — SOsensitizer + T emitter (t1) (2.3)
TTT
Tlsensitizer (t2) + SC%mitter —> SPsensitizer + Tlemitter (t2) (2.4)
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Tlemitter (t1) + Temitter (t2) = SO%mitter + Stemitter s SO%emitter + SOemitter + WVdEF (2.5)
where hvder > hvexc,
h is Planck’s constant,
hvexc — frequency of excitation light,
hvder - frequency of emitted light,
the index (t) represents the triplet states created at the moments t = t, i = 1, 2

correspondingly.

2.2 Requirements for the TTA-UC

The process of TTA-UC is represented by a sequence of mutually complementary events:
ISC, TTT, TTA, and consequent dEF. For the achievement of maximal efficiency of the
TTA-UC process in total, the efficiency of each event in the sequence should be

maximized.%

The first requirement refers to the ISC process: there must exist a large difference
between the ISC-coefficients of the sensitizer and the emitter molecules (Equation 2.6).
The high ISC-coefficient of sensitizer molecules reflects an efficient population of the
sensitizer triplet states via the single-photon absorption. In turn, a weak 1SC-coefficient of
the emitter reflects an absence of the emitter triplet states depopulation via
phosphorescence and storage the energy for the consequent process of TTA.% This

requirement can be summarized in the following inequality:

cisc >>(ISC (2.6)

sensitizer emitter

The efficiency of TTT from the sensitizer to the emitter depends on the overlap of their
triplet manifolds (Equation 2.7).%” Thereby the second requirement for the upconverting

system is a maximal overlap of triplet energy levels:

E (Tlsensitizer) ~E (Tlemitter) (2.7)
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The third requirement refers to the TTA process and maintains that the sum-energy of
two emitter triplet states must be larger or equal energy to populate first excited singlet

state of the emitter molecule:%®
2xE (Tlemitter) 2 E (Slemitter) (2.8)

The last requirement is related to the absorption spectra of the sensitizer. For reducing
the chance of upconverting photons reabsorption, the generated emission should occur

in a region of the spectrum free from the sensitizer and emitter ground state absorption.®®

In the case of an organic upconverting system that satisfies all above mentioned
conditions and requirements, the TTA-UC process will occur with high efficiency. These
criteria allow providing an effective approach for selecting an energetically optimized

sensitizer and emitter combination for working in different regions of the spectrum.

2.3 Energy losses in the TTA-UC process

The theoretical maximum of a quantum yield for the TTA-UC system is equal to 50%.%
The quantum yield describes how efficiently fluorophore converts the excitation light into
luminescence and is defined as the ratio between the number of emitted photons N(lum)
and the number of absorbed photons N(abs),?® in turn in the TTA-UC process two
absorbed photons maximally produce one emitted photon:

_ N(lum)

= N(abs) (2.9)

where n is a quantum yield of luminescence.

The classical definition is applicable only to a single molecular system.1® Since the TTA-
UC process consists of a connected chain of processes such as ISC, TTT, TTA, and the
consequent emitter fluorescence, the resulting quantum yield incorporates the individual
efficiency of each process and can be represented as a multiplication of the efficiencies

of all participating processes:1%!

Nuc = Oiscx Prrrx Orrax DdEF, (2.10)
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where nuc is the resulting quantum yield of TTA-UC,
®isc — the efficiency of the ISC process;
®1r7— the efficiency of the TTT process;
®17a— the efficiency of the TTA process;

®4er — the quantum yield of the dEF.

However, an ideally high efficient, low-power and in-air TTA—UC has not been realized
yet. All the internal energy conversion processes of the TTA-UC are accompanied by
noticeable losses of the absorbed energy, and consequently, the upconversion emission
has a frequency lower than the doubled frequency of the excitation.'%? In order to design
efficient upconversion systems, all possible loss mechanisms must be minimized or

prevented.

There is a multitude of energy dissipation ways during TTA-UC, the main of them are

caused by the following processes: 10!

- the internal conversion and vibrational relaxation of the excited singlet and triplet
states;

- energy losses during the S*'-to-T! ISC process of a sensitizer: the energy of
sensitizer singlet state E(S'sensitizer) iS higher than the energy of its triplet state

E (Tsensitizer):
E (Slsensitizer) - E (T sensitizer) > 0 (2.11)
- energy losses during TTT process: an energy difference between the triplet states
of sensitizer and emitter:
E (Tlsensitizer) - E (T emitter) # 0 (2.12)
- energy losses during TTA process: doubled emitter triplet energy is significantly
higher than emitter singlet state:
2xE (Temitter) - E (Stemitter) 2 0 (2.13)
The minimization of the energy losses in the photon conversion processes occurs by the

optimization of the energy structures of used sensitizer and emitter molecules.'%

However, the total amount of the energy losses during the TTA-UC is close to 1 eV.101
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2.4 The sensitivity of the TTA-UC to environmental parameters

All intermolecular energy transfer processes in the TTA-UC have a strong dependence
on a variety of environmental parameters, such as temperature or contamination with
molecular oxygen.>1%4 This sensitivity of the TTA-UC can successfully be used for

different applications such as the building of oxygen and temperature biosensing tool.

2.4.1 Oxygen effect on the TTA-UC process

There are three forms of molecular oxygen. The triplet ground state of molecular oxygen
302 (®25) has an open-shell electronic configuration with two unpaired electrons and is
paramagnetic, while the other two have no unpaired electrons and are both
diamagnetic.1%41% The lowest-energy singlet excited state of molecular oxygen 102 (*Ayg)
lies 94.3 kJ mol* above the ground state and the second singlet state O2 (12;:{) is located
156 kJ mol? higher in energy than the 1Oz (Figure 2.2).194

1 +
= =
1908 nm
? v=1
1
Ag
v=0
762 nm N
1269 nm 1070 nm
3 -
>. A 4 A 4 A 4

Figure 2.2 — Electronic states of molecular oxygen. Only two vibronic statesv=0and v =1 are
mentioned.

With such a low excited state, 302 can quench most triplet excited species through a
Dexter mechanism energy transfer and populate the first singlet excited state Oa.
Additionally, 02 can easily interact with other species and affect the electronic structure

resulting in the enhancement of the ISC from triplet excited state to singlet ground state.
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In the TTA-UC practically all ongoing processes are associated with the triplet states of
sensitizer and emitter molecules. A lifetime of the processes measures up tens or even
hundreds of microseconds. This time is more than enough for the excited triplet states of

sensitizer and emitter molecules to meet the molecular oxygen.10t

It is well known that in the presence of molecular oxygen an active quenching process of
the excited triplet states occurs. The quenching occurs by the transfer of excitation energy
to the ground state of molecular oxygen. This is then followed by the generation of singlet
oxygen (*Ag, Figure 2.2).5105 The energy dissipation process also competes with emissive
(phosphorescence) and non-emissive (triplet to triplet) energy transfer processes.%

Singlet molecular oxygen has a long lifetime period since the return to its ground state is

spin forbidden.
Chemical binding of 1O;2
SC SC-0Oy — o e—
o —5, :II S,
A :

- T S, P g T . T,

\ rSPh or\ SOG E dEF
S, \ T, \4 S \ 4 S,

Sensitizer Oxygen Emitter | ’ Emitter II

Figure 2.3 - Energetic scheme of the triplet-triplet annihilation upconversion process in an oxygen
contaminated environment, containing singlet oxygen scavenging moieties (SC). SOG - singlet
oxygen generation.

Singlet oxygen is a highly reactive species and a powerful oxidant, leading to the oxidation
of the photoactive molecules and matrix, followed by dysfunction of UC systems or further
loss of efficiency.'% For the full exploitation of energy generated in the TTA-UC process,
the oxygen protection is a crucial task because molecular oxygen readily quenches the
triplet states of sensitizer and emitter. For the protection of organic ensembles,
undergoing triplet-triplet annihilation, against oxygen deactivation various strategies such

as reversible photoswitching, oxygen scavengers can be used. (Figure 2.3).5105107-108
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2.4.2 Temperature effect on the TTA-UC process

Electronic excited states of organic molecules are highly sensitive to their environment.
Temperature changes strongly affect the luminescence characteristics of organic
molecules. The changes are observed in the following optical parameters: an intensity of
emission bands, band positions, shapes of spectra, or emission decays, lifetimes, and
polarization.>® The impact of temperature can modify one or many parameters of
luminescence. These temperature-dependent influences arise from several processes,
such as the changes in energy of electronic levels, the changes in refractive index, and

other phenomena.>?

The most widely used scheme for the temperature measurements of luminescence in the
actual practice, is one that is found for the determination of the ratio of emission intensities
of different bands of luminescent material.>® This temperature read-out scheme
eliminates and compensates such measurement errors as an influence of measurement
conditions on the emission intensity, fluctuations in excitation and instabilities in detection,

concentration, or inhomogeneous distribution of the sensing material.

The TTA-UC process is one of the most suitable phenomena for the realization of
luminescent thermometry applications. The emission intensity dependence of the dEF on
temperature elevation shows a significant increase, while the rSPh shows a strong
decrease. In contrast, reduction of the temperature drastically changes the behavior of
the dEF and rSPh processes, the dEF- and rSPh-signals demonstrate decreasing and
increasing emission intensities, respectively. This behavior allows us to create an

unambiguous ratiometric temperature calibration curve.

The TTA-UC process demonstrates the temperature dependence because the TTT and
TTA processes occur via molecular collisions. The processes are highly dependent on
molecular diffusion, which in turn depends on the fluidity of the matrix containing the
dyes.1% For many materials, higher temperature leads to higher fluidity, and therefore to
higher TTA-UC efficiency.'’® However, the temperature-dependence of the TTA-UC
could be also explained due to chemical phenomena such as dye aggregation. Counter-
intuitively, it was recently shown that at lower temperatures, mixed aggregation of
sensitizer and annihilator molecules in diluted conditions are resulted in higher TTA-UC

efficiency.110. 111
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Upconverting dyes mostly attached or incorporated into organic or inorganic materials.
The dyes, applicable for luminescent thermometry, should have the following properties:
good thermal stability and photostability, an abilty to wundergo repeated

excitation/emission cycles without luminescent efficiency loses.>?
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Chapter 3: Stimuli-responsive protection of optically excited triplet
ensembles against deactivation by molecular oxygen

The chapter is based on the paper N. V. Nazarova, Yu. S. Avlasevich, K. Landfester, S.
Baluschev «Stimuli-responsive protection of optically excited triplet ensembles against

deactivation by molecular oxygen» // Dalton Trans., 2018, 47, pp. 8605-8610.

This chapter provides detailed research of the sacrificial singlet oxygen scavenging ability
of N-butyl-2-pyridone. N-butyl-2-pyridone ensures the effective external-stimuli
responsive protection of excited triplet states against deactivation by singlet oxygen. The
temperature is the acting external stimulus: lowering the temperature leads to a decrease in
the concentration of singlet oxygen in the environment due to the activation of protection
ability of N-butyl-2-pyridone. In contrast, at elevated temperatures singlet oxygen is not
captured, and thus, the optically excited densely populated triplet ensembles are
effectively depopulated. The singlet oxygen scavenging properties of the N-butyl-2-
pyridone intensifies by the cooperative effect with a coordination solvent such as
dimethylacetamide (DMAC). The cooperative effect of the components significantly

enhances the long-term protection of the TTA-UC process against photooxidation.

3.1 Introduction

Many polycyclic aromatic hydrocarbons are able to bind singlet oxygen Oz with the
formation of the corresponding endoperoxides (EPs).1*? The discovery of reversible
formation of organic EPs occurred in 1926 when Dufraisse and Moureu observed the
reaction of covalent and reversible binding of oxygen by rubrene under light irradiation. '3
The thermal decomposition of many EPs leads to the generation of molecular oxygen and
the parent hydrocarbon.4 The ease of molecular oxygen release by EPs depends mainly
on the nature of the polycyclic aromatic system and the type of substituents in the meso-
positions.11>116 |n 1967, Wasserman and Scheffer proved that a part of the evolved
oxygen during thermolysis of 9, 10-diphenylanthracene endoperoxides is in the singlet
excited state (*Ag) by the ability to transfer it to other photo-oxidizable substrates.!'®
Special attention is currently being paid to the formation of the organic EPs upon a

reversible binding of oxygen with aromatic systems and to the development of highly
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reversible photochromic systems as specific sources or traps of singlet oxygen for optical

and photo-medical applications.’

In this study, the aromatic hydrocarbon N-alkyl-2-pyridone is considered as a potent
strategy for stimuli-responsive protection of the excited triplet state ensembles against
the deactivation by singlet oxygen. 2-Pyridone derivatives are especially interesting
because the 2-pyridone structure is present in many compounds of natural origin. These
structures are widely used for biomedical applications due to their facile synthesis and
inherent polarity that enhances water solubility. The aromatic hydrocarbon easily bonds
singlet oxygen to form EPs. The EPs formation process is strongly temperature
dependent and thereby allows for keeping the singlet oxygen concentration in the

upconverting ensemble at a certain level, co-regulated by the sample temperature.®

The integration of an upconversion system with EPO-forming moieties may allow us to
create a new oxygen sensing technology.® The sensing approach can be used as real-
time control of the concentration of singlet oxygen, generated during the post-illumination
period for the purpose of fractional photodynamic therapy.!'® Since the TTA-UC process
demonstrates the necessary sensitivity to oxygen and after the corresponding calibration,

the TTA-UC can be used as such a sensing tool.

In the TTA-UC process, practically all ongoing processes are correlated with triplet states
of sensitizer and emitter molecules. A lifetime of the processes is up to tens or even
hundreds of microseconds. The analysis of molecular movement reveals that this time is
enough for excited state deactivations by molecular oxygen, resulting in a loss of the
carried energy and singlet oxygen generation.'®! Contamination of an environment with
molecular oxygen even on the ppm level dramatically influences the efficiency and aging
properties of UC-samples. The effective oxygen protection strategies of organic
ensembles, undergoing triplet-triplet annihilation, has been recently published in an

extensive review.119

The development of highly sensitive tools for detecting physiologically relevant oxygen
concentrations (ranging from nM — 200 uM) has gained special attention for biosensing
and medicine. The TTA-UC process represents a thorough solution to the problem of
oxygen sensing: instead of a single material response on the acting parameter (variation

of the oxygen concentration), the TTA-UC provides a ratiometric material response.® The
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use of the mutual dependence of the rSPh and dEF on the acting parameter ensures
compensation of unwanted local changes in the sample parameters.t?%121 QOther
advantages of the TTA-UC as a sensing technique are described in detail in Chapter 2.
The application potential of the TTA-UC process ranges from the fields of molecular
sensing'??> and bioimaging,%7111:123-127 golid state optical technologies!?®1¥ up to

renewable energy sources.31-13%

3.2 Reversible binding of oxygen to aromatic compounds

The mechanism of the [4+2] cycloaddition of singlet oxygen to the electron-rich aromatic
compounds is very similar to the classical Diels-Alder type reactions.®> The reactivity of
aromatic hydrocarbons toward 'O: increases with the electron density of the aromatic
substrate, reflecting the electrophilic nature of 102.11? Solvatochromic parameters of
solvents such as dipolarity, polarizability, and Hildebrand solubility parameters, as well
as steric effects, have a substantial effect on the kinetics of cycloaddition of singlet

oxygen. 112,136,137

N-butyl-2-pyridone is capable to bind singlet oxygen dissolved in an organic solvent in a
temperature dependent manner.® 2-Pyridones have two tautomers: a lactam form for 2-
pyridone and a lactim form for 2-hydroxypyridine.3 2-Pyridone tautomirizes by a proton
transfer between the nitrogen and oxygen atoms.13 The lactim form is mostly present in
the solid phase and polar solvents, whereas lactim and lactam forms coexist in apolar
solvents.'38140The 2-pyridone can be stabilized by N-alkylation; a long alkyl chain in such
compounds facilitates their miscibility with nonpolar organic solvents.® N-Alkyl-2-
pyridones represent a stable diene structure, which can undergo [4 + 2]-cycloaddition
with different dienophiles, like alkenes'#' or molecular oxygen in the singlet excited
state.1#2143 |t is known that 2-pyridones bind singlet oxygen efficiently at lower
temperatures and release it upon heating.>'4? Therefore, 2-pyridones were used for
catalytic purposes,#2143 as well they exhibit pharmacological activities like anti-

inflammatory, antimicrobial and antiviral agents.'44

The light irradiation of the toluene solution of porphyrin and N-butyl-2-pyridone leads to

the simultaneous generation and trapping of singlet oxygen with the consequence of N-
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butyl-2-pyridone EPOs formation. The reaction scheme is shown in Figure 3.1. This
reaction is strongly temperature dependent; therefore, the endoperoxides decompose
thermally and regenerate oxygen and the parent hydrocarbon. The lifetime of the EPO
depends strongly on the temperature.''®> At low temperature singlet oxygen can be stored
for prolonged periods and can then be released by decomposition upon heating; thus the

binding-release cycle can be repeated.®

'pdTBP

hv / \ ISC

PdTBP SPATBP

—

Bu 107 Bu

Figure 3.1 - Reversible addition of singlet oxygen to N-butyl-2-pyridone. PdTBP represents the
ground state of the sensitizer; ?PdTBP — the first excited singlet state of the sensitizer; *PdTBP —
the first excited triplet state of the sensitizer; hv — frequency of excitation light; ISC — Intersystem
Crossing; %0, — triplet ground state of molecular oxygen; 'O, — singlet excited state of molecular
oxygen. The figure is reproduced from ref. [7].

3.3 Experimental part

3.3.1 Materials

The sensitizer — meso-tetraphenyl-tetrabenzo[2,3]porphyrin palladium (I1I) (PdTBP)*4
and the emitter — 3,10-bis(3,3-dimethylbutyn-1-yl)perylene (BDP)'** were synthesized as
described elsewhere (Figure 3.2, 3.3). N-butyl-2-pyridone (Figure 3.4 (b)) was
synthesized by alkylation of 2-hydroxypyridine with 1-bromobutane and purified via
vacuum distillation.4> All dyes employed in the experiment and N-butyl-2-pyridone were
synthesized by Dr. Yuri Avlasevich. Commercially available DMAC (Figure 3.4 (a)) and

toluene were purchased from Sigma-Aldrich.
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Figure 3.2 — (a) Absorption (red line) and phosphorescence (black line) spectra of PdTBP;
(b) chemical structure of PdTBP.
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Figure 3.3 — (a) Absorption (red line) and fluorescence (black line) spectra of BDP;

(b) chemical structure of BDP.

Figure 3.4 — Chemical structures of dimethylacetamide (a) and N-butyl-2-pyridone (b).
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For oxygen-free measurements, the samples were prepared and sealed in an inert
atmosphere glove-box. All solvents were purchased from commercial sources and were
used as received. N-butyl-2-pyridone solution and DMAC were placed into glove-box
atmosphere (4 ppm of O2) and stirred in an open bottle for two hours; thus, the residual
oxygen contamination at these solutions corresponds to the glove-box oxygen content.
For all optical measurements, the molar concentrations of the sensitizer (PdTBP) and

emitter (BDP) were the same, 1x107> M and 2x107* M, respectively.

3.3.2 Method

Luminescence spectra and kinetic data were recorded by created setup (Figure 3.5). The
samples were excited with light beam of a wavelength of Aexc= 633 nm using a HeNe
laser. By using the system of dielectric mirrors (E02, Thorlabs Inc.), the excitation beam
was directed to the sample and focused by an achromatic lens (focal distance 100 mm,

the numerical aperture NA = 0.24).

He-Ne Laser

l—D

Spatial Filter Tunable reflective
attenuator

Stopper

Spectrometer Notch Filter
ﬂ Achromatic

I
I

Lens

T-controlled Sample
chamber [Semete

Figure 3.5 — Scheme of the experimental setup with a temperature controlled chamber.
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Emission spectra were registered by a spectrometer (Hamamatsu Inc.). The excitation
power was controlled by a power meter PM 100D (Thorlabs, USA). For regular
measurements, the excitation intensity was set to 12 mW cm™, and the laser spot
diameter was d = 2x10® m. The sample was located in the temperature-controlled
chamber. The chamber temperature was controlled with the Peltier element by using the
computer program from Electron Dynamics Ltd. (Southampton, UK). The sample
temperature was additionally measured by the thermistor (PT100) attached on the top of

the cuvette.

3.4 Results and discussion

3.4.1 N-butyl-2-pyridone effect on the TTA-UC process

As it was mentioned above, one of the methods of active protection of the densely
populated triplet ensembles against deactivation by molecular oxygen is based on the
use of so-called oxygen scavenging species. The scavenging species chemically reacts
with singlet oxygen and trapped 'O2. A distinct drawback of the deoxygenating method is
the possible unwanted reactions between the singlet oxygen scavenging species and the
UC-active moieties, and also an influence of the scavenging compounds on the UC-
system overall. Therefore, the influence of N-butyl-2-pyridone on the efficiency of the
TTA-UC process was studied primarily. The luminescence spectra of the studied UC-
couple PdTBP / BDP in pure toluene and N-butyl-2-pyridone 20 vol.% / toluene 80 vol.%
solution under glovebox conditions were compared (Figure 3.6). The temporal
dependence of the dEF-signal at the fluorescence maximum (A =521 nm) for pure toluene
sample shows the typical behavior (Figure 3.6 (b), black line) for the UC-samples in an
environment with residual oxygen contamination (4 ppm of O2). The dEF-signal rises
during the first 10 s of optical excitation, until the complete oxygen content is consumed
(for instance, by oxidation of the BDP emitter molecule).®> In contrast, the UC-sample
containing 20 vol.% N-butyl-2-pyridone demonstrates fast growth of UC-fluorescence
because the concentration of the oxygen dissolved in the UC-sample is low (4 ppm of

02), and oxygen can be effectively trapped by N-butyl-2-pyridone. As shown in Figure 3.6
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(a), the dEF-signal in the solvent mixture containing 20 vol.% N-butyl-2-pyridone is slightly

lower (about 15% less efficiency) than the dEF-signal of UC-sample in pure toluene.

a PdTBP / BDP b PdTBP / BDP
6x10° - in toluene 6x10°s — intoluene
— in N-butyl-2-pyridone 20% vol. / toluene 80% vol. —— in N-Butyl-2-pyridone 20% vol. / toluene 80% vol.
5x10* - 5x10° 4
8- X
O 4 4
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9 a0’ O 3x0'
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Figure 3.6 - (a) Luminescence spectra for the samples containing the UC-couple PdTBP / BDP,
dissolved in pure toluene (black line) and in a mixture of N-butyl-2-pyridone 20 vol.% / toluene 80
vol.% (red line). (b) Temporal dependences of the dEF-signals at the fluorescence maximum (A
= 521 nm). Experimental conditions: the samples were prepared and sealed in a nitrogen filled
glovebox; T = 25 °C.

At glove box conditions, an increase of the concentration of N-butyl-2-pyridone in the UC-
sample leads to a decrease of the dEF-signal (Figure 3.7). It can be explained by the
reduction of the UC-sample fluidity. N-butyl-2-pyridone is a highly viscous liquid and has
a significant effect on the rotational diffusion coefficient of UC-active moieties in the UC-
sample. A change of viscosity even on a micro-level within the UC-system essentially
influences the velocity of dye molecules rotation diffusion. In addition, a modification of
the solvation shell of the interacting UC-compounds considerably influences the efficiency
of the TTA-UC process. Thus, the efficiency of the TTA-UC process reflects any changes
in the UC-system.

At ambient conditions, increasing the N-butyl-2-pyridone concentration in the UC-sample
leads to a notable growth of the dEF efficiency (Figure 3.8). This means, that N-butyl-2-
pyridone acts as a singlet oxygen scavenger with moderate characteristics. The
significant decrease of the dEF-signal in the temporal kinetics can be explained as
follows: the velocity of a generation of singlet oxygen is much higher, than the ability of

the pyridone to attach oxygen.
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Figure 3.7 - (&) Luminescence spectra for the samples containing the UC-couple PdTBP / BDP,

dissolved in pure toluene and in a mixture of N-butyl-2-pyridone / toluene in different ratio at
glovebox conditions. The spectra were obtained at the moment t = 50 s. (b) Temporal
dependences of the dEF-signal at the fluorescence maximum (A = 521 nm). Experimental

conditions: the samples were prepared and sealed in a nitrogen filled glovebox; T = 25 °C.
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Figure 3.8 - (a) Luminescence spectra for the samples containing the UC-couple PdTBP / BDP,
dissolved in a mixture of N-butyl-2-pyridone / toluene in the different ratio in an air saturated
environment. The spectra were obtained at the moment t = 50 s. (b) Temporal dependences of
the dEF-signal at the fluorescence maximum (A = 521 nm). Experimental conditions: the samples

were prepared and sealed in an air saturated environment; T = 25 °C.
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3.4.2 Solvation shell tuning

The singlet oxygen scavenging ability of N-butyl-2-pyridone can be moderately enhanced
by a cooperative effect with coordination solvents. DMAC is one of the coordination
solvents that demonstrates a notable gain of long-term protection of excited triplet states
against deactivation by singlet oxygen in combination with N-butyl-2-pyridone. A
cooperative effect of the N-butyl-2-pyridone and DMAC visibly manifests the singlet
oxygen scavenging properties in an air saturated environment (Figure 3.10). However,
the cooperative effect of the components has no considerable influence on the efficiency
of the TTA-UC process at glove box conditions (Figure 3.9). In turn, the addition of the
coordination solvent DMAC to the UC-system dissolved in pure toluene at glove box
conditions does not affect the strength of the dEF- (central peak, A =521 nm) and rSPh-
signals (Figure 3.11) significantly.

PdTBP / BDP
in N-Butyl-2-pyridone x% vol. / DMAC z% vol. / toluene y% vol.
6x10° 7 glove box condition

——y =100
——x=16/z=1/y=83 4x10°

——x=18/z=1/y=81
——x=20/z=1/y=79

x=22/z=11y=77
——x=24/z=1/y=75

a PdTBP / BDP
6x10° in N-Butyl-2-pyridone x% vol. / DMAC 2% vol. / toluene y% vol.
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—x=22/z2=11y=77
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Figure 3.9 - (a) Luminescence spectra for the samples containing the UC-couple PdTBP / BDP,
dissolved in a mixture of N-butyl-2-pyridone / DMAC / toluene in the different ratio in glovebox
conditions. The spectra were obtained at the moment t = 50 s. (b) Temporal dependences of the
dEF-signal at the fluorescence maximum (A = 521 nm). Experimental conditions: the samples
were prepared and sealed in a nitrogen filled glovebox; T = 25 °C.
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Figure 3.10 - (a) Luminescence spectra for the samples containing the UC-couple PdTBP / BDP,
dissolved in a mixture of N-butyl-2-pyridone / DMAC / toluene in the different ratio in air saturated
environment. The spectra were obtained at the moment t = 50 s. (b) Temporal dependences of
the dEF-signal at the fluorescence maximum (at A = 521 nm). Experimental conditions: the
samples were prepared and sealed in an air saturated environment; T = 25 °C.
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Figure 3.11 - Luminescence spectra for the samples containing the UC-couple PdTBP / BDP,
dissolved in toluene and in a mixture of DMAC 20 vol.% / toluene 80 vol.% The spectra were

obtained at the moment t = 50 s. Experimental conditions: the samples were prepared and sealed
in a nitrogen filled glovebox; T = 25 °C.

The peak intensity dependence (at A = 521 nm) of the generated dEF-signal on the
amount of N-butyl-2-pyridone or N-butyl-2-pyridone in combination with DMAC clearly
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shows the difference in the efficiency of the TTA-UC process in the presence or absence
of the coordination solvent in the UC-sample (Figure 3.12). At an air saturated
environment, the addition of the coordination solvent leads to a rise of the dEF efficiency;
in contrary - at glove box conditions, the presence of DMAC leads to a decrease of the

dEF-signal level.
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N-Butyl-2-pyridone x% vol. / DMAC 1% vol. / toluene N-butyl-2-pyridone x% vol. / toluene
glove box condition N-butyl-2-pyridone x% vol. / DMAC 1% vol. / toluene
air saturated environment
(/2] (72} 3
o u - -y o 2x107 4
5) . S without DMAC ) - B - without DMAC
- 5x10° 4 ~ - @ - with DMAC - - @ - with DMAC
L - L wi _ 2
(] o N L P
-~ -
° ~e O O 1x10° .
o ~2 » [e) o--""2 .
2 ax10° Ss s = - " e
= 4x ¥9===3 = P
: 2 ,
5x10° -

= = a---4-

3x10* T T T T T 0 T T T T T

16 18 20 22 24 16 18 20 22 24
" . i ; 0
Additive of N-Butyl-2-pyridone, % vol. Additive of N-Butyl-2-pyridone, % vol.

Figure 3.12 - Peak intensity (at A = 521 nm) dependence of the generated dEF-signal on the
amount of additive of N-butyl-2-pyridone or combination of N-butyl-2-pyridone with DMAC to the
UC-sample in a glove box condition (a) and in an air saturated environment (b).

The efficiency of the TTA-UC process vastly depends on the microenvironmental
conditions, that affects the mobility of the UC-compounds and the properties of their
excited electronic states. DMAC is a dipolar aprotic solvent that does not act as a
hydrogen-bond donor since C-H bonds are not sufficiently polarized.'#¢ However, DMAC
is a good cation solvator due to the presence of lone electron pairs.4¢ Perhaps, the
positive effect of the combination of DMAC with N-butyl-2-pyridone on the efficiency of
the TTA-UC process at ambient conditions is observed due to the improvement of the

trapping mechanism of singlet oxygen by scavenging compound N-butyl-2-pyridone.

3.4.3 Temperature effect

The densely populated organic triplet ensemble participating in the TTA-UC process is

created by optical excitation performed in the continuous-wave regime. In the
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environment contaminated with molecular oxygen, an additional lost channel is present —
it is the generation of singlet oxygen. The singlet oxygen generation leads to the loss of
efficiency of both optical signals — the dEF (the emission with a central wavelength around

521 nm) as well the rSPh (the emission with a central wavelength around 796 nm) signal.

The presence of N-butyl-2-pyridone in an UC-system leads to the appearance of the
temperature dependence of the UC-system. The temperature-dependent manner of the
system is caused by the temperature dependence of the photooxidation process of N-
butyl-2-pyridone. The temperature dependences of the dEF and the rSPh for the UC-
samples protected by N-butyl-2-pyridone are demonstrated in Figure 3.13. EPOs of N-
butyl-2-pyridone are the chemical sources of singlet oxygen. The thermal decomposition
of these EPOs leads to the regeneration of the parent N-butyl-2-pyridone and oxygen in
a singlet state, with good chemical yields. The capacity of N-butyl-2-pyridone to bind
singlet oxygen decreases with a rise in temperature of the sample. Even insignificant

variations of the sample temperature are reflected in the intensity of dEF- and rSPh-

signals.
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Figure 3.13 — (a) Dependence of the dEF and rSPh on the sample temperature. The UC-couple
PdTBP / BDP, dissolved in a mixture of N-butyl-2-pyridone 20 vol.% / toluene 80 vol.% (b) Peak
intensity dependence of generated dEF-signal (at A = 521 nm) and rSPh-signal (at A = 796 nm)
on temperature. Experimental conditions: the sample was continuously illuminated; the
luminescence spectra were obtained at the 100" second after the start. For each temperature
measurement, a new sample point with a large lateral displacement was chosen.

43



Considerable changes were noticed in the UC-samples with the addition of N-butyl-2-
pyridone (Figure 3.13) and N-butyl-2-pyridone combined with DMAC (Figure 3.14) upon
the increase of the temperature from 5 °C to 25 °C. The intensity of the delayed
fluorescence was increased by 12 and 34 times, and phosphorescence by 3.5 and 4

times, respectively.
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Figure 3.14 — (a) Dependence of the dEF and rSPh on the sample temperature. (b) Peak intensity
dependence of generated dEF-signal (at A = 521 nm) and rSPh-signal (at A = 796 nm) on
temperature. UC-couple PdTBP / BDP, dissolved in mixture of N-butyl-2-pyridone 20 vol.% /
DMAC 10 vol.% / toluene 70 vol.% Experimental conditions: the same as in Figure 3.13.

The temporal dependences of the dEF- and rSPh-signals in an ambient environment for
UC-samples protected by N-butyl-2-pyridone and N-butyl-2-pyridone combined with
DMAC at different sample temperatures are shown in Figure 3.15 and 3.16. The results
demonstrate that the ability of N-butyl-2-pyridone to bind singlet oxygen decreases with
a rise in the sample temperature. It is also evident that the dEF is much more sensitive to

the local oxygen concentration changes than the residual phosphorescence.

Figure 3.16 demonstrates that the singlet oxygen protection ability of N-butyl-2-pyridone
is greatly intensified by the cooperative effect with DMAC. The temporal kinetics of dEF-
and rSPh-signals initially shows the declined efficiency of the processes. Then the signals

are gradually stabilized.
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Figure 3.15 - (a) Temporal dependence of the dEF at the fluorescence maximum (at A = 521 nm)
for different sample temperatures. (b) Temporal dependence of the rSPh at the maximum (at A =
796 nm) for different sample temperatures. UC-couple PdTBP / BDP, dissolved in mixture of N-
butyl-2-pyridone 20 vol.% / toluene 80 vol.% Experimental conditions: the same as in Figure 3.13.
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Figure 3.16 - (a) Temporal dependence of the dEF at the fluorescence maximum (at A = 521 nm)
for different sample temperatures. (b) Temporal dependence of the rSPh at the maximum (at A =
796 nm) for different sample temperatures. UC-couple PdTBP / BDP, dissolved in mixture of N-
butyl-2-pyridone 20 vol.% / DMAC 10 vol.% / toluene 70 vol.%. Experimental conditions are the

same as in Figure 3.13.

N-butyl-2-pyridone demonstrates the constraint potential to bind large amounts of singlet
oxygen. Figure 3.15 reveals the efficiency limitations of the N-butyl-2-pyridone as a
sacrificial singlet oxygen scavenger. The total amount of bounded molecular oxygen can

be estimated at least to 200 uM (saturation concentration of the oxygen in toluene), even
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at a relatively large concentration (20 vol.%). Substantial increase of the UC-fluorescence
is observed in the bulk sample after binding the present local amount of molecular oxygen
(coinciding with an optically accessed spot). The optically accessed spot is an area of
increased molecular oxygen diffusion (from the not excited regions). The newly arrived
molecular oxygen will be non-binding. A gradual loss of efficiency is observed first for the

UC-fluorescence then for the sensitizer residual phosphorescence.

3.5 Conclusions

For the first time the external-stimuli responsive sacrificial singlet oxygen scavenging
properties of N-butyl-2-pyridone were demonstrated in this chapter. These properties
ensure efficient temperature-dependent protection of densely populated excited triplet
state ensembles against deactivation by singlet oxygen. N-butyl-2-pyridone is capable of
binding *O2 dissolved in an organic solvent in a temperature-dependent manner: the lowering
of the temperature leads to a decrease in the concentration of singlet oxygen in the
environment, due to the activation of a protection ability of N-butyl-2-pyridone. In contrast,
singlet oxygen will not be captured at elevated temperatures. Thus the optically excited
densely populated triplet ensembles will be effectively depopulated. The use of N-butyl-
2-pyridone also allows to regulate an additional acting parameter — the rate of bounding
and releasing of molecular oxygen. Since the EPOs formation process is temperature
dependent, the rate of molecular oxygen bounding or releasing is also temperature
dependent. However, N-butyl-2-pyridone demonstrates the limited potential to bind large

amounts of singlet oxygen.

Additionally, the singlet oxygen scavenging ability of N-butyl-2-pyridone was enhanced
by the cooperative effect with a coordination solvent DMAC. The cooperative effect
considerably promotes the long-term protection of the TTA-UC process against

photooxidation.
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Chapter 4: Optical temperature sensing in organogel matrices via
annihilation upconversion

The chapter is based on the paper N. V. Nazarova, Yu. S. Avlasevich, K. Landfester, S.
Baluschev «All-optical Temperature Sensing in Organogel Matrices via Annihilation
Upconversion», ChemPhotoChem, 2019, 1020-1026.

4.1 Introduction

Organogels are a great platform for constructing smart materials with a controlled
response to external stimuli, e.g., such as temperature. The organogels are bicontinuous
colloidal systems that form a three-dimensional network, where the compounds, sensitive
to microenvironment changes, are well-dispersed. Upconverting organic dyes can be
used as sensitive compounds. The temperature sensitivity of organogel is stimulated by
high responsivity to stimuli of the TTA-UC process. The organogel represents a fully
biocompatible soft matter matrix, namely a mixture of vegetable oil and organic wax in an
appropriate ratio. The materials used for biosensing should be fully biocompatible,
biodegradable, and should not have any toxic effects, including their waste compounds

and intermediates.147.148

A number of critical reviews have summarized the progress in biocompatible temperature
(T) measurements. There is a broad consensus'4®1%0 that optical methods for T-sensing
are less invasive and able to provide the time-resolved and 2-dimensional spatial
evolution of the T — distribution.!5-153 As an example of the vast amount of the works
dealing with T-sensing in life-science objects, one can mention the systems using
nanogels,® luminescent CdSe-CdS quantum dots as donors and cyanine dyes as
acceptors,'®® dual-emitting nanoparticles,** and the fluorescence polarization anisotropy
of green fluorescent proteins.>” A common characteristic for these systems is that the
ratiometric T-response is achieved, where the luminescence of one of the species does

not depend on temperature, but the other strongly does.

The mostly used phenomenon for all-optical T-sensing is the phosphorescence decrease
(or phosphorescence lifetime decrease) as a consequence of the increased temperature.

Temperature is known to affect the phosphorescence quantum yield of a used dye, the
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guenching constants, the solubility of oxygen, the diffusion of oxygen and finally, the

temperature change facilitates singlet-triplet and triplet-singlet transitions.152

The molecular oxygen is a highly reactive species, that leads to quenching of the excited
triplet states by the transfer of excitation energy to the ground state of molecular oxygen,
followed by the generation of singlet oxygen. Thus the creation of an effective protection
strategy against the quenching by molecular oxygen and protection against the
subsequent production of highly reactive singlet oxygen is an imperative condition for the

development of a T-sensing all-optical tool.105158

All these requirements are fulfilled when the TTA-UC process is performed in hydrophobic
matrices such as blends of natural waxes and vegetable oils with pronounced singlet
oxygen scavenging properties. Natural waxes are considered to be the most effective
gelators for vegetable 0ils.'>° This approach ensures simultaneously the ability to tune
the T-sensitivity towards biologically relevant temperature window (centered at T = 36 °C),
to use effectively singlet oxygen scavenging properties of the natural components and
last, but not least to apply biocompatible materials (all used waxes and oils are approved
as food additives). Moreover, the gels formed by the use of waxes have demonstrated

very high thermal reversibility, i.e., no spontaneous phase separation was observed.

Singlet oxygen is generated continuously in the presence of molecular oxygen dissolved
at the wax/oil sample during the optical excitation. The phytochemical compounds of the
vegetable oils (for example, tocopherol, tocotrienol, and y-oryzanol) demonstrate the
remarkable activity of bounding all present amounts of singlet oxygen.6%-163 Since the
oxygen permeation rate through the surface of the sample is much lower than the rate of
chemical binding of singlet oxygen, after a short initial period, the whole oxygen content

is consumed.

4.2 Vegetable oils as singlet oxygen scavengers

Two types of oxygen can react with oils: triplet oxygen 302 and singlet oxygen 'Oz. 302
reacts with lipid radicals and causes autoxidation, which is a free radical chain reaction.
Photosensitized oxidation of oils occurs in the presence of light, sensitizers, and

atmospheric oxygen, in which 1O2 is produced. The singlet oxygen readily reacts with the
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compounds with high electron densities, such as the double bonds of unsaturated fatty
acids.'®? The reaction rate of singlet oxygen with lipids is much higher than that of triplet
oxygen because 'Oz can directly react with lipids, while 2Oz reacts with the radical state

of lipids. Oil oxidation is accelerated by temperature and light irradiation.

The free radical scavenging effect of oils depends on the type and concentration of
antioxidants. Singlet oxygen quenching may occur by both physical and chemical
guenching. The physical quenching mechanism involves the transfer of excitation energy
of the singlet oxygen to ground state oxygen via a spin-orbit coupling or triplet energy
transfer, herewith there is no oxidation of antioxidants. Amines, phenols, iodide, sulfides,
and azides are physical quenchers. Antioxidant donates an electron to singlet oxygen in
the chemical quenching. The reaction is involving the oxidation of an antioxidant. The
guenchers of this type are ascorbic acid, amino acids such as histidine, cysteine,
tryptophan and methionine, peptides, tocopherols.'®3 Many of the antioxidants are able

to quench singlet oxygen by both types of quenching.

Vegetable oils are rich sources of natural antioxidants that can be used as free radical
scavengers. Argan oil (AO), peanut (PO) and rice bran oils (RBO) are antioxidant-rich
natural products, now applied both in cosmetics and food grades. These vegetable oils
show antiproliferative, antidiabetic, and cardiovascular risk-preventive effects.6* Their
effective antioxidative components include tocopherols (AO: 0.637;%° PO: 0.226;1%¢ RBO:
0.297 mg-g 1;1%%), phenolic compounds (AO: 3269.00;1%° PO: no phenolic compounds
were detected in cold-pressed peanut oil;*68 RBO: 3.59 mg-g™%; 199 ), plant sterols (AO:
2.95;165  PO: 4.34;%¢ RBO: 8.58 mg g%, y-oryzanol (only RBO:
3.0 mg-g~ %179 and squalene (AO: 3.17; 1’1 PO: 0.13;172 RBO: 8.33 mg-g~1;1"3).

The absolute viscosity of the vegetable oils is decreased by increasing temperature.'6>
The RBO (0.0593 Pa-s at 26 °C) is the most viscous oil followed closely by PO (0.0593
Pa-s at 26 °C) and AO among the vegetable oils.1’* The same trend is also observed at

other temperatures.

Antioxidant components of vegetable oils in UC-samples ensure stable protection of the
excited triplet state against the deactivation by singlet oxygen (Figure 4.1). The
luminescence spectra of PATBP / BDP in a mixture of vegetable oils and toluene in the

equal ratio (50 wt.% vegetable oil / 50 wt.% toluene) show a slight difference in the
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efficiency of the TTA-UC process. The level of dEF-signal for the UC-sample with PO in
the composition by 6% and 13% is higher than for UC-samples with RBO and AO,
respectively. The efficiency of the TTA-UC process accrues the first 10 to 15 s and then
stabilizes. The dEF-signals of the UC-samples with PO and AO demonstrate stable
temporal kinetics, whereas the stability of the UC-sample with RBO shows a slight
decrease of efficiency by 6% in the first 4 min of kinetic registration, then the dEF-signal

also stabilizes (Figure 4.1(b)).
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a PdTBP / BDP in 50 % wt. oil / 50 % wt. toluene
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Figure 4.1 - (a) Luminescence spectra for the UC-Systems: PATBP / BDP in 50 wt.% vegetable
oil / 50 wt.% toluene. Qils: RBO, AO, and PO. The spectra are obtained at the t = 600 s. (b)
Temporal dependence at the maximum of dEF-signal (at A = 521 nm). An air saturated
environment.

4.3 Natural waxes as a temperature dependent matrix

Waxes are complex mixtures of several nonpolar and polar components. The majority of
components are hydrocarbons, wax esters, fatty acids, and fatty alcohols with varying
carbon chain lengths (Figure 4.2).1%° Natural waxes are considered to be the most
promising ones among the various gelators explored for gelling vegetable oils because
of their excellent oil binding properties.'®> Moreover, the gels formed by using waxes have

thermo-reversibility property.
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Beeswax is an insect wax and a composition of esters. Beeswax consists mainly of
myricyl palmitate plus saturated and unsaturated hydrocarbons and organic acids.
Carnauba wax is a plant origin wax and composed of a mixture of straight-chain esters,
alcohols, acids, and hydrocarbons.'’”> Beeswax has a lower carbon chain length than
carnauba wax. Beeswax is characterized by lower melting temperature (T = 61 - 63 °C)
and lower viscosity compared to carnauba wax (T = 80 - 82 °C).1"> The softening of
beeswax starts already at about 35 °C. Carnauba wax shows the beginning of softening
only at about 55 °C in contrast to beeswax. But most of the composition melts even at

much higher temperatures.'’?

Composition Main ingredient structure

Monoesters 35%
Hydrocarbons 14%
Diesters 14%
Triesters 3% \/\/\/\/\/\/'\/\/\/\/\/\/\./Vﬁ

Hydroxy monoesters 4% \/“\/\/x/\f\/\fyo
0

Beeswax

Hydroxy polyesters 8%
Acid esters 1%

Acid polyesters 2%
Free fatty acids 12%
Free fatty alcohols 1%
Aliphatic esters 40%

Diesters of 4-hydroxy-cinnamic
acid 21.0%

w-Hydroxycarboxylic acids X OR R=Cy5- Cyy
13.0%
Fatty alcohols 12% RO
Predominantly derived from

Carnauba wax

acids and alcohols in the C26-

C30range

Figure 4.2 - Composition of the natural waxes and chemical structure of main ingredients.

Like other materials, waxes expand when subjected to a rise in temperature and contract

as the temperature is decreased. Carnauba wax has a linear thermal expansion between
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22 °C and 52 °C, while beeswax has at least two rates of expansion over this temperature
range. The coefficient of thermal expansion of carnauba wax (k = 156 + 10 x 10/ °C
between 22 °C and 52 °C) is smaller, than for beeswax (k = 344 + 31 x 10¢ / °C between
22°Cand41.2+1.2°Cand k=1048 + 170 x 10®/ °C between 41.2 and 50 + 1.2 °C).163
It is interesting to note that beeswax has shown an increase in the rate of expansion at

37.5 °C and a decreased rate of expansion at 45 °C.17°

Hydrogen bonding between molecules in a wax-oil network is weakened by heating. It
leads to the changes in the intermolecular interactions between the upconverting dyes
and matrix environment in the organogel. As a result, the efficiency of the TTA-UC

strongly depends on the organogel temperature.

4.4 Ratiometric temperature sensing

The most commonly used temperature sensing scheme in luminescence thermometry is
based on the determination of the ratio of intensities of different emission bands of
luminescent material. The temperature sensing method, performed in a bio-compatible
organogel matrix, is elucidated in Figure 4.3. This ratiometric-type sensing technique is
based on a dual-signal response of the TTA-UC system embedded in the organogel
matrix: the dEF (Figure 4.3 (a), emission spectra around central wavelength of A = 521
nm) and rSPh (Figure 4.3 (a), emission spectra around central wavelength of A = 796
nm). The ratio between the maximal intensity of dEF Imax(dEF) and the maximal intensity
of rSPh Imax(rSPh) signals (Figure 4.3 (c)) is used for the ratiometric temperature
sensitivity of UC-organogel matrix measurements. This technique is called the ratiometric
intensity method. Then the ratio is normalized regarding to the ratio Imax(dEF) / Imax(rSPh)
at the starting temperature (Figure 4.3 (d)). In this way, it is possible to create a non-
ambiguous calibration curve, that connects the ratio of the integral dEF / rSPh and the

sample temperature.

With an increase in the temperature of the hydrophobic matrix containing the TTA-UC
system, the maximum emission of the dEF decreases and simultaneously the maximum

emission of the rSPh increases (Figure 4.3 (a)). This optical behavior of the emission
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intensities ensures a stable and simple registration system because no additional filters

are necessary.
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Figure 4.3 - Procedure allowing all-optical and ratiometric local temperature sensing via
biocompatible organogel-based TTA-UC system. (a) Luminescence spectra of the studied TTA-
UC system consisting of PATBP (1x10° M) / BCP (2x10 M) in argan oil 40 wt.% / carnauba wax
60 wt.% (b) Temperature dependence of the signals of Imax(dEF) (blue squares) and Inax(rSPh)
(red circles). (c) Dependence of the ratio Imax(dEF) / Imax(rSPh) on local temperature. (d)
Normalization of the ratio Imax(dEF) / Imax(rSPh) regarding the value for T =5 °C. The red curve is
the exponential fit of the experimental points.
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The spectral shape of the dEF-signal and the spectral shape of the rSPh-signal is not
changed with the change of the sample temperature. Therefore, the maximal
fluorescence intensity at a certain wavelength instead of the integral delayed
fluorescence of the emitter was used in this study. The maximal phosphorescence
intensity at a certain wavelength was used instead of the integral residual

phosphorescence of the sensitizer.

An quasi oxygen-free operation of the TTA-UC system could be achieved even if the
sample is placed and kept in an ambient environment (oxygen content > 20 vol.% O2).
This condition is met if the diffusion rate of the molecular oxygen, dissolved at the
hydrophobic matrix throughout the borders of the optically assessed spot, is much slower
than the rate of chemical bonding of the singlet oxygen inside this optical spot. The
temporal dependences of the intensity of the optical signals of dEF (blue line) and rSPh
(red line) for constant excitation intensity of lexc = 20 MW cm? are demonstrated in Figure
4.4. The optical excitation begins at t1 =5 s. It is evident, that at t> = 20 s the signals of
dEF and rSPh are stable enough. The concentration of unbounded molecular oxygen is
very low across the excitation spot. Therefore, the signals of dEF and rSPh are not
significantly changed and can be used further as a measure for the local temperature.

PdTBP / BCP
1 in argan oil 40% wt./ carnauba wax 60% wit.

103—E F/, T=40°C

—dEF
—rSPh

10" 5

Luminescence, cps

10" 3

10 T T T T T T T 1
0 5 10 15 20 25 30 35

Time, s

Figure 4.4 - Temporal dependences of dEF (blue line) and rSPh (red line) signals intensities for
the TTA-UC system, presented in Figure 4.3. The experimental conditions for all the
measurements: constant intensity of lexc = 20 mW cm?; excitation wavelength A = 633 nm; an
ambient environment; T = 40 °C.
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4.5 Experimental part
4.5.1 Materials

The sensitizer meso-tetraphenyl-tetrabenzo[2,3]porphyrin palladium (II) (PdTBP) and the
emitters -  3,10-bis(3,3-dimethylbutynl-yl)  perylene (BDP), 3,9(10)-bis(3,5-
dimethoxyphenyl) perylene (BMP) and 3,4,9,10-tetra(butoxycarbonyl) perylene (BCP)
were used as energetically optimized upconversion dye pairs. All employed in this
experiment dyes were synthesized by Dr. Yuri Avlasevich. The chemical structures,
absorption and emission spectra of all molecules are shown in Figure 4.5, 3.2, and 3.3
(Chapter 3). The chosen emitter molecules demonstrate almost identical fluorescence
maxima (A = 482 nm for BDP; A = 486 nm for BMP, and A = 489 nm for BCP). This fact
minimizes the dependence of the process of TTA-UC on the energy position of the emitter
singlet state. The molar concentration of sensitizer is fixed to 1x10°>M and the emitters -
2x104 M, kept the same for the entire optimization process. As seen in Figure 4.5, 3.2,
and 3.3 (Chapter 3), the absorption and emission spectra of the chosen emitter molecules
are slightly different. Therefore, it is expected that also the corresponding excited triplet

states will have small differences.
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Figure 4.5 - Absorption (black line) and fluorescence (red line) spectra of emitters BMP and BCP.
Insets: chemical structures of the emitters (a) BMP and (b) BCP.

Two natural waxes — beeswax and carnauba wax were chosen as matrix materials that
allows a significant increase of the molecular rotational diffusion of the optically active
molecules for a temperature interval centered at 36 °C (Figure 4.2). Both waxes are

biocompatible and defined as food additives: E901 and E903, correspondingly. Carnauba
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wax was purchased from Acros Organics (USA), and beeswax — from Carl Roth (Carl

Roth GmbH, Germany).

Natural oils — rice bran oil, argan seed oil and peanut oil were applied as emollients. The
main reason for using the emollients is a controllable lowering of the melting point of the
mixture of natural wax / vegetable oil. Additionally, the organic oils are reported as an
excellent sacrificial scavenger of singlet oxygen. RBO was purchased from TEA Natura
(TEA Prodotti Naturali di Manzotti P., Italy), AO — from Primavera (Alnatura, Germany)
and PO — from Braendle (P. Braendle GmbH, Germany).

Amphiphilic substances poly(ethylene glycol) methyl ether (OMe-PEGsso), polyethylene
glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ether (TX-100), L-a-Lecithin (lecithin), and
glycerol were tested as promoters of the sensitivity of the TTA-UC process to small

sample temperature changes. Their chemical structures are shown in Figure 4.6.

OMe-PEGazsg

TX-100

Glycerol

Lecithin

Figure 4.6 — Chemical structures of the amphiphilic additives OMe-PEGsso, TX-100, glycerol and
lecithin.
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4.5.2 Method

Luminescence spectra and kinetics were recorded by the experimental setup (Figure 3.5,
Chapter 3). The setup is comprised of light source - HeNe laser (Aexc = 633 nm), optical
components (filters, mirrors, lenses), sample chamber with controlled temperature,
sample holder, temperature controller, reference thermometer, and detector. The
excitation power was controlled by using power meter PM 100D (Thorlabs, USA). The
excitation intensity was set to 10 mW cm?, laser spot diameter was
d=1x10°m.

A photograph of the sample chamber with controlled temperature is shown in Figure 4.7.
The temperature in chamber is controlled with the Peltier element using computer
program from Electron Dynamics Ltd. (Southampton, UK) and recirculation chiller. The
sample temperature additionally is controlled by the thermistor (PT100) attached on the

top of the sample.

Figure 4.7 — Sample chamber with controlled temperature.

4.5.3 Sample preparation

Toluene solutions of the sensitizer (10* M, 100 uL) and emitter (10 M, 200 yL) were
mixed at room temperature in a 25 mL round-bottom flask, and the solvent was
evaporated to dryness under vacuum (40 °C, 74 mbar). The residue was dissolved in
vegetable oil (200 / 400 / 500 / 600 / 800 mg) and added to molten wax (800 / 600 /500 /

57



400/ 200 mg) in appropriate ratio, mixed at 100 °C to form a homogeneous mixture. The
samples were placed in the glass tubes (VITROTUBES™, Hollow Rectangle Capillaries
- N2540-50) with the thickness of 400+10 ym and sealed with epoxy.

A controlled amount of additives was added to an UC-dyes solution in oil for the
preparation of organogels containing the amphiphilic additives. It was carefully stirred and
natural wax was added. The resulting mixture was mixed at 100 °C to form a
homogeneous mixture. The samples were placed in the glass tubes for further

measurements.

4.6 Results and discussion

4.6.1 Organogel matrices containing emitter molecules with different
amphiphilicity

The mobility of the dye molecules, that are dispersed in the organogel matrix, depends
significantly on viscosity of the matrix environment and the dye-matrix interactions (the
rotational diffusion of the dye molecules). The amphiphilicity of the emitter molecules was
altered as the first optimization parameter of the organogel matrix. The series of emitter
molecules with different amphiphilicity was tested. The modifications of dyes structures
substantially influence on the interplay between dye molecules and wax-oil matrix
environment. The optical response of the UC-pairs containing the next emitter molecules
BDP, BMP, and BCP (Figure 4.8) was studied. The emitters had different hydrophobicity,

and they were posted in the order of hydrophobicity decreasing.

The temperature dependences of the normalized ratio of dEF / rSPh for investigating the
UC-systems with different compositions are shown in Figure 4.8. Two parameters,
namely the amphiphilicity of emitter molecules together with the wax-type, were varied
simultaneously. The emitter BCP with the lowest hydrophobicity demonstrated the
highest sensitivity to small temperature changes of the organogel matrix temperature for
both of the wax-types. All other parameters such as the excitation intensity, the mass ratio
between natural wax / vegetable oil (40 wt.% / 60 wt.%), the type of the oil (RBO) and

molar concentration of a sensitizer/emitter couple were kept constant. Figure 4.9 reveals
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that the TTA-UC system, that is embedded in the organogel matrix material based on
carnauba wax, demonstrates higher optical signals (especially for the rSPh) and
monotonic increase of the dEF signal. This fact explains the higher temperature sensitivity
for carnauba-based samples. It is worth mentioning that a similar behavior was also

observed for other emitter molecules.
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Figure 4.8 - Temperature dependences of the normalized ratio of dEF / rSPh for sensing TTA-UC
systems, with varying composition, as follow: the matrix consisting of RBO 60 wt.% / carnauba
wax (a) or beeswax (b) 40 wt.% and different emitters - BDP (black squares), BMP (red circles)
or BCP (blue triangle). For all the measurements — the same sensitizer PATBP was used. The
spectra are obtained at the t = 15 s after the start of the optical excitation.
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Figure 4.9 - Temperature dependence of the signals of dEF (blue squares) and rSPh (red circles):
(a) — for TTA-UC systems based on carnauba wax; (b) — for the TTA-UC systems based on
beeswax.
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4.6.2 Temperature dependence of composition-tunable organogel matrices

Luminescence efficiency of UC-dyes in organogel highly depends on matrix compaosition.
Physicochemical properties of used ingredients for organogel formation play an essential
role in a temperature behavior of obtained organogel matrixes. Density and viscosity of
the organogel matrices can be regulated by a proportion of wax and oil. The ratiometric
optical response of the UC-dyes incorporated in organogel was used as an indicator for
searching the optimal wax-oil matrix composition with maximum temperature sensitivity
(Figure 4.10). Increasing the oil content in the matrix composition leads to a rising
temperature sensitivity of the organogel. This fact can be explained by the increasing
mobility of dye molecules in the wax-oil environment. The rotational diffusion coefficient
of dyes strongly depends on the viscosity of the matrix according to Stokes—Einstein—
Debye equation.'%? Consequently, the decrease of the viscosity of dye’s environment
facilitates the re-orientation of dye molecules and cardinally enhances the efficiency of

the TTA-UC process in the environment.

Experimental results confirm the statement for wax-based organogels with PO (Figure
4.10 (c), (d)). Slightly different behaviors are observed for organogels with RBO and AO.
The organogels follow the same trends of viscosity dependence as the organogel matrix
with PO. However, a maximum of temperature sensitivity is achieved at 60 wt.% of oil
content. The subsequent increase of the oil's portion leads to the decrease of the
temperature sensitivity of the matrix. In this way the optimal wax-oil content for the

organogel formation was determined.

It has to be noted, that carnauba wax-based organogels show better temperature
sensitivities compared to beeswax-based organogels at the same conditions (Figure
4.10). The results can be explained by the difference in melting points of these organogel
matrices. Carnauba wax-based organogels form a stronger network with a higher melting
point compared to beeswax-based organogels. Carnauba wax-based organogel shows a
strongly monotonic increase of the dEF-signal by increasing the sample temperature,
simultaneously with the strongly monotonic decrease of the rSPh-signal by rising of
sample temperature (Figure 4. 11 (a)). At the same conditions, beeswax-based organogel
shows an increase of dEF-signal only till 30-35 °C and then the level of the signal falls

(Figure 4.11 (b)).
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Figure 4.10 - Temperature dependencies of the normalized relations of maximal intensity of UC-
fluorescence signal to maximal intensity of phosphorescence signal for organogels with the next
composition PATBP / BCP in (a) RBO / carnauba wax, (b) RBO / beeswax, (c) PO / carnauba
wax, (d) PO / beeswax, (e) AO / carnauba wax, (f) AO / beeswax.
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Figure 4.11 - Temperature dependences of the normalized relations of maximal intensity of dEF-
signal to maximal intensity of rSPh-signal for PATBP / BDP in RBO 60 wt.% / beeswax (a) and
carnauba wax (b) 40 wt.%

4.6.3 Organogel matrices containing different vegetable oils

The type of vegetable oil incorporated in a UC-organogel matrix has a strong effect on
the temperature response of the UC-organogel. Since vegetable oils contain chemically
different antioxidant compounds, they differ in viscosity and other characteristics. The
next optimization step of the UC-organogel matrix composition is shown in Figure 4.12:
only the type of vegetable oil has been optimized here. As evident from the results, the
sample, containing PO, demonstrates the highest temperature sensitivity than the

organogels containing AO or RBO.

Temperature responses carnauba-based organogel matrices at 35 °C and 45 °C,
respectively, are 10.15 and 15.65 for RBO; 12.19 and 18.97 for AO, 16.91 and 29.01 for
PO. These values have the following magnitudes for beeswax-based organogel matrices
at 35 °C and 45 °C, respectively: 8.06 and 14.95 for RBO; 9.95 and 15.70 for AO, 10.07
and 17.36 for PO. The temperature response is more pronounced in carnauba wax-based
organogels. The best temperature response was observed for the UC-organogels with
PO. This phenomenon can be explained by more effective singlet oxygen scavenging

ability of PO compared to other vegetable oils.

62



Q
(o)

. %7 parer/acP 209 pqTBP/BCP
3 in oil 50% wt. / carnauba wax 50% wt. S in oil 50 % wt. / beeswax 50 % wt.
© 30 ®
= —=—RBO = —=—RBO
o 25 ®—AO o 154 —o—AO
n —4—PO n —4—PO
— —_
LL ] L
L Ll 10+
T 454 o)
Ee] ke]
o) o)
N oo N
© © 5
£ =
= 54 o
@) o
Z pzd
o T T T T 1 0 T T T T 1
0 10 20 30 40 50 0 10 20 30 40 50
o
Temperature, °C Temperature, °C

Figure 4.12 - Temperature dependence of the normalized relation of maximal intensity of dEF
signal to maximal intensity of rSPh signal for organogels with next composition PdTBP / BCP in
(a) oil 50 wt.% / carnauba wax 50 wt.% and (b) oil 50 wt.% / beeswax 50 wt.%

4.6.4 UC-organogel matrix composition with maximal temperature sensitivity

The next optimization step for a search of the optimal UC-organogel matrix composition
with maximal temperature sensitivity is an evaluation of the temperature responses of the
UC-organogels with a different in percentage proportion of natural wax and vegetable oil.
For this aim the UC-organogels consisting PO and carnauba wax were prepared in the

following ratio: 20 — 80 wt.% PO / 80 — 20 wt.% carnauba wax, respectively.

The increase of a solid lipid percentage part in the matrix composition impacted the
temperature response. The experimental results are shown in Figure 4.13 (a). It has been
demonstrated that the UC-organogel composition PATBP / BCP in PO 80 wt.% / carnauba
wax 20 wt.% it (the violet triangles) with the highest sensitivity to the temperature changes
inside the biologically relevant interval around 36 °C. This composition has shown a
strongly monotonic increase of the dEF signal by increasing of the sample temperature
(Figure 4.13 (b), the blue squares). The rSPh signal has a strongly monotonic decrease

by rising of sample temperature (Figure 4.13 (b), the red circles).
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Figure 4.13 - (a) Calibration curve based on temperature dependences of the normalized ratio of
dEF / rSPh for UC-organogels, based on PdTBP / BCP in varying composition of carnauba wax /
PO. (b) Temperature dependence of the signals of dEF (blue squares) and rSPh (red circles) for
the optimal UC-organogel composition PdTBP / BCP in PO 80 wt.% / carnauba wax 20 wt %.

This experimental fact ensures the creation of a non-ambiguous calibration curve. This
calibration curve connects the measured ratio of the dEF / rSPh signals and local sample
temperature (across the optically excited laser spot). For the identified optimal material
composition (Figure 4.13 (a), the violet triangles) the ratio dEF / rSPh is changed more
than in 15 times for the temperature interval of AT = 15 °C — 45 °C. This allows us to
achieve of temperature sensitivity up to 100 mK. The temperature sensitivity was

achieved in the ambient environment, around the life-science relevant temperature.

4.6.5 Amphiphilic additives effect on ratiometric temperature response of UC-
organogel matrices

As the next optimization step, mixtures of natural oil (RBO, fixed amount close to 60
wt.%), natural waxes (beeswax, carnauba wax, fixed amount 40 wt.%) and different
amphiphilic moieties such as lecithin, glycerol, TX-100 and OMe-PEG3s, were compared
as the matrices providing the influence on the temperature sensitivity of the TTA-UC
process. The influence of the amphiphilic additive lecithin is reported in Figure 4.14. It is

evident that lecithin decreases (Figure 4.14, the black line) the sensitivity of the TTA-UC
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process to the temperature changes. Therefore lecithin was excluded from further

optimization steps.

5 89 PdTBP/BDP

. 1 —m—in carnauba wax 40% wt. / RBO 59.4% wt. / lecithin 0.6% wt.
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Figure 4.14 - Temperature dependence of the normalized ratio of maximal intensity of dEF signal
to maximal intensity of rSPh signal for the same TTA-UC systems - PATBP/ BDP, embedded in
the matrix, as follows: blue line — containing carnauba wax 40 wt.% / RBO 60 wt.%; black line -
lecithin 0.6 wt.%/ RBO 59.4 wt.% / carnauba wax 40 wt.%.

The experimental results reported in Figures 4.15 (b), 4.16 (b) and 4.17 (b) are
summarized and elucidated in Figure 4.19. The experimental results reported in Figures
4.17 (b) and 4.18 (b) are summarized and elucidated in Figure 4.20. The presence of
amphiphilic moieties causes a heterogeneous response of the sensitivity to a sample
temperature change for the UC-system containing of PdTBP / BMP in RBO 59.6 wt.% /
beeswax 40 wt.% / amphiphilic moiety 0.6 wt.% (Figure 4.19).
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Figure 4.15 - (a) Luminescence spectra for the UC-organogel containing of PATBP / BMP in RBO
59.4 wt.% / beeswax 40 wt.% / TX-100 0.6 wt.% upon different temperatures; an air saturated
environment. The spectra are obtained at t = 200 s after start of the optical excitation.
(b) Temperature dependence of the signals of dEF (at Amax=521 nm) and rSPh (at Amax= 796 nm)

on the sample temperature.
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Figure 4.16 - (a) Luminescence spectra for the UC-organogel containing PdATBP / BMP in RBO
58.8 wt.% / beeswax 40 wt.% / TX-100 0.6 wt.% / glycerol 0.6 wt.% upon different temperatures.
(b) Temperature dependence of the signals of dEF (at Amax= 521 nm) and rSPh (at Amax= 795 nm)
on the sample temperature. Experimental conditions are the same as in Figure 4.15.
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Figure 4.17 — (a) Luminescence spectra for the UC-organogel containing PATBP / BMP in RBO
59.4 wt.% [/ beeswax 40 wt.% / OMe-PEGsso 0.6 wt.% upon different temperatures.
(b) Temperature dependence of the signals of dEF (at Amax=521 nm) and rSPh (at Amax= 796 nm)
on the sample temperature. Experimental conditions are the same as in Figure 4.15.
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Figure 4.18 — (a) Luminescence spectra for the UC-organogel containing PdTBP / BMP in RBO
59.4 wt.% / carnauba wax 40 wt.% / OMe-PEGss0 0.6 wt.% upon different temperatures. (b)
Temperature dependence of the signals of dEF (at Amax= 521 nm) and rSPh (at Amax= 796 nm) on
the sample temperature. Experimental conditions are the same as in Figure 4.15.
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Figure 4.19 - Temperature dependence of the normalized ratio of the maximal intensity of dEF to
maximal intensity of rSPh for UC-organogels containing PdTBP / BCP in RBO 59.6 wt.% /
beeswax 40 wt.% / amphiphilic moiety 0.6 wt.% (fixed amount), as follows: red line — TX100;
green line — glycerol; blue line — OMe-PEGsso; black line — a control sample.
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Figure 4.20 - Temperature dependences of the normalized ratio of the maximal intensity of dEF
signal to maximal intensity of rSPh for UC-organogels containing PdTBP / BCP in RBO 59.6 wt.%
/ natural wax 40 wt.% / OMe-PEGaso 0.6 wt.% as follows: black line — beeswax; red line — carnauba

wax.
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The best results obtained for the temperature sensitivity of the process of the TTA-UC
embedded in the soft mater matrix are shown in Figure 4.21. The best working UC-system
IS based on the matrix composition, including PATBP / BCP in RBO 59.6 wt.% / carnauba
wax 40 wt.% / OMe-PEGsso0 0.6 wt %.
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209 _-@-in RBO 59,7% wt. / carnauba wax 40% wt. / PEGg, 0,3% wt.
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Figure 4.21 - Temperature dependence of the normalized ratio of the maximal intensity of dEF
signal to maximal intensity of rSPh for UC-organogel matrices with different wt.% concentration
OMe-PEG3sg0.

The ratio dEF / rSPh is changed more than in 15 times for a temperature interval of AT =
15 °C — 45 °C centered around the temperature of interest ~ 36 °C for concentration of
0.6 wt.% OMe-PEGszso (Figure 4.21, Figure 4.22 (a)). The completely monotonic change
for both signals (for the dEF-signal as well as for the rSPh-signal) with a temperature

increase was observed for this UC-organogel composition.
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Figure 4.22 - Luminescence spectra for the UC-organogel based on PdTBP / BCP embedded in
the matrix containing RBO 59.4 wt.% / carnauba wax 40 wt.% / OMe-PEGsso 0.6 wt.% upon
different temperatures; Aexc = 635 Nnm; an air saturated environment. The spectra are obtained at
t = 200 s after the start of the optical excitation. (b) — Temperature dependence of the signals of
dEF (at A =521 nm) and rSPh (at A = 796 nm) on the sample temperature.

4.7 Conclusions

The optical temperature sensing in natural wax and vegetable oil based organogel
matrices via annihilation upconversion was realized in this study for the first time. The
sensing technique is based on the ratiometric type signal registration. That ensures
significant independence of the obtained data on excitation intensity instabilities, local
molecular concentration fluctuations, and field-of-view variations. This type of organogels
can be used as a great platform for constructing a temperature-sensing system due to

their composition of biocompatible and pharmaceutically acceptable components.

During the experimental part the complex optimization procedure of the UC-organogel
matrix composition served as T-sensor was performed. The selected UC-organogel
matrix composition is entirely biocompatible and mostly consists of natural waxes and
vegetable oils. The matrix material is exclusively hydrophobic and is a suitable solvent of
the hydrophobic optically active molecules. The UC-organogel matrix composition
demonstrates sacrificial singlet oxygen scavenging properties allowing long-term

operation of the T-sensors in the ambient environment (more than 200 s continuous laser
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excitation). The UC-organogel matrix material ensures the significant increase of the
rotational diffusion of the optically active molecules for a temperature interval centered at

36 °C. The ratio of the dEF to rSPh changes more than in 15 times.
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Chapter 5: Sensing technique based on solid lipid upconverting
nanoparticles

5.1 Introduction

The health status of an organism can be defined by a complex of various biochemical
and physiological parameters and processes that ensures its normal functionality. Cells
regulate the physiological values within certain ranges for normal vital activity and
metabolism. These intrinsic cellular parameters deviate from their physiological limits in
case of any disturbances in cells and can serve as indicators for the diagnostics of a

number of diseases, for instance, various types of cancer.

The immune system is a powerful controlling system for the identification and destruction
of abnormal cells. For example, some cells of the immune system, such as T-cells and
natural killer cells, are mediators of anti-tumor immunity. Unfortunately, in some cases,
cancer cells can acquire mutations or other changes that allow escaping the detection by
the immune system, and the tumor is progressing.?® In this way, effective differentiation
between normal and abnormal cells is an essential challenge for timely detection of the

diseases, it prevents its further progression and successful treatment.

The development of a nanoscale biosensors possessing pronounced sensitivity and
ability of independent quantitative measurements of small changes of physiological
parameters (oxygenation and local temperature) at a cellular level is a critically important
step on the way to the creation of a new powerful diagnostic tool. There are no non-
invasive techniques for simultaneous and independent cellular thermometry and
oxygenation at the moment. The current employing tools for measuring tissue
oxygenation (pO2) and the internal temperature of living cells are described in Chapter 1,

paragraph 1.2.

The organic material-based nanoparticles are one of the most promising candidates as
the intracellular probes for biosensing and imaging due to their composition of
biocompatible components among the available colloidal systems. The solid lipid
nanoparticles (SLNPs) are capable to provide the real-time monitoring of physiological

parameters of living cells in the upconversion regime (Figure 5.1). The nanocarriers
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consist of a mixture of a solid and a liquid lipid. The solid-liquid lipid matrix forms a
temperature-dependent and radical scavenging matrix with a well-dispersed energetically
optimized sensitizer and emitter dyes. The nanocarriers are stabilized with

pharmaceutically acceptable surfactants.

The TTA-UC process demonstrates pronounced sensitivity to oxygen and also to
temperature due to a viscosity-dependent motion of dyes in a solid-liquid lipid matrix. The
association of these processes represents a possible approach for local temperature and
oxygen sensing in bio-objects. Upconversion-based solid lipid nanoparticles (UC-SLNPS)
have many advantages such as high chemical stability and large excitation light-
penetration depth compared with the traditional fluorescent probes (organic dyes, metal

complexes, or inorganic quantum dots).%®

5.2 Optical properties of tissue and requirements to sensing tool

The optical properties of a biological tissue (absorption, scattering, penetration) have a
significant effect on therapeutic and diagnostic applications of light.1’® The total optical
losses of the human skin compose of the absorption spectra of hemoglobin and melanin,
proportional to the volume fractions of eumelanin/pheomelanin and oxygenating status of
the hemoglobin combined with the relative contributions of Mie and Rayleigh scattering
properties of collagen and keratin fibers.1”” The optical properties of skin are fairly variable
not only in the scattering properties but also in the degree of melanin pigmentation and

the amount and distribution of blood perfusion.’®

Nanoconfined sensing UC-systems should convert deep-red light (660 - 700 nm) into
visible red light (AA = 610 - 640 nm) under low-intensity excitation (less than
100 mwW cm) for effective applications in life-science. This specific requirement arises
from the absorption spectra of the main tissue components of the human skin close to
the breast sentinel lymph nodes. It is composed of many optically active moieties:
hemoglobin (oxygenated and deoxygenated), eumelanin and pheomelanin, white

adipose tissue (WAT), etc.

The optimized UC-systems should demonstrate pronounced sensitivity to small changes

in the sample temperature. The UC-signal depends on the local mobility of the
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participating sensitizer and emitter molecules. The dEF (AA = 610 - 640 nm) increases,
and the rSPh decreases (AA = 800 - 900 nm)), when the sample temperature increases.
It is of crucial importance that the increase of the molecular rotational diffusion of the
optically active materials is observed for a temperature interval centered at 36° C. It allows
the TTA-UC to be used as a T — sensing process for life-science applications. The matrix
material, where the TTA-UC is carried out, must demonstrate sacrificial singlet oxygen
scavenging properties in order to ensure a long-term operation of the T-sensors in

ambient environment.

5.3 Sensing procedure

Modern biomedical optical sensing technologies make it possible to measure practically
all of the physical measures of interest and a large number of chemical quantities.1’®
Many of these methods have allowed more in-depth exploring and understanding the
mechanisms of cell functionalization. That opens perspectives for monitoring of vital

cellular activity and detection pathologies in the cell development.

We propose a new optical sensing technique based on TTA-UC for real-time monitoring
of important physiological parameters such as temperature and oxygen content at the
cellular level. The optical sensing involves UCNPs excitation and ratiometric registration
of dEF- and rSPh-signals as a function of local temperature in an oxygen environment.
This sensing procedure includes two divided in time stages: oxygen sensing (detection of
the delay time of rSPh) and temperature sensing (measurement of the maximal intensity
of dEF- and rSPh-signals) (Figure 5.1). The measurement starts with oxygen sensing.
Excitation of UC-SLPs in the upconversion regime is accompanied by energy transfer to
ground-state oxygen. The oxygen is excited to the singlet state. The singlet oxygen is
instantly captured by antioxidant compounds of the solid-liquid lipid matrix. The maximal
rSPh-signal can be detected only after the complete elimination of oxygen within a local
environment. The initial oxygen concentration can be determined on the base of the
excitation intensity and the delay time of rSPh. The temperature sensing is realized by

measuring the maximal intensity of dEF- and rSPh-signals in this optically created a local

75



oxygen-free environment. The normalized mutual dependence of these parameters

reports the local temperature in a ratiometric-type optical response.
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Figure 5.1 - Simplified optical oxygen and temperature sensing procedure for monitoring
physiological parameters at the cellular level. SOG — Singlet Oxygen Generation, Scav — singlet

oxygen scavenging compounds.

5.4 Experimental part

5.4.1 Materials

The sensitizer molecules PdTBP, Pd(Il) mixture of benzo / naphto porphyrin (Y-894) and

the emitter molecules — BCP, dibenzo[hi,stlovalene'®® (DBOV-Mes) were used as
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energetically optimized sensitizer and emitter pairs. PdTBP, Y-894 and BCP were
synthesized by Dr. Yuri Avlasevich. The molar concentration of sensitizer is 1x10-° M, the
emitters - 2x104 M. All the information about the molar concentration changes will be
indicated for the entire optimization process. The chemical structures, absorption and
emission spectra of all molecules are shown in Figure 5.2, 5.3, 4.5 (Chapter 4) and 3.2

(Chapter 3).
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Figure 5.2 - (a) Absorption spectrum of mixed benzo / naphto porphyrin; (b) chemical structure of
mixed benzo / naphto porphyrin.
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Figure 5.3 - (a) Absorption and luminescence spectra of Dibenzolhi,stjovalene; (b) chemical
structure of dibenzolhi,stJovalene.
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Polysorbate 20 (Tween-20, hydrophilic-lipophilic balance (HLB) =16.7), Polysorbate 80
(Tween-80, HLB=15.0), polyethylene glycol octadecyl ether (Brij-78, HLB=15.3), TX-100

(HLB=13.5) and glycolic acid ethoxylate 4-nonylphenyl ether (GAET) were used as

surfactants. The structures are shown in Figure 5.4 and 4.6 (Chapter 4).
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Figure 5.4 — Chemical structures of Tween-20, Tween-80, Brij-78 and GAET.

Carnauba wax (Acros Organics, USA) was chosen as matrix material because it allows

the significant increase of the molecular rotational diffusion of the optically active

molecules for the temperature interval centered at 36 °C. Carnauba wax is biocompatible

and defined as a food additive. The composition and chemical structure of the main wax

ingredient are shown in Figure 4.2.
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RBO and squalene (Merck, Germany) were applied as emollients. The main reason to
use emollients is the ability of a controllable lowering of the melting point of the mixture
of natural wax/emollient. The macroscopic melting point of the wax/oil mixture cannot be

used as the only optimization criterion.

The following chemicals were obtained from commercial sources and used as received:
toluene and ethyl acetate from VMR (France), Tween-20, Tween-80, Brij-78 and GAET

from Merck (Germany).

5.4.2 UC solid lipid nanoparticles synthesis

The UC-SLNPs were prepared by an emulsion solvent evaporation method (Figure 5.5).

Upconversion
dves
Vegetable Oil -
g T, stirring Solid-Lipid
Phase
Natural Wax l
Organic Solvent Sonication Solid-Lipid
Mixed Liquid Nanoparticles
Solvent
T evaporation
Surfactant Stirri
trring Aqueous Phase
Water

Figure 5.5 - Schematic representation a procedure of UC-SLNPs preparation by the emulsion
solvent evaporation method.

Toluene solutions of sensitizer (104 M, 150 yL) and emitter (10-3 M, 300 uL) were mixed
at room temperature, and the solvent was evaporated to dryness under vacuum (40 °C,
74 mbar). The residue was dissolved in a mixture of RBO (180 mg), ethyl acetate (1 mL)

or mixture of RBO (90 mg), squalene (90 mg), ethyl acetate (1 mL) and added to molten
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wax (120 mg) at 86 °C, mixed at room temperature for forming a homogeneous solution.
Then 5 mL of 1% aqueous solution of surfactant was added at room temperature, and
the sample was ultrasonicated (Branson W-450D Digital Sonifier, amplitude 90%, 1/2 inch

tip) for 4 min (15 s pulse / 5 s pause).

The organic solvent was removed from the formed emulsion by the evaporation under
reduced pressure at 20 - 25 °C. The absence of ethyl acetate in the particles was
confirmed by NMR spectroscopy. Free surfactant was removed by dialysis in 4L distilled

water in a low-speed stirring beaker for 15 h.

5.4.3 Methods

5.4.3.1 Luminescence measurements

Luminescence spectra and kinetic measurements were performed by using the
experimental setup (Figure 5.7). The samples were excited at Aexc = 633 Nnm (lexc = 20
MW cm2) or Aexc = 658 (lexe = 40 mW cm?) for PATBP / BCP or Y-894 / DBOV-Mes
energetically optimized sensitizer and emitter pairs, correspondingly. By using a system
of dielectric mirrors (E02, Thorlabs Inc.), the excitation beam was directed to the sample
and focused by an achromatic lens (focal distance 100 mm, numerical aperture NA=0.24).
Emission spectra were registered by a spectrometer (Hamamatsu Inc., Japan). The
excitation power was controlled by the power meter PM 100D (Thorlabs, USA). The laser
spot diameter was d = 1 ym and 0.890 pym for Aexe = 633 nm and Aexc = 658,

correspondingly.

UC-SLNPs were stirred in glove-box (4 ppm of O2) for ~15 h for measurements of a
sample at an oxygen-free environment. Then samples were placed in the glass tubes
(VITROTUBES™, Hollow Rectangle Capillaries - N2540-50) with the thickness of 40010
pMm and sealed with an epoxy adhesive. Then the sample was placed in the temperature-
controlled chamber for upconversion measurements. The temperature in the chamber
was controlled with the Peltier element using computer program from Electron Dynamics
Ltd. (Southampton, UK) and recirculation chiller. The sample temperature additionally

was controlled by the thermistor (PT100) attached on the top of the sample. The
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upconversion measurements of the samples were recorded in the temperature range AT=

5 °C - 45 °C with temperature step 5 °C.
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Figure 5.7 — Scheme of the experimental setup.

5.4.3.2 Scanning electron microscopy

Scanning Electron Microscopy (SEM) was performed by using LEO Gemini 1530 (Zeiss,
Germany) equipped with the Schottky field emission gun. Best results were obtained by
using an in-lens detector at 2.1 mm working distance, 30 um aperture, and 0.121 keV

acceleration voltage.

5.4.3.3 Particle size analysis

Particle size analysis of the UC-SLNPs was performed by dynamic light scattering using

a particle size analyzer Zetasizer Nano-S90 (Malvern Instruments, the United Kingdom).
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The sample was diluted with distilled water to yield an appropriate scattering intensity and
then placed in a cuvette. Dynamic light scattering measurements were carried out at 20
°C. The particle size of the investigated samples was obtained by calculating the average
of 10 measurements at an angle of 90°. The method was also allowed evaluating the

temporal stability of a colloidal system.

5.4.3.4 Fluorescence microscopy

Live cell images were taken with a commercial setup (LSM SP5 STED Leica Laser
Scanning Confocal Microscope, Leica, Germany), consisting of an inverse fluorescence
microscope DMI 6000 CS, equipped with a multi-laser combination, five detectors
operating in the range of 400-800 nm. A HCX PL APO CS 63 x 1.4 oil objective was used
in this study. HelLa cells were seeded at a density of 2 x 10* cells per well in y—Slide 8
well with a glass coverslip bottom (lbidi, Germany) and cultured for 24 h in DMEM
complete medium (Phenol red free) for confirmation of cellular uptake. After removing of
old medium, the cells were incubated for 6 h with UC-SLNPs resuspended in DMEM at a
concentration of 2 mg-mLt. Subsequently, the cells were washed 5 times with 200 pL of
DMEM to remove the remaining nanoparticles outside of the cells, stained subcellular
organs with fluorescent dyes and finally suspended in DMEM. The excitation and
detection conditions in a sequential mode were described as follows: UC-SLNPs were
excited with the Ar laser (488 nm), detected at 510-540 nm and pseudo-colored in green.
The cell membrane was stained with CellMask™Orange (5 ug-mL™, Life technologies,
USA), excited with the DPSS laser (561 nm), detected at 570-600 nm, and pseudo-
colored in red. Nucleus was stained with Drag®5, excited with a HeNe laser (633 nm),

detected at 650-710 nm, and pseudo-colored in blue.

5.5 Results and discussion

5.5.1 Particle characterization

Particle size and their size distribution are important parameters that affect cellular uptake

efficiency and biodistribution of NPs.181 These characteristics vary according to the
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particle preparation method and composition. The optimal size of NPs also depends on
the specific location and the type of targeted tissue in order to realize the desired function.
Micrometer-scale particles remain in the body much longer than nanometer-scale

particles.18?

The beeswax and carnauba wax based UC-SLNPs are prepared by the emulsion solvent
evaporation technique. The average diameters of the nanoparticles were 343.5 nm and
322.7 nm with a polydispersity index (PDI) 0.342 and 0.250, respectively. The UC-SLNPs
stored at refrigerated conditions (T = 4 °C) were stable for over a month. However, a
particle growth was observed after five days of the storage, when the UC-SLNPs were
stored at a room temperature (AT = 22 °C — 25 °C). The mean patrticle size 322.7 nm (a
freshly prepared sample) of carnauba wax based UC-SLNPs increased to about 453.8

nm in 5 days because of aggregation of the NPs.

Basic information on particle morphology was obtained by examining UC-SLNPs in the
SEM (Figure 5.7). The majority of the NPs are spherical, also among the UC-SLNPs open

capsules were observed.

Figure 5.7 — Scanning electron microscopy of UC-SLNPs consisting of PATBP / BCP in RBO 60
wt.% / carnauba wax 40 wt.% / Tween-20.
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5.5.2 Efficiency of dEF and rSPh as a function of solid-liquid lipid ratio in a
matrix core of UC-SLNPs

The efficiency of the TTA-UC process strongly depends on the viscosity of a solid-liquid
lipid matrix, where dyes have been distributed. For a detailed investigation of the
dependence a series of the measurements was conducted with the next ratio solid/liquid
lipid part in the UC-SLNPs matrix core composition: 0 wt.% solid / 100 wt.% liquid lipid,
20 wt.% solid / 80 wt.% liquid lipid, 40 wt.% solid / 60 wt.% liquid lipid, 50 wt.% solid / 50
wt.% liquid lipid, 60 wt.% solid / 40 wt.% liquid lipid, 80 wt.% solid / 20 wt.% liquid lipid,
100 wt.% solid / 0 wt.% liquid lipid, stabilized by Tween-20. Carnauba wax was chosen
as a solid lipid, and RBO as a liquid lipid. Ratiometric optical response of UC-dyes
incorporated in the nanoparticle composition was used as a marker for determining

optimal solid-liquid lipid ratio (Figure 5.8).

8x10° wax 0% wt. / oil 100% wt.
—— wax 20% wt. / oil 80% wt.
wax 40% wt. / oil 60% wt.
—— wax 50% wt. / oil 50% wt.
—— wax 60% wt. / oil 40% wt.
wax 80% wt. / oil 20% wt.
—— wax 100% wt. / oil 0% wt.

6x10° -

4x10° A

exc

Intensity, cps

2x10° l

LN AL

400 660 860 1000
Wavelength, nm

Figure 5.8 - Luminescence spectra of UC-SLNPs with the next ratio solid/liquid lipid part in matrix
core composition: PdTBP / BCP in 0 wt.% solid / 100 wt.% liquid lipid, 20 wt.% solid / 80 wt.%
liquid lipid, 40 wt.% solid / 60 wt.% liquid lipid, 50 wt.% solid / 50 wt.% liquid lipid, 60 wt.% solid /
40 wt.% liquid lipid, 80 wt.% solid / 20 wt.% liquid lipid, 100 wt.% solid / 0 wt.% liquid lipid,
stabilized by Tween-20. Solid lipid - carnauba wax, liquid lipid — RBO. Experimental conditions:
Aexc = 635 nm; an air saturated environment, room T.

In this study a trend is observed: dEF efficiency increases, when the wax part is raised
up to 40 wt.% of the matrix core composition. A further increase of the wax content leads

to a decrease in the dEF efficiency (Figure 5.8, 5.9). The declining amount of singlet
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oxygen scavenging ability of the matrix core composition leads to the decreasing of the
dEF-signal, when the solid part is increased. The singlet oxygen scavenging ability of the

matrix declines when the liquid lipid part is decreased.
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Intensity,

Figure 5.9 - The efficiency of dEF- and rSPh-signals in dependence on solid-liquid lipid ratio in
the matrix core composition of UC-SLPNs. Experimental conditions are the same as in Figure
5.8.

The rSPh process shows the opposite trend. An increase of the wax content up to 50
wt.% of matrix core composition causes a decrease in the efficiency of the rSPh process.
The subsequent increase of the solid lipid part in the matrix core composition induces an
increase in the intensity of the rSPh process. The optimal matrix core composition was

determined to be 40 wt.% solid / 60 wt.% liquid lipid.

5.5.3 Oxygen sensitivity of UC-SLNPs

The organic UC-SLNPs demonstrate a high sensitivity to the oxygen content in an
environment. This phenomenon results from the dependence of the TTA-UC process on
oxygen.*®l Molecular oxygen readily quenches the triplet states of sensitizer and
annihilator. It leads to a significantly reduced efficiency of the TTA-UC process and singlet

oxygen generation. One of the effective ways to significantly reduce the quenching of the
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triplet states by oxygen is the use of antioxidant activity of organic components in the UC-

samples.

UC-SLNPs consisting of PATBP / BCP in RBO 60 wt.% / carnauba wax 40 wt.% / Tween-
20 were investigated for oxygen sensitivity evaluation. The UCNPs are kept at different
relative oxygen content environments: at ambient conditions (21% of Oz2) and oxygen-
free environment (4 ppm of O2). The oxygen sensitivity results of UCNPs clearly show,
that the rSPh process in oxygen-free sample turns on instantly compared to the process
with the oxygenated sample (Figure 5.10). The delay time of phosphorescence
corresponds to an oxygen concentration in the sample environment. Delay time of rSPh
for oxygenated UC-SLNPs is 18.53 s at intensity excitation lexc = 20 mW cm™. The
decrease of the oxygen content in an UC-SLNPs environment leads to a decrease of the
delay time of rSPh.

1000 — Oxygen-free environment (4 ppm of Oy)

—— Ambient conditions (21% of O»)

750 4 WY -.'" Y .0'

500

rSPh, cps

250

0 5 10 15 20 25 30

Time, s

Figure 5.10 - Temporal dependence at maximum of rSPh-signal (A = 797 nm) for UC-SLNPs
consisting PATBP / BCP in RBO 60 wt.% / carnauba wax 40 wt.% / Tween-20 under ambient and
oxygen-free environment (4 ppm).

The oxygen sensing technology relies on the diffusion of the molecular oxygen dissolved
in the cell plasma/lymphatic liquid. The O2-optical signal is created by optically-stimulated
generation of singlet oxygen (dissolved now in the NPs) and consequent chemical binding

of the singlet oxygen.
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The equilibrium concentration between the oxygen dissolved in the continuous phase and
the oxygen dissolved in the dispersed phase is reached only for very long interaction
times. In order to ensure the applicability of the developed O2-sensing technology, an
example of continuous phase/dispersed phase oxygen diffusion was characterized. The
UC-SLNPs consequently transferred from an ambient conditions to an engineered
oxygen-containing environment. The core material composition consists of PdATBP / BCP
in RBO 60 wt.% / carnauba wax 39.4 wt.% / OME-PEGss0 0.6 wt.% / Tween-80.

The dynamical properties of the dEF- and rSPh-signals are shown in Figure 5.11 and
Figure 5.12. The UC-SLNPs composition demonstrates a strongly monotonic decrease
of the dEF rise time by the decrease of the oxygen concentration among the continuous
phase. This allows us to create a non-ambitious calibration curve for the oxygen content
at the continuous phase using as a measurable value the rise time of the rSPh-signal,

excited in the TTA-UC regime. The calibration curve is shown in Figure 5.13.
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n 3 o0 .
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Figure 5.11 - Dynamical properties of the dEF-signal (at Amax=521 nm) for different oxygen
concentrations at the continuous phase (indicated at the Figure). Conditions: water suspension
(5 wt.% disperse phase); neat NC-batch, used 1 h after preparation; equilibration time = 1 h;
sample isolated from ambient atmosphere; room T; acquisition time tag = 100 ms; Aexc = 635 nm;
excitation spot diameter d = 890 um; excitation intensity = 8 mWcm-2. Optical data are obtained
only for the duration of the excitation pulse t = 40 s.
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Figure 5.12 - Dynamical properties of the rSPh signal (at Amax=796 nm) for different oxygen
concentration at the continuous phase (indicated at the Figure). Experimental conditions are the
same as in Figure 5.11.

Oxygen in surraunding atmosphere, %

1 2 5 10 20
14 1 1 1 1

12 4

=N
o
1

normoxial

©o

| hypoxia

dEF rise time, s

—m— dEF rise time

2 T T T T T T T
0 5 10 15 20 25 30

Dissolved in water oxygen x 10°M

Figure 5.13 - The dependence of the rise time of dEF (at Amax=520 nm) on the oxygen
concentration in the continuous phase (indicated in the Figure) for the O, — sensing NC, described
in Figure 5.11.

It is possible to measure the oxygen content in a water environment for biologically-

relevant oxygen concentrations from the normoxia up to the hypoxia regime as shown in

Figure 5.13.
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5.5.4 Temperature sensitivity of UC-SLNPs

The temperature sensing method is carried out by the ratiometric type of signal
registration. The study of the temperature sensitivity was conducted by using the UC-

SLNPs with the optimal matrix composition of the solid-liquid lipid ratio.

The UC-SLNPs containing beeswax do not show an optimal T-sensing behavior as
demonstrated in Figure 5.14 and 5.15. The dEF- and rSPh-signals decrease with
increasing the sample temperature. That is why beeswax is not used for the next

optimization steps of NP-matrix composition.

PJTBP / BDP in RBO 60 % wt. / beeswax 40 % wt. / brij 78 b 5x10° = PdTBP / BDP in RBO 60 % wt. / beeswax 40 % wt. / brij 78

a
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4x10° x10° —e—rSPh
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)
3 (D
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Figure 5.14 - (a) Luminescence spectra of UC-SLNPs consisting of PdATBP / BDP in RBO 60 wt.%
/ beeswax 40 wt.% / Brij-78 for different sample temperatures. (b) Temperature dependence of
the signals of dEF (at Amax= 521 nm) and rSPh (at Anax= 796 nm) on the sample temperature,
obtained at t = 100 s after the start of the continuous optical excitation. Experimental conditions:
Aexc = 635 nm; an air saturated environment; a temperature window: AT =5 °C — 45 °C; the spectra
are obtained at t = 100 s after the start of the continuous optical excitation.

The beeswax was exchanged to the good working core-material — carnauba wax. All the
other material parameters were kept unchanged. The T-sensing with the studied UC-
SLNPs (PdTBP / BDP in RBO 60 wt.% / beeswax 40 wt.% / Brij-78) is shown in Figures
5.16, 5.17 and 5.18.
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Figure 5.15 — The temperature dependence of the normalized ratio of maximal intensity of dEF-
signal to maximal intensity of rSPh-signal of UC-SLNPs consisting of PATBP / BDP in RBO 60
wt.% / beeswax 40 wt.% / Brij-78 at observation time: t = 100 s.
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Figure 5.16 - (a) Luminescence spectra of UC-SLNPs consisting PdTBP / BDP in RBO 60 wt.%
/ carnauba wax 40 wt.% / Brij-78 for different sample temperatures. (b) Temperature dependence
of the signals of dEF (at Amax =521 hm) and rSPh (at Amax= 796 nm) on the sample temperature,
obtained at t = 100 s after the start of the continuous optical excitation. Experimental conditions
are the same as in Figure 5.14.
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Figure 5.17 - Temporal evolution of the dependence of the dEF-signal (a) and rSPh-signal (b) on
the sample temperature for UC-SLNPs consisting of PdTBP / BDP in RBO 60 wt.% / carnauba
wax 40 wt.% / Brij-78. Experimental conditions are the same as in Figure 5.14.

Two negative characteristics are observed: low T-sensing performance and relative low
sustainability of the dEF- and rSPh-kinetics. The experiments performed with fully
hydrophobic emitter molecule BDP demonstrate low T-sensing behavior. It was decided
to perform all the following experiments with the partially amphiphile emitter molecule —

BCP.
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Figure 5.18 — The temperature dependence of the normalized ratio of maximal intensity of dEF-
signal to maximal intensity of rSPh-signal of UC-SLNPs consisting of PATBP / BDP in RBO 60
wt.% / carnauba wax 40 wt.% / Brij-78 at observation time: t = 100 s.

The UC-SLNPs composition PdTBP / BCP in RBO 60 wt.% / carnauba wax 40 wt.% /

Tween-20 demonstrates high T-sensitivity, the ratio dEF / rSPh is changed 15 times within
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the temperature window of interest AT= 5 °C — 45 °C (Figure 5.19). The specific behavior
of the TTA-UC process was observed. The dEF-signal monotonically grows and the rSPh-
signal monotonically decreases with increasing the sample temperature. The core
composition was modified by the addition of small amounts (~ 0.6 wt.%) of the amphiphilic

emollient OMe-PEGsso (Figure 5.20).
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Figure 5.19 — (a) Luminescence spectra of UC-SLNPs consisting of PdTBP / BCP in RBO 60
wt.% / carnauba wax 40 wt.% / Tween-20 for different sample temperatures. (b) Normalization of
dEF- and rSPh-parameters. Experimental conditions are the same as in Figure 5.14.

The UC-SLNPs consisting PATBP / BCP in RBO 59.4 wt.% / carnauba wax 40 wt.% /
OMe-PEGss0 0.6 wt.% / Tween-20 demonstrate again a strongly monotonic increase of
the dEF-signal by increasing the sample temperature. The T-sensitivity is significantly
increased, the ratio dEF/rSPh is changed more than 20 times within the temperature
window AT= 5 °C — 45 °C (Figure 5.20). This fact allows observing T-sensitivity up to 100

mK, optically achieved in ambient environment.

The same UC-SLNPs core composition (RBO 60 wt.% / carnauba wax 40 wt.% / Tween-
20) in combination with a UC dye pair Y-894 / DBOV-Mes also demonstrates high T-
sensitivity, the ratio dEF/rSPh is changed in 8.9 times within the temperature window of
interest of AT =5 °C — 45 °C (Figure 5.21). The dEF- and rSPh-signals of the UC-SLNPs
(Y-894 / DBOV-Mes in RBO 60 wt.% / carnauba wax 40 wt.% / Tween-20) demonstrate
high stability of dEF- and rSPh-kinetics due to singlet oxygen scavenging properties of

the core material (Figure 5.22).
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Figure 5.20 - Luminescence spectra of UC-SLNPs consisting of PdTBP / BCP in RBO 59.4 wt.%
/ carnauba wax 40 wt.% / OMe-PEGsso 0.6 wt.% / Tween-20 for different sample temperatures.
(b) Normalization of dEF- and rSPh-parameters. Experimental conditions are the same as in
Figure 5.14.
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Figure 5.21 — (a) Luminescence spectra of UC-SLNPs. (b) Temperature dependence of the
normalized ratio of maximal intensity of dEF signal to maximal intensity of residual rSPh of UC-
SLNPs. Core material composition: Y-894 / DBOV-Mes in RBO 60 wt.% / carnauba wax 40 wt.%
/ Tween-20. Conditions: continuous optical excitation at Aec = 658 nm in air saturated
environment; the other experimental conditions are the same as in Figure 5.14.
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Figure 5.22 — Temporal evolution of the dependence of the dEF (at Amax= 609 nm) (a) and rSPh
(at Amax= 849 nm) (b) signals on the sample temperature of UC-SLNPs. Experimental conditions
are the same as in Figure 5.14.

The powerful antioxidant compound squalene was used for the next NP-core material
optimization step. Squalene was included in the core matrix composition in the amount of
30 wt.%, RBO part was decreased from 60 wt.% to 30 wt.%, and carnauba wax part was

kept constant (Figure 5.23).
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Figure 5.23 — (a) Luminescence spectra of UC-SLNPs. (b) Temperature dependence of the
normalized ratio of maximal intensity of dEF signal to maximal intensity of residual rSPh of UC-
SLNPs. Core material composition: Y-894 / DBOV-Mes in RBO 30 wt.% / squalene 30 wt.% /
carnauba wax 40 wt.% / Tween-20. Conditions: continuous optical excitation at Aexc = 658 nm in
air saturated environment; the other experimental conditions are the same as in Figure 5.14.

The efficiency of the dEF- and rSPh-signals for UC-SLNPs with a core composition Y-
894 / DBOV-Mes in RBO 30 wt.% / squalene 30 wt.% / carnauba wax 40 wt.% / Tween-
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20 is higher than the efficiency of the parameters for UC-SLNPs without squalene in the
core composition (Figure 5.23). The following normalization procedure of the parameters
offsets the impact (Figure 5.23 (b)). The positive effect of the squalene content in the core

matrix composition is the stability of the dEF- and rSPh-signals (Figure 5.24).
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Figure 5.24 — Temporal evolution of the dependence of the dEF (at Amax= 609 nm) (a) and the
rSPh (at Amax = 849 nm) (b) signals on the sample temperature of UC-SLNPs. Experimental
conditions are the same as in Figure 5.14.

A few core matrix compositions possessing strong temperature sensitivity were found
during the complex optimization procedure of the UC-SLNPs. The selected core matrix
materials had very low optical absorption in the red and deep-red optical region. Thus the
possible optical cross-talk of the T-sensing and O2—sensing processes were avoided.
The core matrix composition demonstrates significant sacrificial singlet oxygen
scavenging properties allowing long-term operation of the T-sensors in ambient

environment.

5.6 Cytotoxicity studies of UC-SLNPs

5.6.1 Cytotoxicity test of surfactants

Evaluation of the used surfactants cytotoxicity, namely Brij-78, GAET, TX-100, Tween-20
and Tween-80, was tested as the next step for UC-SLNPs composition optimization.

HeLa cell line was used as a test culture system. MTS assay was used to determine cell
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viability and cytotoxicity. Surfactants with different concentrations were incubated with
living cells for 24 h. The cell viability was recorded to judge the toxicity of the surfactants

(Figure 5.25). The exact values of the cytotoxicity results are represented in Table 5.2.
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Figure 5.25 - Cytotoxicity test of the surfactants Brij-78, GAET, TX-100, Tween-20, and Tween-
80 at different concentrations on Hela cell culture. Each type of surfactants is indicated by its
own color in the Figure.

Table 5.2 - Cytotoxicity results for different surfactants. SD - standard deviation.

Brij78 GAET TritonX 100 Tween 20 Tween 80
mg/mL  Mean SD Mean SD Mean SD Mean SD Mean SD

0 100,00 6,8 100,00 6,8 100,00 6,8 100,00 6,8 100,00 6,8
0,3 0,12 0,0 0,13 0,0 0,18 0,1 86,03 69,70 1,0
0,6 0,21 0,1 0,21 0,0 0,28 0,0 77,48 9,5 42,93 6,7
1,2 0,25 0,1 0,14 0,1 0,16 0,0 1,48 1,1 31,49 5,9

2,5 0,16 0,0 0,10 0,0 0,11 0,1 0,30 0,1 26,35
5 0,12 0,0 0,03 0,0 0,06 0,0 0,20 0,1 8,36 0,2
10 0,06 0,0 0,03 0,0 0,03 0,0 0,06 0,0 0,55 0,2

The surfactants Tween-80 and Tween-20 demonstrate acceptable toxicity as shown in
Figure 5.25. The gradual increase of Tween-80 and Tween-20 concentration from 0.3 up
to 1.2 mg-mL™* causes a noticeable decrease of HelLa cell viability. All other surfactants
are too toxic to HelLa cells. Therefore, they are not used for the following optimization

steps.
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5.6.2 Definition of the upper limit of cytotoxic concentration of UC-SLNPs

For the definition of the upper permissible limit of the cytotoxic concentration of UC-
SLNPs it is necessary to consider next parameters: (i) acceptable level of the UC-SLNPs
toxicity, (ii) intensity of the optical signals registered (dEF and rSPh) and (iii) sensitivity of
the signals to the small changes of the local cell cytoplasm temperature and cytoplasm
oxygen concentration. The acceptable cytotoxicity of the UC-SLNPs depends on the
concentration of the UC-SLNPs (solid content of the NP-dispersion) and the total load of

optically active dyes into the UC-SLNPs.

The upper limit of solid content of the UC-SLNP (PdTBP / BCP / RBO 60 wt.% / carnauba
wax 40 wt.% / Tween-20 or Tween-80) dispersion is defined (optimization step (i)) (Figure
5.26 and Figure 5.27). It can be seen from the results shown in the Figure 5.26, that UC-
SLNPs solid content up to 150 ug-mL* shows acceptably low toxicity. Since the intensity
of the dEF- and rSPh- signals are relatively low, the solid content of the UC-SLNPs must

be further increased.

B SLNPs-Tween 80 ™ SLNPs-Tween 20

100 g ! . B 1 _
80
60
40
20
0
0 1.5 3 6 12 25 50 100 150

UC-SLNPs concentration, pg - mL-!

Cell viability, %

Figure 5.26 - Cytotoxicity evaluation of UC-SLNPs containing of PdTBP / BCP / RBO 60 wt.% /
carnauba wax 40 wt.% / Tween-20 or Tween-80. Solid content ranges from 1.5 pg-mL* up to 150
hg -mLL

The cell viability assays demonstrate that cells remain viable after 24 h incubation with
UC-SLNPs with concentration up to 1250 ug-mL™* (Figure 5.27). Further increasing of the

incubation concentration of UC-SLNPs leads to the death of a significant part of the cell

97



culture. The survival rates (from Figure 5.27) for the UC-SLNPs loading are shown in

Table 5.3. However, the allowable incubating concentration of UC-SLNPs allows realizing

the desired optical sensing functions.
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Figure 5.27 - Cytotoxicity evaluation of UC-SLNPs containing of PdTBP / BCP / RBO 60 wt.% /
carnauba wax 40 wt.% / Tween-20 or Tween-80. The solid content ranges from 156 yg-mL? up

to 10,000 yg-mL™.

Table 5.3 - Cytotoxicity results for UC-SLNPs stabilized by Tween-20 and Tween-80. SD -

standard deviation.

SLNPs-Tween80 SLNPs-Tween20

mg-mL? Mean SD Mean SD
0 100 11.4 100 11.4
156 94 7.4 103 15.3
312 94 8.0 90 0.7
625 92 6.4 89 134
1250 83 8.6 87 7.9
2500 65 0.4 61 5.2
5000 37 11.0 17 6.0
10000 22 3.9 4 6.3
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Both non-ionic surfactants show comparable low toxicity. Only Tween-20 was used for

the further optimization steps.

In Figure 5.28 upper limit of the total load of optically active dyes into the UC-SLNPs was
defined (optimization step (ii)). Two UC-SLNP core compositions were tested for

cytotoxicity:

SLNP-Tween20-1: core material composition — PdTBP (6x10° M, 900 uL) / BCP
(1.4x104M, 1800 uL)/ RBO 60 wt.% (180 mg) / carnauba wax 40 wt.% (120 mg) / Tween-
20 — lower dye load;

SLNP-Tween20-2: core material composition — PdTBP (8x10° M, 900 uL) / BCP
(1.6x104M, 1800 uL)/ RBO 60 wt.% (180 mg) / carnauba wax 40 wt.% (120 mg) / Tween-
20 — higher dye load.

B SLNP-Tween20-2 u SLNP-Tween20-1
120

10 || II | |‘ II | I‘ |
0 ‘ ‘ | I‘ I

1250 1500 1750 2000 2500 5000

o

[
o

Cell viability, %
& 8

N
o

Nanocapsule concentration, ug - mL?

Figure 5.28 - Cytotoxicity evaluation of UC-SLNPs, containing different loadings of UC-dyes and
different solid contents of the SLNP-dispersion. UC-SLNPs containing higher UC dye load (light
blue), UC-SLNPs containing lower UC-dye load (light green).

An increase of the UC-dyes load leads to the decreased viability of the HelLa cells,
especially for solid contents of the UC-SLNPs higher than

1500 ug-mL* (Figure 5.28). The decrease of the TTA-UC dyes load leads to a significant
increase in viability of the HelLa cells, keeping high viability for the solid content over 2000

pg-mL2,
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5.6.3 Visualization of UC-SLNPs

Visualization of the UC-SLNPs taken up by HelLa cells is done in Figure 5.29. Fluorescent
images of cell cultures incubated for 24 h with UC-SLNPs were obtained by confocal laser
scanning microscopy. The excitation wavelengths for this confocal microscope are fixed
t0 Aexc = 488 nm; Aexc = 561 nm and Aexc = 633 nm. The emission spectrum of CLSM SP5
is limited to AAems = 400 - 800 nm. The UC-SLNPs composition for this study is as follows:
PdTBP (10“ M, 900 uL)/ BCP (10 M, 1800 yL) / RBO 60 wt.% / carnauba wax 40 wt.%
| Tween-20. The concentration of the TTA-UC sensing dyes was increased 6 times, in

order to ensure good visualization of the UC-SLNPs in the HelLa cells.

For visualization of the cytoplasm membrane, the lipophilic dye CellMask™QOrange
(ThermoFisher Scientific GmbH) was used. This dye has a small emission Stocks-shift.
The strong fluorescence at Adems = 570-600 nm can be observed by excitation at Aexc =
561 nm. The anthraquinone dye DRAQ5™ (ThermoFisher Scientific GmbH) with the high
affinity for double-stranded DNA was used for imaging of the cell-nucleus. This is a
membrane-permeable dye, that can label live cells. Since its emission demonstrates a
relative large Stocks-shift, where the excitation wavelength is

Aexc = 646 nm and Aems = 697 nm, it was used as a nuclear counterstain.

The CLSM-image of HelLa cell with UC-SLNPs, excited with Aexc = 488 nm, is
demonstrated in emission window AAems = 510-540 nm, BCP emission (AAems = 510-540
nm coincides with the fluorescent spectrum of the emitter dye BCP). The CLSM-image of
HelLa cell with UC-SLNPs, excited with Aexc = 561 nm, is visualizes in emission window
AAems = 570-600 nm, cytoplasm membrane (Adems = 570-600 nm coincides with the
fluorescent spectrum of the CellMask™Orange). The CLSM-image of HelLa cells with UC-
SLNPs, excited with Aexe = 633 nm, is visualized in the emission window
AAems = 650-710 nm, cell-nucleus and PATBP emission (AAems = 650-710 nm) coincides
with the fluorescent spectra of the DRAQS5 and rSPh-signal of the sensitizer dye PdTBP.
The integral CLSM-image of the HeLa cells with UC-SLNPs clearly shows, that the UC-

SLNPs taken up in the cells are comprised of both sensitizer and emitter molecules.
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Figure 5.29 - Fluorescent images of HelLa cells incubated with UC-SLNPs (concentration
2 mg-mL?). (@) A CLSM-image of HeLa cell with UC-SLNPs, excited with Aexc = 488 nm. The
emission window is set to Adems = 510-540 nm. This window coincides with the fluorescent
spectrum of the emitter dye BCP, part of the TTA-UC couple used. At these excitation/emission
spectra no other dyes are observable. (b) A CLSM-image of HeLa cell with UC-SLNPs, excited
with Aexc = 561 nm. The emission window is set to Adems = 570-600 nm. This window coincides
with the fluorescent spectrum of the dye staining the cytoplasm membrane (CellMask™Orange).
(c) A CLSM-image of HeLa cell with UC-SLNPs, excited with Aexc = 633 nm. The emission window
is set to Adems = 650-710 nm. This window coincides with the fluorescent spectrum of the dye
staining the cell-nucleus, (DRAQ5) and the residual phosphorescence of the sensitizer dye
PdTBP, part of the TTA-UC couple used. (d) Integral CLSM-image of HelLa cell with UC-SLNPs,
obtained by digital overlapping the images (a), (b) and (c). Note: The colors, used in Figure 5.29
are not through colors.
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5.6.4 Uptake mechanism of UC-SLNPs by HelL a cells

Potential theranostic applications of the UC-SLNPs require precise knowledge about the
interaction of NPs with the cell cultures and about uptake mechanisms by the cells.
Fluorescent images of cell cultures, incubated for 0.5, 1, 4, 6, 24 h (mentioned at the
Figures) with UC-SLNPs dispersion, were obtained with CLSM SP5. All images are
digitally synthesized, similarly as the image from Figure 5.29 (d). The UC-SLNPs are
colored in light green, the cytoplasm membrane - in red, and cell-nucleus - in blue (Figure

5.30). The time-dependent uptake of UC-SLNPs by HelLa cells is shown in Figure 5.30.

Control

oo

70.0 pm

Figure 5.30 - Cellular uptake of UC-SLNPs by HelLa cells, concentration 2 mg-mL?*. UC-SLNP
core composition: PdTBP (10* M, 900 uL) / BCP (102 M, 1800 pL) in RBO 60 wt.% / carnauba
wax 40 wt.% / Tween-20. The different incubation times are shown in the photographs. The same
excitation/emission conditions as at Figure 5.29 were used.

The cellular uptake temporal studies show that cancer cells rapidly accumulate UC-
SLNPs. Gradual attachment of UC-SLNPs to a cell membrane occurs in 30 min after

incubation start. Then an amount of intracellular UC-SLNPs vastly increases with rising
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incubation time and in 24 h almost 100% of UC-SLNPs are accumulated by HeLa cells.

It can be seen that the UC-SLNPs do not penetrate into the cell nucleus.

5.7 T-sensing in cell cytoplasm environment

5.7.1 Optimization of T-sensing system

The calibration procedure for measurement of the local temperature via T-sensing UC-
SLNPs in a cell cytoplasm environment was studied next. The UC-SLNPs have a much
higher load of optically active UC-dyes, in order to deliver well observable optical data
even at a very strong dilution (up to 50 times, required by the cell viability tests, Figure
5.27) and lowering the effective samples thickness (up to 30 times, the used cell cultures
are single-layered). The dilution and single-layer cell culture leads to a dramatic decrease

in the intensity of the dEF- and rSPh-signals up to 1000 times.
Possible solutions to these severe problems can be:

(i) The dramatic increase of the sensitizer molar concentration more than in 30 times in

the UC-SLNPs (Figures 5.31 and 5.32).

(i) Increase of the laser excitation intensity more than 10 times in cell-sensing
experiments reported below (up to 560 mW cm-?). The excitation intensity will be reported

explicitly for every experiment.

High load UC-SLNPs (Y-894 / DBOV-Mes in RBO 30 wt.% / carnauba wax 40 wt.% /
squalene30 wt.% / Tween-20) demonstrate high T-sensitivity (Figure 5.32). The ratio dEF
/ rSPh is changed more than in 9 times within the temperature window of interest of AT =
5 °C — 45 °C. The results are comparable with the T-sensitivity obtained in paragraph

5.5.4 for this system at the optimal molecular concentration (Figures 5.23 and 5.4).

The T-sensitivity at high load is preserved. The ratio dEF / rSPh is changed more than
2.5 times within the life-science relevant temperature window of AT =30 °C — 40 °C. This
fact allows observing a T-sensitivity up to 100 mK, optically achieved in the ambient
environment. The dEF-signal increases monotonically with the sample temperature

increase, simultaneously the rSPh-signal decreases monotonically with increasing the
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sample temperature. Thus the non-ambiguous calibration curve is achieved (Figure 5.32

(b)).
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Figure 5.31 - Temperature dependence of the luminescence spectra of UC-SLNPs for different
sample temperatures. Core material composition: Y-894 / DBOV-Mes in RBO 30 wt.% / squalene
30 wt.% / carnauba wax 40 wt.% / Tween-20. Conditions: water suspension of UC-SLNPs (solid
content = 60 mg-mL™?); sensitizer / emitter molar ratio 1:2; sensitizer / emitter load at least x 3.3
times; Aexc = 658 nm; temperature window: AT = 5 °C - 45 °C; spectra are obtained att=15s
after start of the continuous optical excitation. Samples were stored for 24 h at RT, ambient

atmosphere.
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Figure 5.32 - (a) Temperature dependence of the maximal intensity of the dEF-signal (blue line)
and rSPh-signal (red line). (b) Temperature dependence of the normalized ratio of maximal
intensity of dEF to maximal intensity of rSPh for UC-SLNPs. Core material composition: Y-894 /
DBOV-Mes in RBO 30 wt.% / squalene 30 wt.% / carnauba wax 40 wt.% / Tween-20. The
experimental conditions are the same as in Figure 5.31.
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The substantial dilution of the UC-SLNP dispersion up to 50 times allows to approach the
sensing conditions in the cell-cytoplasm environment. The T-sensing experimental data

(T-calibration curve) are obtained at 1250 ug-mL* solid content, Figure 5.33.

In order to compensate the drastic loss of an optical signal, the excitation intensity is
increased nearly in 14 times, reaching an excitation intensity of 560 mW-cm. This
sensing intensity increase fulfills the crucial requirement for the sensing technique, to be

minimally invasive.

The temperature sensitivity of the NPs is kept even at a drastic dilution of the UC-SLNPs
dispersion (Figure 5.33). The T-calibration curve is obtained at strongly varying
experimental conditions (the local concentration of UC-SLNPs, a total molecular load of
the UC-SLNPs with TTA-UC sensing dyes or local (uncontrolled) variation of the

excitation intensity (experimentally proven change up to 14 times)) is not significantly

modified.
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Figure 5.33 - (a) Temperature dependence of the maximal intensity of dEF-signal (blue line) and
rSPh-signal (red line). (b) Temperature dependence of the normalized ratio of maximal intensity
of dEF to maximal intensity of rSPh for UC-SLNPs. Core material composition: Y-894 / DBOV-
Mes in RBO 30 wt.% / squalene 30 wt.% / carnauba wax 40 wt.% / Tween-20. Conditions: water
suspension of UC-SLNPs, disperse phase 1250 ug-mL?; sensitizer / emitter molar ratio 1:2;
sensitizer / emitter load at least x 3.3 times; Aec = 658 nm; temperature window:
AT = 5 °C - 45 °C; equilibration time = 1 h; sample isolated from ambient atmosphere;
accumulation time 100 ms; excitation intensity = 560 mWcm2. Samples were stored for 24 h at
RT, ambient atmosphere.
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The T-sensitivity at high load is preserved. The ratio dEF / rSPh is changed more than in
1.5 times within life-science relevant temperature window: AT = 30 °C - 40 °C. This fact
allows observing T-sensitivity up to 150 mK, optically achieved in the ambient
environment. The dEF signal increases monotonically with the sample temperature
increase, simultaneously the rSPh signal decreases monotonically with the sample

temperature increase. Thus the non-ambiguous calibration curve is achieved (Figure 5.33

(b)).

5.7.2 Intracellular T-sensing in Hel a cells

The following intracellular T-sensing experiments were carried out with UC-SLNPs
incubated with HelLa cell line. The incubation conditions were described in detail in

paragraph 5.6.4.

The temperature sensitivity of the NPs is sustained even after incubation at 37 °C for 24
h and drastically decreased the sample thickness of the UC-SLNPs, taken up by HelLa
cells (Figure 5.36). The dEF-signal increases monotonically (up to 30 °C) with the sample
temperature increase, simultaneously the rSPh-signal decreases monotonically with the
sample temperature increase. Thus the non-ambiguous calibration curve is achieved

(Figure 5.36).

The data reported in Figure 5.37 are the first result for T-sensing in living tumor cells,
based on the TTA-UC process. The T-sensitivity at high dye load, strong dilution, and
drastic sample thickness reduction is sustained (the ratio dEF / rSPh is changed in more
than 30% within temperature window AT= 30 °C — 40 °C). This fact allows observing a T-

sensitivity up to 250 mK, optically achieved in the ambient environment.
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Figure 5.36 - (a) Temperature dependence of the maximal intensity of the dEF-signal and (b)
Temperature dependence of the maximal intensity of rSPh-signal for UC-SLNPs, taken up by
HelLa-cells. Core material composition: Y-894 / DBOV-Mes in RBO 30 wt.% / squalene 30 wt.% /
carnauba wax 40 wt.% / Tween-20. Conditions: the concentration of UC-SLNPs dispersion, used
for incubation with HelLa cells, is 1250 yg-mL™; sensitizer / emitter molar ratio 1:2; sensitizer /
emitter load at least x 3.3 times; Aexc = 658 nm; equilibration time = 1 h; accumulation time tag =
100 ms; excitation intensity = 560 mW-cm2, Sample thickness ~ 20 ym; samples were incubated
for 24 h at 37 °C, 95% relative humidity, 74 vol.% N, 20 vol.% O3, 5 vol.% CO,. Measured in an
ambient atmosphere on top of the water phase, 21% O,.
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Figure 5.37 - Temperature dependence of the normalized ratio of maximal intensity of dEF to
maximal intensity of rSPh for UC-SLNPs. Core material composition: Y-894 / DBOV-Mes in RBO
30 wt.%/ squalene 30 wt.%/ carnauba wax 40 wt.%/ Tween-20. The experimental conditions

are the same as in Figure 5.36.
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5.8 Conclusion

The complex of optimization procedures of the UC-SLNPs serving as T-and O2-sensor
was performed during this study. The selected UC-SLNPs core composition Y-894 /
DBOV-Mes in RBO 30 wt.% / squalene 30 wt.% / carnauba wax 40 wt.% / Tween-20 is
entirely biocompatible, consisting of natural wax, vegetable oil and pharmaceutically
acceptable non-ionic surfactant. The selected sensitizer/emitter compositions
demonstrate absorption/emission properties optimally matching the absorption/scattering
spectra of the main tissue components of the human skin. The optimal UC-SLNPs core
composition Y-894 / DBOV-Mes in RBO 30 wt.% / squalene 30 wt.% / carnauba wax 40
wt.% / Tween-20 demonstrates the monotonic increase of the dEF-signal and decrease
of the rSPh-signal at monotonically increasing the sample temperature, that allows getting
exclusively sustainable T-calibration curve. The obtained UC-SLNPs composition is
pronounced oxygen sensitivity and demonstrates high oxygen scavenging ability. The
upper limit of the solid content of the sensing UC-SLNPs with concentrations up to 1250
pug-mLt demonstrates good viability of the tumor cell-cultures. For the first time,
intracellular T-sensing in living HelLa cells was performed, using the UC-SLNPs (Y-894 /
DBOV-Mes in RBO 30 wt.% / squalene 30 wt.% / carnauba wax 40 wt.% / Tween-20)
with T-sensitivity — up to 250 mK, optically achieved in the ambient environment, around

the life-science relevant temperature of T = 36 °C.
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Summary and conclusions

Biomedical optical technologies, based on a mutual combination of photonics,
nanotechnology, and bio-compatible materials, have made profound impact on the
development of a plethora of minimally-invasive optical approaches in diagnosis and
therapy of many diseases. These light-activated theranostic applications state imperative
requirements: the excitation and the emission wavelengths must match the tissue
transparency window; the excitation intensity must be enough low, in order to keep the
light-organic matter interaction on acceptable level. The singlet oxygen is often generated
as a result of the sensing process. Therefore, such a minimally invasive sensing must

control its concentration and distribution.

All these fundamental requirements are fulfilled if the sensing method is based on the
TTA-UC process performed in a bio-compatible organic nano-confined environment. The
crucial advantages of the studied in this thesis the TTA-UC process are proved by the
unique ability to distinguish in a non-ambiguous manner the strong dependence of this

process on local temperature and the local oxygen content.

This thesis is devoted to the synthesis and complete characterization (optical, cytotoxicity

effects) of UC-SLNPs. The study was performed in several steps:

e selection of the energetically optimized sensitizer/emitter dye pairs;

e selection of the natural components for core matrix formation possessing
pronounced singlet oxygen scavenging properties;

e evaluation of the impact of the organogel matrix composition on the optical
response of UC-dyes on small changes of the matrix temperature. Creation of the
non-ambiguous temperature calibration curve;

¢ identification of the optimal organogel matrix composition regarding protection
against singlet-oxygen damage and the creation of an oxygen calibration curve;

e synthesis of UC-SLNPs based on the optimal core matrix composition, minimizing
the cytotoxicity of the sensing UC-SLNPs;

e evaluation of the temperature and oxygen sensitivity of the UC-SLNPs in vitro.

The natural waxes and vegetable oils were selected as core matrix material. The optical

temperature sensing in a natural wax / vegetable oil organogel matrices via annihilation
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upconversion was realized. The matrix composition demonstrates pronounced and
sustainable singlet oxygen scavenging properties, allowing long-term operation of the T-
sensors and Oz-sensors in the ambient environment. The matrix-material ensures the
significant increase of the rotational diffusion of the optically active molecules for a
temperature interval centered at 36 °C. Consequently, the ratio of the dEF versus rSPh

changes more than in 15 times.

The selected sensitizer/emitter molecular compositions (Y-894/DBOV-Mes) demonstrate
the absorption/emission properties optimally matching the absorption/scattering spectra
of the main tissue components of the human skin. The optimal UC-SLNPs composition
(Y-894 / DBOV-Mes in RBO 30 wt.% / squalene 30 wt.% / carnauba wax 40 wt.% / Tween-
20) demonstrates the monotonic increase of the dEF-signal and decrease of the rSPh-
signal at monotonically increasing the sample temperature, that allows getting exclusively
sustainable T-calibration curve. The upper limit of solid content of the UC-SLNPs was
experimentally derived. Concentrations up to 1250 ug-mL-! demonstrate the good viability
of the tumor cell cultures. Intracellular T-sensing in living HeLa cells was performed using
the optimal UC-SLNP composition with a T-sensitivity up to 250 mK, optically achieved

in the ambient environment around T = 36 °C.
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MRT

Acquired Immune Deficiency Syndrome
Adenosine triphosphate

Argan oil

3,4,9,10-tetra(butoxycarbonyl) perylene
3,10-bis(3,3-dimethylbutynl1-yl) perylene
3,9(10)-bis(3,5-dimethoxyphenyl) perylene
Poly(ethylene glycol octadecyl ether), non-ionic surfactant
Computed tomography

Continuous Wave

Confocal Laser Scanning Microscopy
Dibenzo[hi,st]ovalene

Delayed Emitter Fluorescence

Dulbecco's Modified Eagle Medium
Dimethyl sulfoxide

Deoxyribonucleic acid

Endoperoxid

Food and Drug Administration

Fetal Bovine Serum

Glycolic acid ethoxylate 4-nonylphenyl ether
Hydrophilic-Lipophilic Balance

Intersystem Crossing

Magnetic Resonance Imaging
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MTS

NMR

NP

OMe-PEGs3s0

PBS
PEEP
PET
PdTBP
PO

QD

RBO
rSPh
RPMI 1640
SC

SLNP
SPECT
SN-38
SOG

TTA
TTA-UC
TTT
Tween-20

Tween-80

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium

Nuclear Magnetic Resonance
Nanoparticle

Poly(ethylene glycol) methyl ether
Phosphate-Buffered Saline

Poly(ethyl ethylene phosphate)

Positron Emission Computed Tomography
Meso-tetraphenyl-tetrabenzo[2,3]porphyrin palladium (11)
Peanut oil

Quantum dots

Rice Bran Oil

Residual Sensitizer Phosphorescence
Roswell Park Memorial Institute medium
Scavenging Compound

Solid-Lipid Nanoparticle

Single Photon Emission Computed Tomography
7-Ethyl-10-hydroxy-camptothecin

Singlet Oxygen Scavenger

Triplet-Triplet Annihilation

Triplet-Triplet Annihilation Upconversion
Triplet-Triplet Transfer

Polysorbate 20, non-ionic surfactant

Polysorbate 80, non-ionic surfactant
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TX-100

uc

UCNP

UC-SLNP

uv

WAT

Y-894

Triton X-100, non-ionic surfactant
Upconversion

Upconversion Nanopatrticles
Upconversion Solid-Lipid Nanoparticle
Ultraviolet

White Adipose Tissue

Pd(Il) mixture of benzo/naphto porphyrin
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