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Abstract

Accurate monitoring of O, levels is crucial for understanding the growth,
differentiation, and function of individual cells and tissues. While phosphorescence-
based oxygen sensing offers great potential for such investigations, current probes
still show limitations in terms of their bio-distribution and analytical performance.

New improved O, probes are highly needed.

In this project we synthesized a family of new hetero-substituted phosphorescent
derivatives of Pt(ll)-tetrakis(pentafluorophenyl)porphyrin (PtPFPP) dye, through
click-modification of its para-fluorine atoms with 1-B-D-thio-glucose, neutral (mPEG)
and carboxy (cPEG) thiol-PEGs, named as PtmPEG31Glc and PtcPEG31Glc respectively,
or cysteamine (CA), named PtCA31Glc. Derivatisation with 2-thioelthyl-B-D-
glucopyranoside was also performed to evaluate the effects of alternative SH-
Glucose structures on cellular uptake, obtaining the corresponding 2Glc derivatives.
The new probes comprise one cell-targeting moiety and three polar moieties,
forming a hydrophilic shell. We also synthesized the di-glucosilated-di-PEGylated
derivative, named as PtmPEG;1Glc; (trans), in which 1-thio-B-D-glucose (1Glc) and
thio-methyl-polyethylene-glycol (mPEG) moieties were covalently attached to
PtPFPP in trans- position. Tetra-substituted derivatives Pt1Glcs, Pt2Glcs, PtmPEG4

and PtcPEGs were also synthesised and characterized for benchmarking.

The chemical synthesis and purification procedures were optimized for all the new
derivatives to achieve high reaction yields and scalability, and new chemical
structures were confirmed by HR-MS and NMR. Then, the most promising derivatives
were assessed for their spectral properties and cell penetrating ability in 2D
mammalian cell cultures using time-resolved fluorescence (TRF) on a standard plate
reader, and confocal microscopy in PLIM mode (phosphorescence lifetime imaging).
Probes' ability to function as either cell permeable or impermeable was found to
depend on polarity, molecular charge, size, and substitution position of the

bioconjugate.



Notably, the hetero-substituted tri-PEGylated (PtcPEG31Glc, PtmPEG31Glc) and tetra-
PEGylated (PtcPEGs4, PtmPEG.) derivatives showed reduced cell internalization
compared to the 3:1 cysteamine (PtCA31Glc) derivative and 4:1 glycosylated probe

(Pt1Glca). This finding opens possibilities for their extracellular applications.

In contrast, PtmPEG;1Glc; (trans), demonstrated efficient cell staining and suitability
for intracellular oxygen sensing (IcO2) in murine embryonic fibroblast (MEFs) cells.
Moreover, biocompatibility studies indicated no significant cytotoxicity for all probes
at any tested concentrations, except for PtCA31Glc which caused reduced cell

viability at concentrations above 10 uM.

The chemical modifications did not alter absorption and emission spectra of the
PtPFPP moiety but reduced its brightness and lifetimes. Some of the PEGylated
derivatives showed tendency to aggregate in biological media. PtmPEG4 and Pt1Glca
were also evaluated in microbial respirometric assays with Escherichia coli (E. coli)
cells, however due to the lack of shielding, their performance in complex media was
not as good as the macromolecular MitoXpress probe and the nanoparticle based

NanO2 probe.

Overall, our new phosphorescent bioprobes, particularly the hetero-substituted
structures, extend the library of extracellular and intracellular probes for monitoring
and imaging O, in mammalian cell cultures. They are compatible with standard TRF
plate readers and PLIM microscopes, making them promising candidates for
physiological studies with cells. The established structure-activity relationships

(SARs) will also help to develop new probe structures for future studies.
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Chapter 1: Literature review

1.1. Introduction to biological roles of oxygen

Molecular Oxygen (O2) is one of the most important analytes in many fields including
industrial process control, microbial safety, food science (1), environmental
monitoring (2), biomedical research and clinical diagnostics. With respect to cell
biology and tissue physiology, Oz is involved in many critical cell and tissue functions,
which makes it an informative marker of metabolic status, viability, and presence of
aerobic organisms. O3 is fundamental for energy production in the form of adenosine
triphosphate (ATP) in the mitochondria, it is an important signalling molecule (3), and
substrate for numerous enzymatic reactions (4).

Mammalian cells and tissues are programmed to function at physiological O, levels
(basal oxygenation state) to perform effectively all their specific function (5). Tight
regulation of O, delivery and consumption is necessary to maintain a balance
between energy production and formation of potentially toxic metabolites (6). Up to
95% of the O in the body is normally utilized for aerobic ATP generation through the
electron transport chain (ETC) and oxidative phosphorylation (OxPhos) pathway in
the mitochondria. O3 is the final electron acceptor and ultimately gets fully reduced
into water. However, another important outcome of the O, reduction is the
production of reactive oxygen species (ROS), via non-specific electron transfers to the
02, producing superoxide anion (-O27), which is quickly converted into hydrogen
peroxide (H202) and then hydroxyl radical (-OH). Under homeostatic conditions, ROS
are degraded by enzymatic (e.g. superoxide dismutase - SOD) and non-enzymatic
(glutathione S-transferase - GST) scavenger systems (7) which prevent cellular
damage. At the same time, ROS and especially H,0;, function as important signalling
molecules (8) and are involved in the activation of antioxidant defences, cell repair
and proliferation (3). An imbalance between O; supply and demand can lead to
pathophysiological states such as inflammation, metabolic disorder, cancer, ischemia,
and stroke (9). In particular, a sharp decrease in cellular O; concentration develops a
state of tissue hypoxia which results in reduced ATP production, excessive ROS

generation, and may ultimately lead to cell death (10). Oz concentration can therefore
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be used as an indicator of genetic adaptation in response to hypoxic conditions (11).
At the molecular level, changes in cellular oxygenation are transduced to the nucleus
altering gene expression via the hypoxia-inducible transcription factor (HIF). The HIF
protein regulates the transcription of hundreds of genes involved in adaptation of
the cell to hypoxia (12). HIF has an Ox-regulated HIF-1a subunit, and a constitutively
expressed HIF-1B subunit (13). At low O, HIF-1a degradation gets inhibited, causing
its dimerization with the B subunit and translocation to the nucleus, where it
ultimately activates transcription of many genes involved in metabolic adaptation to
low O availability, angiogenesis and erythropoiesis to increase O, delivery (6).
Mammalian cells are indeed able to produce energy in anaerobic conditions through
glycolysis paired with reduction of pyruvate into lactate, allowing the survival of
stressful conditions and changing environment. However, maladaptive responses can
also develop and lead to tissue remodelling, cell disfunction, and uncontrolled
cellular growth (5, 14). Therefore, quantification of O; in cells, tissues and other
biological samples is of high value for researchers, to gain insights into cellular
metabolism, oxygen delivery, responses to stimuli, changes in gene expression and
cell signalling. Knowledge and precise control of tissue oxygenation can also aid our
understanding of molecular mechanisms of many common disease states (15, 16)
associated with cell and tissue hypoxia (e.g. cancer, stroke, inflammation, metabolic
disorders), and development of new therapeutic treatments (e.g. photodynamic (17),

chemo-, radio- and monoclonal antibody therapy (18, 19)).

1.2. Methods for O, detection

From the chemical and analytical points of view, O is a small, non-polar gaseous
molecule with paramagnetic characteristics. Its solubility in water is moderate and
influenced by temperature, pressure, and salinity (20). It can diffuse quickly across
cell membranes and different cell compartments (11). Direct detection of Oz is limited
by its poor photophysical characteristics (10). Its intrinsic absorption is characterized
by a broad intense band at 145 nm and a very weak band at 760 nm (21). Direct
determination of O, was attempted (22) using its deep UV absorption band, however,

poor sensitivity and interferences from other gaseous compounds were found.
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Therefore, traditional methods for quantification of dissolved O; relied on sampling
and offline analysis by chemical methods, such as the Winkler titration (23), pressure-
based techniques (24, 25), gas chromatography (26). However, to meet the growing
demand for continuous monitoring, non-invasive measurements and in situ analysis
of Oz in complex biological samples, new detection platforms have been developed

(10), mainly based on electrochemical and optical methods (Table 1.1).

The Winkler method allows for the indirect determination of dissolved oxygen in
water samples via iodometric titration. During the test, an excess of manganese(ll)
salt, iodide (I7), and hydroxide (OH") ions are introduced into a water sample,
resulting in the formation of a white precipitate of Mn(OH),. This precipitate
undergoes oxidation by the oxygen present in the water, transforming into a brown
precipitate. Subsequently, the solution gets acidified using a strong acid which
converts the iodide ions (I7) into iodine (I2). The quantification of dissolved oxygen
directly correlates with the titration of iodine using a thiosulfate solution. It is
accurate and precise and still used today as a reference technique. It has been
modified to improve sensitivity and semi-automated but still is not suitable for online

measurements and can only be applied to simple ‘clean’ samples (27, 28).

In the 1950s the Clark electrode (29), which operates on the principle of polarography,
was introduced. It contains a Pt-coated cathode and an anode (Ag/AgCl), immersed
into an electrolyte solution (KCl) that communicates with the sample through an O
permeable membrane. The current created by the reduction of O, molecules at the
polarized electrode is measured and correlated to O, concentration in the sample (27,
28). Clark electrode, regarded as one of the first sensors, has enabled the precise and
continuous measurement of dissolved O3 in various samples, including blood and
tissues. This robust and reliable method is still considered as the gold standard for
measuring tissue 03 (30). However, it is invasive, consumes the analyte, it is subject
to drifts, electrical and chemical interferences and it does not work reliably at low O3
levels (sensitivity limited to micromolar (uM) levels of dissolved oxygen in aqueous

solutions) (21, 31).
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Table 1.1: Summary of instrumental methods for O, detection/quantification

Technique Detection Applications Advantages Limitations
(Ref.) principle
Winkler method lodine titration Indirect Precise Non-portable
(32) dissolver O Sensitive (trace  Not user friendly
determination  amounts) Indirect
in water
samples
Clark Oz electrode -  Electrochemical Blood and Real-time Invasiveness
Polarographic-type = measurement of tissue Simple setup Frequent
(29) dissolved [02] oxygenation Accurate calibration High
(redox reaction at  via point Widely used maintenance
the electrode) measurements Consumes the
analyte
Low sensitivity
Pulse oximeter Differential Monitoring of  Non-invasive Optical
(33, 34) absorption of arterial SpO2 Easy to use interferences
HbO2 and Hb (and heart Continuous Signal artifacts
rate) Widely used
NIR spectroscopy Non-pulsatile Monitoring of  Regional Low S/N
(35-37) oximetry cerebral monitoring Optical
oxygenation Continuous interferences
and rSO2 Non-invasive Motion artifacts
Pimonidazole Immuno- Visualize Selective for Indirect
Hypoxia staining histochemistry of  tissue hypoxic cells Irreversible
(38, 39) redox dye hypoxia Widely used Not real-time
Low sensitivity
19 MRI Paramagnetic Tumours pO2 Sensitivity Indirect
(40) relaxation of the imaging Quantitative Injectable
F nuclei 02dynamics High affinity Low detection
High S/N limit (dosage)
BOLD MRI ParamagneticHb  Intravascular Real-time Qualitative
(41, 42) signal /tumoral pO> High spatial Signal
Detection of resolution interferences
pO2 Non-invasive
fluctuations
EPR probes Paramagnetic O> Direct tissues Sensitivity Implantation
(15, 43) effect on EPR pO:2 Inhert needed
probe signal measurements Real time Spatial resolution
Continuous
PET Radiolabeled Imaging of Specificity and Radiations
(44, 45) Markers (redox tumour sensitivity Spatial resolution
reaction or direct  hypoxia and Whole-body Perfusion-limited
measurements) brain imaging
oxygenation
Phosphorescence Phosphorescence  Intra- or extra- Direct Possible cito- and
quenching quenching of cellular Oz Quantitative phototoxicity
(5, 46-49) exogenous probes sensing and Highly sensitive ~ Photobleaching
by dissolved O2 imaging Flexible

applications
(samples,
modalities, and
platforms)
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Optical techniques for biological O, sensing represent a large and important group,
which has emerged as an alternative to conventional methods (50). They take
advantage of the interaction of light with endogenous or exogenous indicator
molecules, or special oxygen-sensitive chromophores, that alter their photophysical
characteristics in response to changes in oxygen levels (51).

In 1975, pulse oximetry was introduced (34), which is a non-invasive biomedical
technique that allows continuous monitoring of oxygen saturation (Sp03) levels of
arterial blood. Its working principle relies on the different absorption characteristics
of oxygenated hemoglobin (HbO;, 640 nm) and deoxy hemoglobin (Hb, 940nm),
present in the blood. Two LEDs emit light at these specific wavelengths, which passes
through thin tissues such as the fingertip or earlobe, and a photodetector determines
the amount of transmitted light and calculates the SpO; (33). The pulse oximeter was
introduced in clinical settings during the ‘80s and remains essential nowadays in
emergency situations, routine and intensive care, anesthesiology, and home care.
However, it is not applicable to other sample types and often suffers from optical
interferences, motion and signal artifacts (33).

Near infrared spectroscopy (NIRS), which became popular in the ‘90s, relies on the
same photophysical principle as the pulse oximeter, but quantifies HbO; based on the
amount of attenuated light that reaches the photodetector. Its advantage is that HbO;
absorbs much more light in the near-IR than Hb, which allows hemoglobin saturation
to be measured in a more targeted fashion (37). In medical settings, it is used to
monitor regional cerebral oxygen saturation (rSO3) (52) and metabolism, but was also
applied to skeletal muscle (53), spinal cord (54) and other tissues (36, 55). Limitations
mostly concern the thickness of the superficial tissue, optical interferences by other
chromophores absorbing in the same region, e.g. myoglobin, and changes in the

sample volume (35).

Several spectroscopic and imaging techniques have been developed to obtain
guantitative and qualitative visualisation of hypoxic regions(56). They use injectable
contrast agents — such as bio reducing 2-nitroimidazole analogues suitably labelled,
or perfluorocarbons. For example, pimonidazole is used to selectively stain hypoxic

areas in tumoral or ischemic tissues with subsequent visualization of its reduced form
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by immunohistochemistry (38). When the oxygen tension is below 10 mmHg,
pimonidazole is reduced by the enzyme 2-nitro-reductase, making it capable of
binding to thiol-containing proteins. However, hypoxia could take place also at higher
pO2 (38, 39).

The Fluorine-19 Magnetic Resonance Imaging (*°F MRI) technique, introduced in the
1970s (40), employs biocompatible fluorinated contrast agents which can indirectly
detect concentration changes of several chemical species, including O.. The
interaction of these compounds with the F atoms shifts their detectable signal
(paramagnetic relaxation effect), and this can be used for measurements of tumour
oxygenation and quantitative imaging of pO. at low oxygen levels (57, 58). Another
type of MRI technique is the Blood oxygen level-dependent MRI (BOLD) (42), which is
utilized to study brain activity without any injectable contrast agent (41). Its detection
principle relies on the ability of the diamagnetic HbO; (little to no susceptivity to
magnetic fields) to change into the paramagnetic Hb (slight attraction to the magnetic
field) during brain metabolic consumption, generating a decreased MRI signal
intensity. It is a highly sensitive technique, however it does not determine absolute
p02(59), and it is subject to blood flow and volume fluctuations (60).

Electron paramagnetic resonance (EPR) oximetry is another spectroscopic and
imaging technique that allows for precise and repeated measurements of tissue
oxygenation (15). It takes advantage of the paramagnetic nature of O; which alters
the relaxation rates of oxygen-sensitive paramagnetic materials. These exogenous
EPR probes are implanted (particulates) in a specific area of the body or injected
(soluble probes), to allow imaging of tissues, organs, or the full body. The magnitude
of the effects on the EPR signal are correlated to the oxygen concentration [O3] in the
vicinity of the paramagnetic material (43). It is a highly sensitive technique, however
measurements are limited to the point of implantation and the sampling area, and it
is not widely available due to lack of expertise and instrumentation. It is not yet
established for use in humans (61).

Positron Emission Tomography (PET) is a highly specific and sensitive technique for
imaging of tumour hypoxia, with the ability to access intracellular oxygenation (45).
It employs radiotracer probes, such as nitroimidazole derivatives labelled with the

positron-emitting radionuclide fluorine-18, which are intravenously injected and
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subsequently accumulated in hypoxic tissues where they get gradually reduced and
irreversibly trapped in the cells. One drawback of this technique is that the
radiotracer diffusion is driven by tissue perfusion, thus its accumulation in the hypoxic
tissue could be hindered (45). Alternatively, >0 can be inhaled or introduced via *°0O-
labeled water into the body (62), to determine brain oxygenation and metabolism

(44).

However, our focus is the group of optical techniques for biological O, sensing based
on photoluminescent materials that are quenched by 0; Quenched-
phosphorescence O, sensing techniques were pioneered by David Wilson (46, 63)
and D.W. Lubbers (47), and then underwent significant advancements in their sensor
chemistries, measurement methods, and instrumentation (11, 21, 64). This, in turn,

has enabled many new analytical tasks and applications (65).

1.3. Principles of quenched-phosphorescence O; sensing technique

Quenched-phosphorescence O; sensing is a versatile optical technique for O; sensing.
It provides direct, reversible, real-time detection and continuous monitoring of O3
concentration in chemical and biological samples. Its mechanism relies on specific
molecules, called phosphors, which upon light excitation undergo intersystem
crossing from their excited singlet states (Sn) into triplet state (T1) and then produce
long-lived emission called phosphorescence (Figure 1.1) (64, 66, 67). In the presence
of Oy, the phosphorescence emission is quenched by dynamic collisions between
sample O, molecules and excited triplet states (T1) of the luminophore, resulting in
their radiation-less deactivation (21, 68). This process is described by the modified

Perrin-Jablonski diagram (Figure 1.1).

The exact mechanism of oxygen quenching is not completely understood. It is
generally accepted that when an excited triplet state luminophore molecule collides
with a ground-state dioxygen molecule (3%, triplet state), the Ti state undergoes
radiation-less transition to the ground state (So), while 335 is converted into singlet
oxygen states 3" and !Ag (*02). The process occurs due to the similar but lower

energy of the singlet oxygen orbitals which facilitates the spin-allowed energy
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transfer from the luminophore’s T1 state to the quencher (64, 66). The production of
10, is an indication of the energy transfer mechanism. However electron transfer was

also demonstrated (69).
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Figure 1.1: Perrin-Jablonski diagram, adopted from (64).

After its formation, the short-lived '3g* state undergoes fast transition into A, which
has a life span of several microseconds (70). During this period, 1Az mostly relaxes to
the ground triplet state (337), by radiation-less energy dissipation or by emitting weak
fluorescence, thereby regenerating the quencher (66). At the same time, the A4 state
is very reactive and can interact with adjacent molecules (e.g. lipids, DNA, proteins)
and also generate other ROS and nitric oxide derivatives (71). These processes of
photosensitisation and photo-consumption of O3, and corresponding photo-toxicity
and photo-oxidation reactions of the luminophore with sample components are of

significant concern in O, sensor development and application.

The good selectivity of the O; sensing technique is because O; is an abundant
molecule and present at high concentrations compared to other potential quenchers,
such as halogenated compounds (chlorine, iodine, and bromine), nitric oxides (NOx),
olefines and quinones, nitro compounds and sulphur dioxide (SO2), which are also
rarely present in biological matrices. Interference from gases such as CO2, Nz or Hz is
negligible, as well as from bioorganic molecules like nucleic acids, saccharides,
proteins. Only tryptophan moiety can undergo Forster resonance energy transfer

(FRET) with UV-absorbing phosphors (21).
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1.3.1. Measurement of O; and quantitative relationships

Sample O, quenches the emission intensity (or quantum yield) and lifetime (or decay
time, which is defined as the average time that a luminophore spends in the excited
state before returning to the ground state) of the phosphor, in a concentration
dependent manner (67). The relationship between these parameters and O

concentration is described by the Stern-Volmer equation:

I
T":E:1+kq*70*[02]=1+st*[02] (1.1)

T

Where Iy, | are the emission intensities and tg, T are the lifetimes in the absence or
presence of [0;], respectively, kq is the bimolecular quenching rate constant and Ks
is the Stern-Volmer quenching constant (67). t is an intrinsic property that is
independent of the concentration of the luminophore itself. For this reason, lifetime
measurements are generally preferred over intensity for sensing applications (11).

From eq. 1.1, the [0O2] can be quantified as follows:
[02] = (rg— 1) /(T * Ksv) (1.2)
[02] = (Ig— D/ * Ksv) (13)

The Stern-Volmer quenching constant (Ks = kq™*1o) is influenced by several parameters
such as diffusion rate constant (72), temperature (T) and viscosity (n). Higher T
slightly decreases the luminescence QY and the T, but it increases the kq (21). For
dynamic quenching, higher T and lower n promote Oz quenching as they facilitate
the diffusion of the quencher to the luminophore (73). Since O; is a relatively mild
guencher, to achieve optimal sensitivity, phosphors with relatively long decay of
emission and moderate quenchability at ambient oxygen of approximately 2-to-5

times of their toshould be used (74).

The Stern-Volmer constant, Ksv, reflects the sensitivity of the luminophore to O, the
dynamic range and limit of detection (LODs) of a sensor (21). LOD is defined as the
minimal concentration of the analyte that can be detected with statistical
significance by a specific analytical procedure. In the case of optical sensing based on
phosphorescent quenching, the LOD is driven by the initial slope of the SV plot (Ks),

by the sensitivity of the instrument used to collect the signal. Practically, it is
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determined by the concentration of analyte yielding a signal to noise ratio (S/N) of
3/1 (75). By proper choice of the phosphor and the polymer, different analytical
ranges can be achieved to suit the application requirements. Most sensors have been
tuned to cover the sensitivity range from 0 to 40 kPa with LOD of about 0.5 Pa (21).
Spectral characteristics, phosphorescent intensity signal, QY and lifetime of the T1 are
all determinants of the dynamic range of the O, sensor, which can also be tuned (76).
At low O3 the curve is almost linear and has the highest slope, whereas at higher pO;

the slope decreases, so as the sensitivity and precision (Figure 1.2) (19).
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Figure 1.2: Plot of the luminescence intensity or decay time quenched by oxygen and
the corresponding ideal and practical Stern—Volmer plots. Image modified from(21).
Example of calibration curve obtained by measuring the lifetime of a phosphor at

different known [O3] between 0 and 21 kPa.

1.3.2. Sensor Calibration

To accurately quantify sample [O;], sensor calibration needs to be established. This
involves measuring the sensor | or T at a set of known O, concentrations (standards),
constructing a calibration curve based on the collected datapoints and fitting them
with an appropriate mathematical function to produce the calibration equation,
specific to each sensor material (65, 74). Each measurement should be carried out
under stable pressure, temperature, and probe concentration, within 0 and 21 kPa. It
is especially important to obtain accurate calibration and determine to in the absence
of O3, as small experimental error in this range results in big errors in the calibration.
Zero O concentration in liquid samples can be achieved by bubbling O,-free gas (21),

or using Oz scavengers such as sodium sulfite or glucose/glucose oxidase (48).
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Measured data and O; calibrations are often plotted as lo/I or to/T vs [O;] (or partial
pressure p0;). For an homogeneous dispersion of the phosphor (ideal case), a linear
relationship (SV plot) between | or T and [O2] is produced, with the slope equal to Ky,
as shown in Figure 1.2 (64, 67). This is generally satisfied in solution systems, where
all indicator molecules exist in a homogenous environment and produce single
exponential emission decays (77) which allow for simple one- or two-point
calibrations.

However, many O;-sensitive probes produce curved plots, indicating heterogeneity.
This is common for solid-state sensors (78) with complex interactions between the
indicator and the polymeric matrix (77), which result in a downward curvature
requiring multipoint calibration (78, 79). This non-linearity is due to different micro-
environment of phosphor molecules producing different Kg and t values (80). In such
cases, alternative models should be used, such as the two-site model which assumes
the existence of two populations of phosphor molecules and microenvironments

(78).

According to egn. 1.2 and 1.3, O can be quantified by measuring sensor intensity or
lifetime signal. Intensity measurements are more prone to drift, unstable calibration
and measurement errors, whereas Oz sensing based on luminescence lifetime

measurements provides more stable calibration and better performance (74).

1.4. Detection and O: sensing modalities
1.4.1. Intensity-based measurements

Steady-state luminescence intensity measurements with an O; sensitive material is a
simple and straightforward method to quantify O, concentrations in a sample (I =
f[O2]). The material is excited at its optimal absorption wavelength producing
emission signal at a different (longer) wavelength (Figure 1.3 A). However, Intensity
signal is influenced by the phosphor concentration and photobleaching (64),
measurement geometry, scattering of light and autofluorescence from complex

biological samples (81). The signal can also be affected by detector and light source
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fluctuations. All this causes drifts in the calibration and sensor signals (74) and makes

the O, measurements unstable, inaccurate and not truly quantitative (10).

Ratiometric intensity measurements can overcome some of the above limitations of
intensity based sensing (81-83). This sensing scheme, in addition to the oxygen
sensitive phosphor, uses a reference dye which is oxygen insensitive (Figure 1.3 B).
The intensity signals of the two dyes are measured at two different wavelengths and
the Oz concentration is derived from their ratio [O,] = f(ls/lref) (84). Dual wavelength
emitters (85, 86), i.e. one indicator dye with well resolved fluorescence and
phosphorescence emission bands, have also been reported. However they are hard

to design (72).

A more reliable type of intensity measurement is time-resolved (or time-gated)
fluorometry (TRF) (Fig 1.3 C), which can effectively suppress the optical background
while retaining specific long-lived luminescent signal, thus increasing the S:N ratio. In
TRF, the sample is excited by a short pulse of light, and after a delay time interval the
luminescent signal is collected. This way, short-lived autofluorescence and scattered
light cannot interfere with the measurement (11, 21). Since the excitation pulse
should be shorter than the sensor emission decay, the TRF mode is usually applied to

luminophores with micro- or milli-second lifetimes.
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Figure 1.3: Intensity-based detection modes. A) Steady-state intensity measurements
at one wavelength. B) Ratiometric intensity measurement: emission spectra
measured at different [O2] concentrations using an oxygen sensitive indicator dye and
an O insensitive reference dye (fluorescent or phosphorescent). C) TRF intensity

measurements.

1.4.2. Lifetime-based measurements

Generally, lifetime-based measurements are preferred as t is an intrinsic parameter
of the phosphor, not affected by the dye concentration or photobleaching,
measurement geometry, light source and detector fluctuations, sample matrix, etc.
Moreover, lifetime-based measurements are particularly useful for determination of
02 in complex biological samples with high autofluorescence, light scattering or
intrinsic absorbance (i.e. inner-filter effect), and in intracellular O; sensing in which
the exact quantity of probe after cellular uptake is hard to determine and replicate
(87). Phosphorescence lifetimes can be measured in frequency domain or in time

domain, also known as phase and pulsed fluorometry techniques, respectively.

Frequency-domain fluorometry uses sinusoidally modulated excitation of the
phosphor and measures phase shift of its emission, which is dependent upon the O3
concentration. Knowing the modulation frequency and phase shift, lifetime (LT) can

be calculated (21, 84) (Figure 1.4 A). Limitations of this method are that it is indirect,
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sensitive to scattering and autofluorescence, and it requires multi-frequency

measurements to devise complex emission decays.
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Figure 1.4: Examples of lifetime based measurements using A) frequency domain
fluorometry, B) rapid lifetime determination (RLD) (84), or C) time-correlated single

photon counting (TCSPC) (21).

Time-domain fluorometry can be performed in a number of formats: a) rapid lifetime
determination (RLD); b) multi-point measurements of the decay by binning method,;
c) time-correlated single photon counting (TCSPC). A simplified version of the time-
domain LT measurements is the RLD (88, 89): two TRF intensity signals are measured
at two delay times (t1 and t;) following the excitation pulse, lifetime is then calculated

as:

ty—t
r=f27l

ln£1
I

(eq.1.4)

The RLD is used in screening applications of O; sensing on commercial microplate
readers, which support this mode and provide high stability of LT measurements and

guantitative calibration-free O, sensing. However, RLD does not account for complex
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decays of the sensor material, but rather determines changes in apparent lifetime
(21). As a result, its accuracy in lifetime determination is not as good as for the

classical methods (90) (Figure 1.4 B).

Time-correlated single photon counting (TCSPC) technique uses short excitation
pulses with higher repetition rate, with collection of emitted photons with a high-
gain photomultiplier. The arrival time for each detected photon is determined and
then correlated with the excitation pulse, generating a distribution of emitted
photons over time. The resulting decay curve is subsequently fitted (91, 92) (Figure
1.4 C) with a mono- or multi-exponential decay function and lifetime is calculated

(21).

While the time- and phase-domain techniques provide essentially the same
information, the TCSPC technique is direct, and it provides absolute LT values. TCSPC
also allows measurements of low fluorophore concentrations and low quantum

yields (92).

1.4.3. O; imaging

Imaging of Oz has gained increasing importance for the study of 2-D and 3-D
biological objects and of intra- and extra-cellular O, distribution. Luminescence
imaging can be performed in lifetime or intensity mode. Fluorophores, due to their
short lifetimes (0.1-10 ns) and small Stokes’ shifts, are affected by scattering and
autofluorescence of endogenous emitters. When using triplet emitters (phosphors)
with large Stokes’ shifts (>100 nm) and long lifetimes (up to ms), the short-lived
background fluorescence and scattered light can be separated by collecting the signal
after a time delay. Such intensity-based measurements were explored for imaging of
subcellular structures and oxygen distribution (63). However, they are often
unsuitable for quantitative analysis due to high rate of dye photobleaching under
intense excitation of the sample, and fluctuation in delivery efficiency of the probe
and its uneven distribution (93). Ratiometric probes can overcome some of these

issues, however, lifetime-based measurements are the most efficient and stable.
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Generating images in fluorescence lifetime scale (ns range) is called fluorescence
lifetime imaging microscopy (FLIM) (94), while phosphorescent lifetime imaging
microscopy (PLIM) operates with pus-ms lifetimes. These techniques made it possible
to use the lifetime not only to study the fluorophore / phosphor microenvironment
with regards to [02], pH, and many ions, but also as a function of biological
parameters such as proteins interactions, and detection of fluorescence resonance

energy transfer (FRET), and much more (94).

The most efficient and accurate way for FLIM/PLIM acquisition is by laser-scanning
confocal microscopy paired with a TCSPC detector — a high-speed photon counting
PMT (Photomultiplier Tube). This technique allows precise lifetime recording. Using
point illumination through a pinhole located in the focal plane of the lens, this
ensures that only the focused luminescence is detected, providing high level of
resolution and depth of acquisition- (94). Alternatively, phase modulation technique
or wide field microscope paired with a time-gated camera (intensity measurements
using multiphoton excitation) can be utilized, to speed up image acquisition, or
extend sample area (95). However, the combination of the axial resolution provided
by the confocal scanning and the efficiency of data acquisition via TCSPC makes it the
most robust and precise method to determine the lifetime, despite the slower

acquisition rates (94).

1.5. O; sensitive dyes / phosphors

The chemical nature of the dye defines most of the characteristics of the oxygen
sensitive material, such as spectral characteristics, luminescence efficiency and
general quenchability. However, the quenching medium is another important factor

as it defines O3 solubility and diffusion rate and the dye microenvironment (74).

According to the Jablonski diagram (see above, Fig. 1.1), an efficient phosphor for O,
sensing is expected to have: i) high absorption of excitation light (So—=> Sn); ii) efficient
intersystem crossing process (S1 = Ta), iii) high yield of excited triplet states Ti; iv)

high yield of phosphorescence emission (T1 = So); V) little to no fluorescence
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emission (S1 = So); vi) high biocompatibility and stability to photodegradation; vii)

low chemical and photo-toxicity.

The brightness and photostability of the chosen dye determine the sensitivity and
precision of O, measurements, and should be taken into account for each specific
measurement task. High brightness allows fast signal acquisition time, along with the
relatively short luminescence decay time (<1 ps). On the other hand, decay times in
the ns range allow faster image acquisition (84). For intensity-based measurements,
photostability of the dye is essential to reduce signal drifts (96). For efficient O;
imaging in living cells and tissues, deep light penetration and low levels of energy
irradiation are preferred (97). This can be accomplished using near-IR indicators that
can be excited by red light (> 600 nm), or with an infrared multi-photon laser (98).
Spectral compatibility with light sources, photodetectors, and other optical
components is also important: most optical detection systems in laboratory settings
are optimized for indicators within the visible range, typically emitting light at 550-
700 nm (84).

The most widely used for O, sensing are the metal-ligand complexes which include
transition metal complexes, mainly Ruthenium(ll) (48, 87, 99-101) and Iridium(lll) (97,
102-105), and Pt(Il) and Pd(ll) metalloporphyrins (106-112) (Figure 1.5) (Table 2).
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Figure 1.5: Examples of the most common O;-sensitive dyes. Structures obtained
from (5, 10, 48, 113). [Ru(dpp)s]** - Ru(ll)-tris(diphenylphenantroline) chloride;
[Ru(bpy)3]?* - ris(bipyridine)ruthenium(ll) chloride; Ir(Cs)2(acac) - Ir(Il1)-(benzothiazol-
2-yl)-7-(diethylamino)-coumarin acetylacetonate; PtOEP — Pt(ll)-octaethylporphyrin;
PtOEPK - Pt(ll)-octaethylporphine ketone; PtPFPP — Pt(ll)-tetrakis(pentafluorophenyl)
porphine; PtTPTBP — Pt(ll)-tetraphenyltetrabenzoporphyrin; PtCP — Pt(ll)-

coproporphyrin.

The photochemistry of a particular chromophore is dependent upon relaxation of its

excited state. In particular, spin and symmetry of the ground and excited states, as
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well as energy gap between them and presence of intermediate states are all

important factors that influence the lifetime of the excited state (114).

Table 2. Spectral and photophysical characteristics of common phosphors used in
biological oxygen sensing

Amax Amax
Indi r lven T nchin
’ c(lazte::*) e sm t Abs Em & (Mem?) (u(s),) av Qr:?ed?umg
(nm) (nm)
[Ru(dpp)s]*  EtOH:MeOH 463 618 28,600 6.4 0.37 Dendrons
(100) (4:1) Xerogels
PAA PEBBLEs
[Ru(bpy)s]*  EtOH:MeOH 450 630 14,300 1.15 0.089 SiO2 NP
(101) (4:1) Zeolites
Ir(Cs)z2(acac) CHCI3 472 563 92,000 11.3 0.54 RL-100 NP
(102) EC
PMMA
PtOEP CeHsCH3 382 649 214,000 75 0.41 Doped PS
(105, 115) Silica glass
PDMS
PtOEPK CHCl3 398 758 86,200 60 0.12
PS
(112)
PtCP Phosphate 380 650 120,000 52 0.23 PS
(116) buffer
PtTFPP CH2Cl2 390 648 323,000 60 0.088 Soluble
(117) RL-100 NP
PS/ PS-PVP
PtTPTBP CeHsCH3 430 773 190,000 30 0.35 PS
(108) 612 135,000

n.b: Quantum yield (QY) and lifetime 1o values refer to deoxygenated solution.
PAA= Polyacrylamide, PS= polystyrene, PDMS= polydimethyl siloxane, PVP= polyvinyl
pyrrolidone.

1.5.1. Transition metal complexes

Their long-lived luminescence arises from metal-to-ligand charge transfer (MLCT).
This mechanism involves the electronic transfer from the metal d orbital to a
delocalized t* antibonding orbital of the ligand, after the absorption of excitation
light photon (Figure 1.6). This causes the metal to oxidize and the ligand to reduce
(118). Thus the efficiency of this photophysical behaviour is strictly dependent on the
ligand ability to act as electron acceptor (114). What is formed is the luminescent

excited triplet state 3MLCT which can be efficiently quenched by 0, (119).
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Figure 1.6: A) Jablonski diagram (modified from (67)) describing the photochemistry
of metal-ligand complexes. Upon light absorption, the complex undergoes
intersystem crossing to the MLCT triplet excited state which then decays via radiative
and non-radiative pathways. B) Chemical structure of Ru(ll)(bpy)s?* and its metal-

ligand complexation reaction (67).

Such emissive MLCT states are often observed in complexes containing Ru(ll), Os(ll)
and Ir(lll) as central metals. These transition metals possess a unique d6 electronic
configuration that produces strong metal-ligand interactions and high luminescence
efficiency (118). Dyes that exhibit long decay times are more suitable for O, sensing
due to the increased likelihood of collisional quenching. Thanks to their favourable
spectral characteristics, transition-metal complexes have commonly been employed
as oxygen sensors. They are hydrophilic cationic species characterized by the
transition metal (strong oxidant) and ligands such as bpy  or dpp™ (strong reductant).
These ionic complexes are paired with counterions such as Cl- o ClO4 (67). The latter

produces lipophilic dyes suitable for incorporation in hydrophobic polymer matrices.

Ru(ll) dyes exhibit good photostability and brightness, broad absorption bands in the
visible range (400-480 nm), and relatively short lifetimes (0.5-5 us). Their moderate
sensitivity to O; requires appropriate polymeric matrices, while short lifetimes allow
faster signal acquisition rates in lifetime measurements and fluorescence imaging
using a pulsed excitation source with a high repetition rate (65, 120). Commonly used
Ru(ll) based oxygen-sensitive dyes include Ru(ll)-tris(bipyridine) chloride -
[Ru(I)(bpy)s]** and  Ru(tris-4,7-diphenyl-1,10-phenanthroline)  chloride -
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[Ru(I)(dpp)3]?*. The latter is the brightest among the polypyridyl complexes and its
lifetime is longer (6.4 us) (48). Moreover, due to it high lipophilicity it has mostly been
used embedded into nanoparticle structures (81). One more hydrophilic analogue is
the Ru-tris-phenanthroline chloride - [Ru(phen)s]?*, which was used for imaging of

O3 distribution in the liver (121).

Cyclometallated Ir(lll) complexes, such as the coumarin complex Ir(Cs)z2(acac) (102),
Ir(btp)2(acac) also referred as BTP (122) are characterized by medium-range lifetimes
under deoxygenated conditions (1-20 us) (90), moderate brightness, compatibility
with light emitting diodes (LEDs) (97), and good chemical stability. Their large Kgq and
shorter lifetimes, provide high signal acquisition rate (in TCSPC mode), thus allowing
for monitoring of fast processes. Moreover, their emission wavelength can be
efficiently tuned by changing the ligand structure (123). For example, coumarin
complexes are characterized by higher absorptivity in the visible range, higher QY and
thus high brightness compared to Ru(ll) polypyridyl dyes, and reduced temperature-
sensitivity. By modifying the nature of the coumarin ligand it is possible to fine-tune
the spectral characteristics and O3 sensitivity. Moreover, by embedding these probes
into polystyrene the dynamic range is significantly improved, however, their reduced
photostability limits any long term usage (102). More recently, several iridium(lll) BTP
complexes have been synthesized and applied for intracellular and in vivo O sensing
(124). They display excellent emission tunability, higher QY than Ru(ll) dyes and
efficient intracellular localization, with specific subcellular compartment

accumulations dependent upon their molecular structure (120).

1.5.2. Metalloporphyrins

For metalloporphyrins, the primary mechanism for phosphorescence quenching is
thought to be the resonance energy exchange, which produces singlet oxygen (10.)
(68). The rate constant for this proces, has been estimated as kq = 1/9 kd, where kd
represents the diffusion rate constant for the formation of the metalloporphyrin-

oxygen complex. The statistical spin factor of 1/9 suggests that only one out of the
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nine possible spin states of the complex corresponds to both products in the singlet

state (48, 68, 125).

Metalloporphyrins are among the most common and versatile indicators for O;
sensing, especially platinum(ll), palladium(ll) porphyrins and related structures. Their
triplet excited state is efficiently quenched by O; in solutions, as well as in O»-
permeable solid-state materials (126). Examples are complexes of coproporphyrin
(CP), octaethylporphyrin (OEP), and meso-tetraphenylporphyrin (TPP) (Figure 1.5).
These dyes exhibit distinct absorption spectra with a sharp Soret band around 380-
420 nm, having molar absorption coefficients (€) of 100,000 — 300,000 Micm™. They
also have smaller Q bands in the visible range of 500-550 nm, and give bright
phosphorescent emission in the red region between 630-700 nm (72). Their
unquenched phosphorescence lifetimes range 50-1000 us. Pd(ll) complexes
demonstrate 3 - 10 times longer lifetimes (0.5 — 1 ms) than their Pt(ll) counterparts
(20-100 ps) due to an increased spin-orbit coupling of the heavy metals. While Pd-
porphyrins are more useful for sensing of O, traces (84), Pt(Il) complexes have higher
emission quantum yields and molar absorption coefficients, producing brighter room
temperature phosphorescence and smaller Stokes' shifts. Their phosphorescence
lifetime range (20-80 ps) and spectral bands in the visible area are well suited for
physiological Oz sensing applications and ensures sensitive monitoring and

compatibility with laboratory detection systems (10, 21).

The red-emitting, hydrophilic tetra-carboxylic Pt(ll) coproporphyrin | (PtCP) has been
extensively used as highly sensitive phosphorescent labels in bioaffinity assays(106,
127). Thanks to its moderate chemical and photo stability and long phosphorescent
lifetime, its derivatives for intracellular delivery have been synthesized and optimized

(128, 129).

Another popular O, sensing dye is the hydrophobic Pt(ll) meso-tetrakis-
(pentafluorophenyl)porphyrin (PtTFPP) (84). It is characterized by medium range
lifetime (60 ps) and quantum vyield (QY) of 0.088 (in deoxygenated CH.Cl;) at room

temperature. Its Soret band peaks at 390 nm and two Q bands at 504 and 538 nm,
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with emission maxima at 647 nm and a shoulder at 710 nm (130). Its crystal structure
reveals a nearly planar porphyrin core (B-pyrrolic macrocycle coordinated with a
Pt(ll) atom in the centre) with orthogonal pentafluorophenyl rings which do not
result in any significant perturbation of the structure compared to the free base
tetraphenyl porphyrin (H2TPP) (130). Its high photostability is due to the electron-
withdrawing effect of the perfluorophenyl meso-substituents which decrease the
electron density of the porphyrin core and make the dye more resistant towards
oxidation by singlet oxygen (117, 131). To further reduce photodegradation, a series
of metalloporphyrins that incorporate halogen substituents was also synthesized
(132, 133). Some heavy halogen atoms like bromine, however, causes a substantial
decrease in QY and lifetime. In contrast, fluorine is a much better choice to improve

photostability thanks to its electron-withdrawing effect (21).

The B-substituted octaethylporphyrins, PtOEP and PdOEP, display high quantum
yields (~0.5) and long lifetimes (75 us for PtOEP and 770 ps for PAOEP) (109, 115).
Due to their hydrophobicity and tendency to photodegradation, they have been
mostly used in solid state sensors, particularly PtOEP immobilized in polystyrene (PS)
(30, 134-136) or polydimethylsiloxane (PDMS) (136). PtOEP-PS was one of the first

materials demonstrated in LT based O; sensors.

Excitation in the red part of the spectrum limits interferences coming from light
scattering and autofluorescence. For this reason new NIR-emitting phosphors have
become increasingly attractive, especially for biological and medical applications.
Thus, Pt(ll) and Pd(ll) octaethylporphin- ketones (PtOEPK and PAOEPK) and lactones
(PtTFPPL, PdTFPPL) are characterized by a pronounced bathochromic shift of the
Soret band (red-shift) and stronger Q bands (137). These dyes, synthesized via
oxidation of the OEP or TFPP core, respectively, show strong absorption Q band in the
570-600 nm region, although their NIR emission (~750 nm) is less bright than for their
precursors (64, 84). The dyes also have improved photostability, due to the

modification of the tetrapyrrole macrocycle (112).
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Other NIR-emitting tetrapyrrole dyes are the complexes of benzoporphyrins,
particularly the fluorinated Pt(ll)-tetraphenyltetrabenzoporphyrin (PtTPTBP) (108)
and its Pd(Il) analogue (138). They are m-extended porphyrins, with aromatic
structures attached to the porphyrin core which cause the bathochromic shift (21,
139). These meso-substituted derivatives are highly photostable, exhibit emission
bands at 700-800 nm, high QY, strong Soret, and Q bands excitable with red or blue
LEDs or lasers (64, 140). These dyes have demonstrated their superiority in solid-state

sensors over the other phosphors.

1.6. Sensor materials

An O3-sensitive material typically consists of an oxygen-sensitive dye (phosphor)
embedded in an appropriate quenching medium. Liquid probes are directly added to
the sample, which is usually aqueous media. Whereas a solid support is required for
solid-state sensors for hosting the phosphorescent material in the form of a thin film
coating (65, 74). The sample oxygen diffuses from the medium to the phosphorescent
material, which generates a luminescent response determined by the O

concentration (10).

The main types of sensor materials are solid-state sensors and water-soluble probes,
sensor nanoparticles (NPs) and metal organic frameworks (MOFs) structures lying in
between (64, 65). In general, solid-state sensors are better suited for long-term
applications, real-time and continuous monitoring of changes in oxygen levels in
large samples, and absolute [O;] measurements. Whereas water-soluble probes are
better suited for screening applications (e.g. drug safety, cell analysis, respirometry),
localized oxygen measurements at the microscale level, kinetic measurements of

oxygen gradients within specific cell compartments, and live cell microscopy (74).

1.6.1. Solid-state sensors

This category typically consists of a lipophilic Oz-sensitive phosphor, immobilized in
a hydrophobic polymer acting as the quenching medium, and applied as a thin film

coating of a suitable support material. The solubility and chemical compatibility of
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the indicator with the polymer is fundamental to avoid dye aggregation (48). The
choice of polymer depends on the dye quenchability by O,. Here short decay times
of the dye can be compensated with a higher Oz solubility and permeability (74) to
achieve optimal sensitivity to O, (141). Physical-chemical stability (adhesion to the
solid support) and biocompatibility (142) of the sensor are also important. Commonly
used polymer matrices for O, sensors include PS, polycarbonates, fluorinated
polymers, co-polymers, silicones, sol-gels, PVC and hydrogels (10). Dye encapsulation
in polymeric matrices also provides shielding effect for solid-state O, sensors, which
normally have well defined and stable working characteristics, quenching properties
and O; calibration, reduced quenching interferences and unwanted interactions with
sample components. For easier handling and faster response, sensor precursor (a
cocktail in an organic solvent) can be deposited as a thin film coating on a solid
support, and subsequently dried forming a solid-state sensor (143). The common
formats are sensor membranes, inserts, planar films, dots on plastic substrates

(microplates, vials), on optical fibre tips or in microfluidic devices.

Typical sensor support materials include a polyester film (Mylar®) (144, 145), glass
slides, microporous membranes (146), bottom of a microwell or a microscopy dish,
inner surface of a cuvette (10). The sample is placed in direct contact with the sensor
coating, and the optical signal is collected by contactless measurements with an

external detector.

The sensing layer can also be deposited directly on the tip of an optical fibre (147-
151). Such optodes are characterized by high sensitivity, low maintenance, accuracy,
and reliability. They are chemically inert, non-toxic, allow remote sensing with high
spatial resolution and access to locations of the body that are hard to reach (21).
Commonly, the polymer and the indicator dye are dissolved in an appropriate organic
solvent to produce a “sensor cocktail” (50). The cocktail is subsequently spotted onto
the solid support and dried to evaporate the solvent. Spin coating or dip-coating
(152) techniques are also commonly employed. Such solvent-based incorporation
does not fully prevent migration of the dye from the coating into the sample or

support material (143). To prevent that, covalent linkage of the dye molecules to the
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polymer, via appropriate functional groups, can be used (153-155), however the
costs of sensor fabrication increase. More recently, the spot-crazing technique was
developed, which is based on the impregnation of a polymeric film with the dye,
using a crazing solvent (156). This causes the formation of nanopores which entraps
the dye molecules, generating sensors with near-optimal sensitivity to 0, (157).

Another type of solid-state sensors is the extrudable O, sensors fabricated via the hot
melt extrusion technique. This manufacturing technology is especially common for
the processing of plastics, as well as some advanced pharmaceutical formulations. It
entails the pumping of an amorphous solid dispersion through an extruder,
characterized by one or two rotating screws, at high temperatures, obtaining a final
product of uniform shape. An example of dispersion is characterized by cross-linked
polymeric microsphere impregnated with a phosphorescent dye dispersed in a low
density polymer such as polyethylene or polylactic acid (extrudable polymers) (158).
This formulation has been specifically designed for food packaging applications. This
fabrication process allows uniform dispersal of the phosphorescent material, without
incurring dye solubility or aggregation issues. 3D printing has been extensively
employed for the manufacturing of devices (i.e. microfluidic cells) that use indicators
for biochemical or chemical sensing. Recently it was applied for the manufacture of
filaments containing the indicators themselves. The first 3D printable, optical O;
indicator was produced by combining the extrusion technique to obtain an
homogeneous dispersion of PtPFPP-coated silica microparticles into a filament
containing the indicator, followed by 3D printing of the indicator dot onto a solid
support (159). Extrusion-based 3D printable sensors are reproducible and easily

scalable, allowing for large production of low cost O3 indicators.

Solid-state sensors are reliable and robust, have good operational stability, are
relatively inexpensive, do not contaminate the sample, and allow accurate and
repetitive measurements and continuous monitoring of Oz in various samples,
experimental settings, and applications. However, for biological applications solid-
state sensors are limited by their fixed structure and location, hydrophobicity of the

polymer coatings, potential cyto- and photo-toxicity effects (11, 74).
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1.6.2. Soluble probes

Water soluble probes are not attached to any surface, instead they are directly added
to aqueous samples acting as quenching medium. They distribute across the whole
sample and are quenched by dissolved O,. Such probes provide flexibility in terms of
sample type and size, platform, and measurement task. They can be used in complex
biological samples such as cultured cells, and 3D tissue-models (organoids and
spheroids), with the ability to penetrate the cells and stain intracellular
compartments, or to perform extracellular O, measurements (5, 160).

However, soluble O, probes are more prone to quenching interferences by sample
components, binding to surfaces and sample components, photobleaching,
especially at low concentration (74). Different kinds of soluble O, probe structures
have been developed, for intravital, extra-cellular and intra-cellular sensing, and

macroscopic and microscopic imaging of O;.

The first type is small molecule probes, comprising hydrophilic derivatives of PtCP
(161) and PtTFPP (160), or complexes of Ru(ll) (162) and Ir(lll) (163) dyes. Their
advantages are ease of synthesis, and tuning for exclusion or efficient uptake by cells
and distinct localization in subcellular compartments. These attributes make them
suitable for intracellular oxygen measurements (90). However, due to their large and
hydrophobic aromatic core, they tend to non-specifically bind proteins and cell
surfaces, and migrate within the sample. Their interaction with biological substances
needs to be considered: the lack of protection from the environment makes such
probes susceptible to interferences. Due to these interactions or non-homogeneous
distribution within the cell or tissue, small molecule O, probes often produce

complex phosphorescence decays or unstable Ksv and calibration (65).

Some of these issues can be partly solved by binding or covalent linkage of the
reporter dye to hydrophilic macromolecular carriers such as proteins (serum
albumin) or PEG, to produce supramolecular probes (126). This increases the
solubility of the probe, stabilises its O> sensitivity and calibration, and makes the

probe cell-impermeable. An example of such a probe is MitoXpress (127), a
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monofunctional derivative of BSA-PtCP (106) which has convenient spectral
characteristics (UV-Vis range, and large stoke’s shift), high brightness and relatively
long lifetimes. MitoXpress is compatible with widely available detection
instrumentation - multi-label plate readers with TRF and RLD capabilities. It is
routinely used for extracellular and intracellular lifetime-based O, sensing, although
intracellular measurements require additional transfection reagents for the probe

(88).

Another type is the cell-impermeable dendron-coated probes developed by
Vinogradov (164, 165), in which the metalloporphyrin core is modified with
hyperbranched polymers (polyglutamic acid and poly(arylglycine) dendrons) and
then with poly-ethylene glycol (PEG) chains. These probes were designed specifically
for intravitreal and interstitial O, measurements in the brain and in solid tumours
(164). The peripheral modifications allow tuning of optical and physical properties,
quenchability by O, linearization and stabilisation of calibrations (65). The dendritic
chains also create a protective and biocompatible environment (166) which 'shields’
the dye, ensures predictable diffusion of O, to the phosphor (167), improved
hydrophilicity and solubility in aqueous media without aggregation at high
concentrations (90). Moreover, the dendrimeric structures have the ability to fold in
aqueous environment, creating an O; diffusion barrier, which allows for precise

control over the sensitivity and dynamic range (168).

1.6.3. Particulate sensors

Micro- and nanoparticle sensors (NPs) have gained popularity thanks to their high
brightness and tunability. They combine the phosphor protection by the polymeric
matrix, with the flexibility and minimal invasiveness of the small particle size (21, 72).
Fabrication procedures for such sensor nanobeads include emulsion polymerization
of the monomer mixed with the dye (169-171), or precipitation of amphiphilic
polymers by solvent displacement (172), which forms core-shell nanostructures
(173). This latter method does not require surfactants or other additives, and it allows

uniform distribution of the dye. The polymeric matrix can either covalently bind
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phosphor molecules, or non-covalently trap them (physical entrapment) within
nanoparticles during their formation. Since sensor NPs are usually used with aqueous
samples, hydrophobic dyes are usually incorporated in the hydrophobic core of the
NP structures, to prevent dye leaching during measurements or storage, while the
external hydrophilic shell provides stability in aqueous solutions and cell penetration
abilities. Moreover, the indicator should be soluble in the polymer to prevent its
aggregation.

One example of a NP probe for sensing and imaging applications is PEBBLE - Probe
encapsulated by biologically localized embedding (174), it is obtained by non-
covalent incorporation of the dye by microemulsion polymerization generating
spherical particles with submicron size (175, 176). PEBBLEs were used for intracellular
small analyte sensing, often formulated with a second dye for ratiometric
measurements. Several luminescent NPs for intra and extracellular O2 sensing, and

imaging have been reported in the literature (148, 169, 177-180).

1.6.4. Metal-organic frameworks (MOFs)

MOFs gained attention during the past decade due to their structural and functional
tunability. They have been used in chemical (as catalytic substrates) and biomedical
applications (as drugs or imaging agents, photodynamic therapy), and in
optochemical sensing. MOFs are self-assembling materials produced by mixing metal-
containing nodes/clusters and organic linkers, which constitute the building units.
This class of crystalline materials has high porosity and internal surface area(181),
which allow high load of cargo and its effective transport through the framework
channels. More recently nanoscale MOFs (nMOFs) have been explored for biomedical
applications. They enable intracellular sensing, multi-functionalization for cargo co-
delivery, with temporal and spatial control of cargo release by tuning of the
framework stability in physiological environments (synergistic combination therapies)
(182). A number of luminescent MOFs have been synthesised using phosphorescent
organic linkers (183, 184) or by encapsulation of ionic phosphors in the MOF structure
(185, 186). Despite the recent discovery of intracellular delivery of MOFs, there is still

limited understanding of their possible biological interactions, cell penetration
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mechanisms and cargo release in the cell (187). With regards to cellular oxygen
sensing, only a few luminescent nMOFs have been designed to incorporate within
their framework oxygen sensitive materials such as porphyrins (183), and metal-

ligand complexes (188), for intra and extracellular applications.

1.6.5. Intracellular Oz sensing and cell targeting strategies

Intracellular sensing has always been an important task for O, sensors. It can be
achieved using fibre optic sensor consisting of a tapered glass tip that can be directed
inside the cell. However, such an invasive device and methodology cause

perturbation of the biological sample and damage to the cell.

Many existing phosphorescent based O; probes are not able to penetrate the cells on
their own. Thus, negative charges present on the small molecule dye or NP sensors
prevent the interaction with cell membrane (also negatively charged) and subsequent
translocation. Cationic probes tend to have good cellular penetration (189) and water
solubility (177, 190), but often show prominent cyto- and photo- toxicity due to

nuclear accumulation and DNA binding (191).

A number of instrumental techniques have been developed such as microinjection
(192), or more invasive techniques of cell permeabilization and electroporation (193).
Some NP O; sensors and probes, which are intrinsically cell-impermeable, can be
brought into the cells by facilitated delivery methods. Thus, projectile delivery with a
‘gene gun’ was successful for PEBBLES (81), and transfection reagent Lipofectamine -
for MitoXpress probe (194), although such techniques are still stressful for the cell.
Facilitated loading can be achieved using transfection reagents such as EndoPorter
(195) or Escort 11l (196) which increase endocytosis, as demonstrated in conjunction
with the cell impermeable probe MitoXpress. However this method was slow, with

rather poor efficiency and inconsistent across cell lines (190).

On the other hand, the use of dedicated oxygen-sensitive molecular probes or NP
sensors with intrinsic cell-penetrating ability is more efficient, versatile, and cell-
friendly approach. However, design of high-performance intracellular probes is

challenging and currently available O probes still have many limitations.
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For intracellular (IC) probes, high cellular uptake efficiency and specific sub-cellular
localization are necessary (97). Moreover, the probe has to remain within the cell and
in a designated compartment for sufficient time to allow optical measurements
without causing significant cyto- and phototoxic harm (190). The signal should also

be strong, stable, with high S/N ratio and optimal sensitivity to 0, (197).

This can be achieved via chemical modification of peripheral functional groups with
substituents such as primary amino or aliphatic hydroxyl groups (124, 198), low
molecular weight PEG, sugars (160, 199, 200) or hydrophobic ethyl ester groups (190)
or lipophilic cations (198). Although for most phosphors there is a need to increase
water solubility for better cell penetration, and lower non-specific binding, excessive
hydrophilicity of the phosphor could negatively impact its uptake efficiency and O
sensitivity. Thus derivatization with more lipophilic groups or ligands might be

necessary (162, 201).

Introduction of a suitable biological “delivery vector” is an effective strategy to
increase cellular uptake and tune subcellular localization. For example,
phosphorescent probes based on cell penetrating peptides (CPP), which are part of
the family of supramolecular structures, allow facilitated intracellular delivery (202).
Such vectors usually consist of polyarginine (128) or proline-rich peptides (natural
bactenecin peptide or synthetically designed)(203), synthetic TAT-derived peptides
(trans-activator of transcription) (203) small positively charged polypeptides, capable
of crossing the cell membrane while carrying a much bigger cargo. They are
conjugated to hydrophilic derivatives of the phosphor to allow its passive loading,
retention and improve its sensing properties. Some examples are described in Table
3. Of note, several derivatives of PtCP conjugated with TAT-derived peptide (129),
bactenecid 7 fragment (203) and poly-arginine peptides (128) were synthesized,
achieving efficient intracellular staining and application for measurement of O;
dynamics. These derivatives show specific subcellular localization: cytoplasmic
(PEPPO, PtCPTE-CFR9) or nuclear (PEPP3). Mitochondria specific O, probes were also
proposed, mostly based on Ir(lll) complexes. The first was BTP-Mito (198) containing
a triphenylphosphonium (TPP) cationic group which facilitates mitochondrial

accumulation. Other Ir(lll) complexes with m-extended electronic system (NIR
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emission), were also developed bearing 5-amino-1,10-phenanthroline ligands (204).
Moreover, a nuclear targeted O, probe based on an Ir(lll)ppy derivative bearing a
DNA intercalator ligand (tetra-pyridophenazine), was synthesised for nuclear staining

and hypoxia monitoring (185).

Other than traditional chemical modifications, facilitated uptake of metalloporphirins
can be achieved via their covalent attachment to a suitable macromolecular carrier.
Thus, metallochelate coupling employs a modified nitrilotriacetic acid (NTA) ligand
coordinated with a metal ion (i.e. Ni?*, Zn%*, Co%*, or Cu?*) which can coordinate
certain amino acid residues, usually oligo-histidine sequences. This technique is used
for recombinant protein capturing, purification, and fluorescent labelling (205, 206).
Metallochelate coupling of phosphorescent porphyrins was also reported: PtCP and
PtPFPP bearing Zn?>* NTA moiety were used to label small peptides (His- and Arg-
containing CPP - Hise-Gly2-Args amide), fluorescent protein for ratiometric
measurements (EGFP via N-terminal Hise-tag), and self assembling virus-like
nanoparticles (ELPCP with N-terminal Hise-tag). Best intracellular uptake and
retention of optimal photophysical characteristics were observed with the PtPFPP-
NTA coordinated with histidine containing peptide(207). Three different free-base
porphyrins containing the Lysine-NTA ligand were examined. Although doubts were
raised regarding their cellular uptake and chemical stability (208), this promising

approach requires chemical tuning and further refinement.

CPPs, PEGs, targeting moieties and derivatization with charged molecules are all
strategies that can also be employed for surface modification of NP structures, to
enhance their cell permeabilization, and/or protection from interfering
components(s (160). Especially successful NP for IC O, sensing have been synthesised
using the positively charged polymer RL-100 which provides fast IC staining, high
brightness, efficient shielding and minimal cytotoxicity (177, 209).

Currently, CPP-based O, probes and core-shell polymeric and cationic nanoparticles
of hydrophobic dyes, are the most effective designs to obtain cell permeable probes
with reliable intracellular sensing characteristic for mammalian cells. Some examples

of available O, probes are summarized in Table 3.
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Table 3. Examples of available phosphorescent O; probes.

styrene core and

Probe Phosphor and Detection Application
(Ref) Format modality
Extracellular
Mlt:oXpress'— PtCP Supramolecular SM TRF, RLD Assessment of cell
conjugate with BSA bioenergetics (OCR)
(106) '
Oxy(T;z)r R2 PdTCPP Dendrimer FLIM Monitor microvascular
and interstitial pO2
Oxyphor G2 PATCPTBP Wide field, FLIM  In vivo O, distribution in
(164) .
Dendrimer subcutaneous tumour
Oxyzgllig;' 2p PtTAPIP Dendrimer Two-Photon PLIM Deep-Tissue Longitudinal
Oxygen Imaging
Intracellular
MitoXpress PtCP-BSA conjugate - TRF, RLD Cell oxygenation and OCR
with EndoPorter supramolecular SM Quantitative
facilitated uptake Metabolic responses
(88)
PEPPO PtCPTE- modified
(203) bactenecin 7 peptide Cellular oxygenation
fragment
SM-CPP TRF, RLD Quantitative analysis
PtCPTE-CFR9 PtCPTE-TAT derived
(129) peptide ELIM Metabolic responses
SM-CPP
PEPP3 PtCP(PFP)s- Specific sub-cellular
(128) polyArginine localization
SM-CPP
Mitolmage™ NanO2 PtPFPP embedded in  Single Photon FLIM Changes in oxygenation,
(177) RL-100 NP TRF, RLD imaging, quantitative
IC[O2] measurements
BTP-Mito Ir(11l) BTP — TPP+ Lifetime-based Mitochondria targeted Oz
(198) complex sensor
SM
Mitolmage™ MM2 PtPFPP-PFO Single or Two Live-cell fluorescence
(178) embedded in RL-100 Photon FLIM / imaging: cell oxygenation
NP Ratiometric and changes in O2
Intensity concentration/respiration
ST-PtTFPP PtPFPP Core-shell NP Lifetime-based Quantitative O2
(211) (Hydrophobic measurements and Oz

mapping in living cells

hydrophilic NIPAM and tissues
shell)
Mitolmage™ NanO2 PtBP in RL-100 Single Photon FLIM Imaging of real-time
IR hydrogel NP oxygenation within
(212) specific brain regions
R-Uio PtDBP-RITC Ratiometric Intracellular Oz sensing
(183) nMOF Intensity

n.b: SM = small molecule; NP = nanoparticle; CPP= cell penetrating peptides
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1.7: Core biological applications of optical O, sensing and measurement
platforms

Initially, optical oxygen sensing was directed towards the biomedical, bioenergetic
and toxicological studies of simple macroscopic samples such as perfused tissues or
suspension cells (intravital and ex vivo studies). With the technological
advancements, more complex systems can now be analysed such as adherent cells,
respiring organs and tumoral tissues, 3D models which mimic physiological
conditions in vivo, and on a micro-scale level such as isolated mitochondria or single
cells (160).

The main parameters that can be monitored for biological respiring samples are: (i)
oxygenation state of the sample, (ii) O2 consumption rate (OCR), (iii) localised O3
gradients and their spatial distribution, (iv) dynamics of O3 fluctuations due to cell
treatment or changes in cell function(65). These parameters serve as indicators for
assessing cell viability, developmental stage, metabolic responses, pathological

conditions, and toxicity effects.

1.7.1. Mitochondrial respiration

Mitochondria are the main producers of ATP via OxPhos and consumers of O via the
Electron Transport Chain (ETC). Thus, they are fundamental for the study of cellular
patho-physiological processes i.e. apoptosis and autophagy, generation of ROS, Ca?*
signalling, and cellular homeostasis (213). These organelles can be isolated from cells
and tissues while retaining their essential functions (214). Phosphorescence
guenching based respirometric screening assays have been applied to assess
mitochondrial function, drug-related toxicity, gather mechanistic insights into
respiration states, drugs activity, and study of processes associated with OxPhos
(215).

However, this method has limitations, particularly its lack of relevance to the whole
cell context. It tends to overestimate the effects of drugs that cannot easily penetrate
cell membranes and reach mitochondrial components. Additionally, it does not take

into account the specific transport mechanisms, tissue specificity, or effects on other
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metabolic pathways that characterize each drug (216). These limitations can be

addressed by analysing whole cells.

1.7.2. Mammalian cellular respiration

The traditional assessment of drug induced mitochondrial toxicity relied on the
polarographic technique using Oz-electrode. This low throughput respirometric assay
measures the O, consumption using ADP containing medium to identify
mitochondrial inhibitors, and ADP free medium to identify uncouplers (10, 216, 217).
On the other hand, OCR assays based on phosphorescence quenching technique,

offer higher throughput and automation.

Mammalian cell cultures offer a reliable platform for studying cellular processes by
closely simulating the physiological environment. They enable researchers to
consider interactions with neighbouring cells, transport of essential nutrients,
influence of regulatory networks and compensatory mechanisms, metabolic and
signalling pathways, and other secondary factors within the cells (218). Furthermore,
it is possible to examine non-mitochondrial oxygen consumption in this context
(219). Dedicated detection methods have been developed to monitor respiration in
cell populations using a TRF plate reader, while examination of single cells and
heterogeneous tissue samples require 2D and 3D O; imaging techniques, particularly

PLIM microscopy (5).

Assessment of absolute OCR values is carried out in a sealed environment such as an
hermetically sealed cuvette or stirred chamber (220) (Figure 1.7A, B). However, for
high throughput respirometric analysis, comparison of relative OCR values is often
sufficient for the assessment of cell bioenergetics, metabolism, and toxicity. In such
cases, the vessel does not require complete sealing. A partial seal of the sample
generates a barrier for atmospheric O, back-diffusion, thus promoting the formation
of O, gradients in the medium with cells (221). Examples of such high-throughput
miniaturized setups include standard microtiter plate formats with solid-state sensor
coatings (222) or extracellular soluble probes (166, 221) which allow the

measurement of average OCR and O; concentrations, on standard or customised
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fluorescent readers, including those equipped with gas control (4, 11) (Figure 1.7C).
This setup allows for multiplexed measurements of ECAR (the rate of conversion of
pyruvate into lactic acid, a measure of glycolysis), combined with the OCR data, to
give a detailed assessment of cell bioenergetics and their alteration upon drug

treatment (162).
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Figure 1.7: Common OCR measurements setups. A) Hermetically sealed quartz
cuvette with Teflon stopper. B) BioTek (Agilent) Cytation 5 Cell Imaging Multimode
Reader equipped with atmospheric control. C) Microwells sealed with oil, with either
adherent cells (or suspension) and soluble probe, or suspension cells and sensor
coating. D) Seahorse XF Analyser for OCR and ECAR measurements on adherent cells

(222). E) A six channel p-Slide for parallel flow assays (lbidi.com).

One setup developed by Luxel Bioscience, is a 96/384-well plate with a partial seal
obtained by adding heavy mineral oil on top of the liquid sample (approximately 100
pL) at the start of the measurements (223). The signal of the O, probe is correlated
with the O, concentration and relative OCRs of resting cells, or after drug treatment
(221). The changes in oxygenation are detected by the extracellular soluble probe
MitoXpress which is measured on a TRF plate reader by the RLD method (LT-based

sensing), at one excitation and one emission wavelength. This is a convenient and
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flexible format of O, respirometry for many types of mammalian cells (suspension
and adherent) and bacteria (Figure 1.8. A,D), which can process large numbers of
samples (1). The favourable photophysical characteristics of the MitoXpress probe
allow its multiplexing, without any crosstalk, with a lanthanide fluorescent pH-probe,
for parallel measurements of ECAR in the same sample. MitoXpress probe can also
be used in other fluorescent cell-based assays (10), however oil-sealed wells only

allow for end-point measurements, impeding repeated treatments (224).

This problem is solved by the platform developed by Seahorse Bioscience, also known
as Seahorse XF Analyser (222) (Figure 1.7D). It is specifically designed for repeated
high-sensitivity analysis of OCR in samples with adherent mammalian cells. It uses
special 24/96 well microplates with moving pistons, the tips of which contain solid-
state O; and a pH sensor coating. The pistons, when introduced into assay wells
create sealed microchambers (200 nm height) with high cell-to-media volume ratio.
This allows for a highly sensitive, rapid (few minutes) and simultaneous
measurement of absolute OCR and extracellular acidification rate (ECAR). Moreover,
the system allows multiple measurements with additions of stimulators, inhibitors or
substrates via automated drug injection ports during the experiment (4). However, it
is poorly suited for bacterial cells, relatively expensive due to the presence of solid-
state sensors, has complex detection optics, is subject to sensor cross-talk and
unstable calibrations, complex data processing, and it operates in intensity-based

sensing mode (1, 225).

Perfusable plastic biochips can operate with suspension or adherent cells, and with
3D cell/tissue models such as multicellular spheroids and organoids. They have
microchannels where test cells are seeded with a micropipette, limiting Oz diffusion
by the Oz-impermeable plastic body and by the length of the narrow channel (Figure
1.7E). Such biochips provide reproducible, rapid and sensitive measurements, and
compatibility with both plate readers and fluorescence microscopy detection
modalities (226). They also allow reperfusion of the sample and repetitive analysis

with multiple treatments (227).
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Thus, multi-parametric OCR/ECAR platforms have been developed for cell-based
mitochondrial toxicity screening. These platforms have been validated with several

commercial compounds on whole cells, showing comparable data (221, 228, 229).

OCR is a direct indication of the mitochondrial respiratory activity and thus reports
on the bioenergetic status of the cell (10). Cell respiration, measured via oxygen
consumption rate (OCR), is sensitive to metabolic changes, thus can be used to study
cellular responses to drug action, drug-induced toxicity, cell bioenergetics using
inhibitors or uncouplers of mitochondrial respiration, and adaptation to hypoxia (202)
(Figurel.8. A). Many drugs target mitochondria, leading to reduced aerobic
metabolism and cell death (228). Consequently, drug toxicity and safety evaluation
increasingly rely on OCR measurements with relevant cell models.
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Figure 1.8: Respiration profiles obtained with different cells and measurement
platforms. Cellular respiratory responses to mitochondrial uncoupler (FCCP) and
mitochondrial inhibitor (Antimycin A) obtained A) with the extracellular probe
MitoXpress with partial oil seal (Agilent.com) or B) with icO, probe NanO; in open
well (177). C) O2 consumption profiles for MEF cells grown at different densities in a
microfluidic chip, upon sequential medium reoxygenation steps. D) Typical
respiration profiles of bacterial cells seeded at different densities, measured using
MitoXpress oxygen probe and a TRF reader in phosphorescent intensity mode. (C, D

obtained from (11)).
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Standard OCR measurements with respiring cells in screening assays do not account
for heterogeneous O; distribution in tested samples, local gradients, and their
dynamics. These parameters can be addressed by measuring Oz in unsealed samples
under steady-state conditions (10). In this setup, cellular O, consumption is balanced
by diffusion of ambient air O, back into the sample (177) (Figure 1.8B). Intracellular
02 sensing has been applied for study of in situ oxygenation and subcellular O3
distribution, cell metabolism and responses to metabolic stimulation. In fact, due to
the mitochondrial consumption of O, and its passive diffusion from the atmosphere,
local gradients are formed which can be monitored via kinetic O, measurements or

imaging of the icO; probe (5).

A real-time method carried out on open microtiter plates, allows monitoring of cell
oxygenation upon metabolic stimulation, by measuring the signal from the icO;
probe which corresponds to the transition of the sample to a new steady state (88,
129, 177, 230, 231) (Figure 1.8. B). For metabolic studies, resting and uncoupled cells
are measured to determine basal and maximal respiration respectively, while
glycolytic fluxes are assessed by ECAR measurements. In these conditions, there are
several parameters that can interfere with cell oxygenation such as temperature,
viscosity, and height of the medium, atmospheric pO; as well as sample geometry,
which need to be kept constant. Finally, in this setup addition of effectors in the

course of the experiment and during monitoring is possible.

1.7.3. Bacterial respiration

Aerobic bacteria require O3 to sustain their metabolic processes. When compared to
mammalian cells, typical aerobic bacteria exhibit significantly faster proliferation
rates (approximately 30 minutes compared to the 24-48 hours observed in
mammalian cells) (232). Typical growth profiles produced by aerobic bacterial
cultures exhibit a lag phase, an exponential growth, and a stationary phase caused
by substrate consumption, followed by death. Measurement of bacterial cell
respiration by optical oxygen respirometry allows the monitoring of microbial growth

and metabolism, effects of antimicrobial treatments, presence of microbial
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contamination, and food spoilage. It is a high throughput analysis method that has
been employed in the food and pharmaceutical industry, biomedical research, and

environmental science (10).

The O; probe optical signal increases over time in response to the change in the
oxygenation from air saturated to deoxygenated conditions caused by the bacterial
growth. This produced the typical sigmoidal profiles (phosphorescent intensity (RFU)
or lifetime (us)) (233, 234) (Figure 1.8D). The O signal allows determination of
sterility or presence of bacterial load and provides information about the growth rate
and their metabolic activity. By using a predetermined calibration equation, it is
possible to count the number of bacteria in the sample (total aerobic viable counts
(TVCs)), making this method a valuable alternative to tedious standard agar plating
counting methods. Specifically, the microbial count of the original sample as CFU/g
or mL is determined by the time taken to reach the signal threshold. It also allows
calculation of doubling times and predictive analysis of bacterial species and

determination of EC50 values (235).

Several platforms are commercially available for high throughput analysis of
microbial growth. A standard micro-respirometry platform uses MitoXpress probe
(Luxcel/Agilent) added directly to liquid samples containing E. coli and measured in
standard 96/384-well plates on a benchtop time-resolved fluorescence (TRF) reader
(234, 235). As described above, this method was initially developed for mammalian
cell cultures (236) and then extended to bacterial cells (237), and is regarded as the
golden standard in micro-respirometry. Based on the same approach are the BD
Biosensor plates from Beckton Dickinson which employ a solid state sensor film at
the bottom of each well to detect microbial oxygen consumption- (238). More
recently a new swab testing portable platform was developed based on disposable
plastic tubes containing a solid-state sensor coating (NIR Pt-benzoporphyrin)
deposited inside a handheld reader such as Optech (Mocon/Ametek) or Firesting-

GO; (Pyroscience GmbH) for signal redout (239).
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1.7.4. Tissue models

Organotypic 3D tissue models mimic the in vivo micro-anatomy, organ functions, cell-
cell interactions, and factors like limited nutrient supply and O, availability. Examples
include multi-cellular spheroids, cellular aggregates, tissue slices, organ explants, and
artificial tissue. Such models are commonly used in drug screening, hypoxia research,
and developmental biology, and mapping of O; levels in these models is important.
The use of cell-penetrating phosphorescent probes allows monitoring of oxygenation
in real-time, and their multiplexing with other cell biomarkers and fluorescent probes
allows detailed understanding of cellular and tissue physiology at the subcellular
level (65). Phosphorescence imaging techniques, such as confocal PLIM microscopy,
are particularly advantageous when examining complex heterogeneous samples.
PLIM can provide detailed 2D and 3D maps of O, concentrations and can even reveal
02 gradients near and within individual cells (5). Wide-field microscopy only allows
for semi-quantitative or point measurements of O, and does not facilitate detailed
3D visualization of Oz distribution.

Examples of efficient O, imaging probes are the nanoparticulate MM2 (178) and
NanO2 (177). While these nano-sensors effectively penetrate cells in 2D and 3D
cultures, they face challenges for whole-body in vivo imaging due to phagocytosis
induced by their positive charge (240, 241), as well as suboptimal excitation
wavelengths (blue shifted). Valuable alternatives are the dendron coated probes
obtained by subsequent modification by polyethylene glycol (PEG) arms. PEGylation
prolongs circulation in the bloodstream enabling imaging of intravascular O;
gradients or assessing tumour oxygenation (242). However, these probes are cell-

impermeable and unsuitable for intracellular oxygen measurements (93).

1.7.5. Measurements in vivo and ex vivo

Quenched phosphorescence O sensing has been extensively used for in vivo
measurements of O, mainly employing extracellular, cell-impermeable probes
injected intravenously in live animals. Intravital oxygen probes, featuring light-
harvesting antennae and a PEGylated shell, allowed the study of cerebral

vasculature, neuronal activity, tumour oxygenation, microcirculation, muscle
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physiology, and retinal oxygen tension. PEGylation prolongs circulation in the
bloodstream enabling imaging of intravascular O, gradients (221). These probes have

also been employed for tomographic imaging at the macroscopic level.

1.8. PtPFPP dye and its chemical modifications

PtPFPP, like most O; sensitive dyes, is hydrophobic and cannot be solubilized and
used in biological agueous media. To enable this, PtPFPP can be incorporated in solid
state polymeric sensors (131, 243), encapsulated inside the NP structures (177, 244),
or micelles formed by amphiphilic block or graft copolymers or hydrogels (245-247).
The dye can be left unmodified or covalently linked to the sensor matrix (248, 249).

At the same time, the four liable para-fluorine atoms of PtPFPP allow nucleophilic
aromatic substitution with nucleophiles such as amines, thiols or alcohols by click-
modification (250-252) (Figure 1.9). This way, PtPFPP can be modified with peripheral
substituents that improve hydrophilicity (253-256), modulate the photophysical
properties and cell targeting (257, 258), enhance cell internalization (160, 202), or
provide a scaffold for further chemical modification (207, 259, 260). Moreover, such
small molecule structures enable covalent coupling with silica gel (155) or polymeric
materials such as polystyrene (131) to prevent dye migration and leaching from the
sensor matrix(251). Phosphorescent properties of PtPFPP and its derivatives are
compatible with standard plate readers, so they can be measured in TRF and RLD

modes for sensing O3 in respiring cells and samples.
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Figure 1.9: Scheme of nucleophilic substitution of the p-fluorine atoms via click-

modification.
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The nucleophilic substitution can be achieved sequentially producing mono- di- tri-
or tetra- substituted derivatives in different configurations. Relevant examples
include the monosaccharide derivatives with thio-galactose (PtGals) and thio-glucose
(PtGlcs) moieties (160). Both tetra-substituted derivatives were found to provide
efficient intracellular staining of mammalian cells in 2D cultures, and in-depth
staining of multicellular 3D micro-tissue models. It is worth noting that carbohydrate
derivatives of porphyrin dyes were seen to enhance cancer cell targeting in
photodynamic therapy (PDT). Glycoconjugation not only improved cell recognition

and uptake, but also enhanced water solubility of the drug (200, 261, 262).

Such chemical modifications also hold promise for intracellular delivery of sensing
materials. In contrast with the highly photo- and cyto-toxic PDT agents, the PtGlca
and PtGala probes did not show any significant impact on cell functionalities such as
ATP production, or total acidification rate. This was correlated to the different cell

types, probe concentration and time of illumination (160).

As mentioned in section 1.6.5. PtPFPP was also employed to produce metal chelate
NTA derivatives coordinated with histidine containing peptide which enhanced
cellular uptake of such probe (207). Also in this case, the conjugates were obtained

via the amino group available on the lysine derivative of NTA.
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1.9. Conclusions and project objectives

O is one of the most important physiological parameters involved in governing
cellular respiration, metabolism, and homeostasis. Measurement of O, concentration
and OCR provides new insights into cellular processes, facilitating a comprehensive
understanding of normal and pathological states of the cell and responses to various

treatments.

Among the techniques available for O, measurement, the phosphorescence
quenching method has many advantages. Based on the ability of phosphorescent
sensors and probes to respond reversibly to O, this versatile optical technique has
established itself and also enabled the development of many new applications, which
include minimally invasive measurement systems with high spatial and temporal
resolution. It helps to elucidate the dynamics of O, transport in microenvironments,
aiding the understanding of tissue oxygenation in disease states. From cellular and
tissue-level analyses of free O, to the monitoring of oxygen gradients in complex
biological matrices, both in vivo and in vitro, this technique has demonstrated its

value in biomedical research.

Overall, optical O; probes and NP sensors are well established, providing a range of
analytical tasks, and non-invasive, continuous, and precise monitoring of dissolved
free O in various samples including live respiring cells. Among the numerous oxygen-
sensitive materials, phosphorescent Pt(Il) porphyrin probes have emerged as useful
and efficient tools for many applications. They provide robust quantification, and
high-resolution imaging of O levels in various mammalian cell lines and tissue
models. These phosphors exhibit versatility across the different O, imaging and
sensing platforms, and compatibility with common detection platforms available in

research laboratories.

As our understanding of cellular and subcellular processes becomes more refined,
the demand for more precise and informative oxygen measurements continues to

rise. Thus, there is a need to develop new target-specific phosphorescent probes,
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particularly for intracellular delivery and use. Fine tuning of the chemical and
photophysical characteristics of existing structures can produce new probes with
improved selectivity, effective penetration of cellular membranes and localization in
specific subcellular compartments. Moreover, it can also enable multiplexed sensing

and multi-functional sensor technologies, while maintaining ease of use and low cost.

Based on the above analysis of literature and state of the art in the areas of optical

oxygen sensing and its applications, the main objectives of the project were:

1) Synthesize a new panel of hetero-substituted hydrophilic derivatives of
PtPFPP for biological O; sensing applications.

2) Characterize their photophysical properties and cell staining ability.

3) Study their SAR: evaluate their applications as IC or EC O3 sensing probes for
cell bioimaging and respirometric bioassays on mammalian and bacterial

cells, and compare them to existing soluble O, probes.
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Chapter 2: Materials and methods

2.1. Materials

PtPFPP dye was from Frontier Scientific (Inochem Ltd, Lancashire, UK), 1-thio-B-D-
glucopyranoside (1Glc) sodium salt and 2-Thioethyl-b-D-glucopyranoside (2Glc) were
from Carbosynth Ltd (Berkshire, UK). O-(2-Carboxyethyl)-O'-(2-mercaptoethyl)
heptaethylene glycol (cPEG-SH), O-(2-Mercaptoethyl)-O’-methyl-hexa(ethylene
glycol) (mPEG-SH), 2-(Boc-amino)ethanethiol (Boc-CA), and BAY-876 were from
Sigma-Aldrich. MitroTracker Green and Calcein Green were from Invitrogen. Cellular
ATP assay CellTiter-Glo, was from Promega (Madison, WI). BCA Protein Assay kit was
from Thermo Fisher Scientific (Rockford, IL). MitoXpress®-Xtra was from Agilent
(Santa Clara, CA, USA). All the other probes were synthesized in our lab: NanO2 - as
described in (106, 177). Nutrient Broth (NB) was obtained from Fisher Scientific Oxoid
(Dublin, Ireland), selective and differentiating media specific for E. coli including the
MacConkey (MC), Rapid Coliform ChromoSelect (RCC), M-Lauryl Sulfate (MLS), and
Minerals Modified Glutamate (MMG) broths, were prepared as previously
described(263). Heavy mineral oil was obtained from Cargille Laboratories. Solutions
were prepared from sterile Milli-Q water (Millipore, Carrigtwohill, Ireland) or sterile

DMSO (Sigma-Aldrich). All the other reagents and solvents were from Sigma-Aldrich.

2.2. Methods
2.2.1. Synthesis and purification of PtPFPP derivatives

Thiol-click modifications of the PtPFPP scaffold were performed according to the
modified methods (160, 251). Briefly, the corresponding thiol-containing reagent was
incubated with PtPFPP in DMF/methanol at 2:1 — 10:1 molar ratio in the presence of
10-molar excess of triethylamine (TEA) base, at 40 °C, under constant stirring.
Reactions were monitored on an 1100 Series analytical HPLC (Agilent) on a YMC-
Actus Triart C18, 150 x 4.5 mm I.D RP column (Gilson), using a 30 min or 40 min
gradient 0->100% of acetonitrile in aqueous 0.1% trifluoroacetic acid (TFA) and a flow

rate of 0.63 mL/min. Synthetic mixtures were then quenched with equivalent amount
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of Trifluoroacetic acid (TFA), dried on a Rotavapor Rll rotary evaporator system with
a CVC 3000 vacuum pump (Vacubrand) to remove DMF and redissolved in 1-2mL of
MeOH or ACN or a mixture of the two solvents. Preparative purification was
performed on a RP-HPLC PLC2250 (Gilson), using a YMC-Actus Triart C18, 150 x 20
mm |.D. RP column (Gilson), the same solvent mixture in a 40 min gradient and flow
rate of 18.9 mL/min. Fractions containing the purified derivatives were then dried,
weighed and aliquoted using a 5301-vacuum concentrator (Eppendorf). Their

chemical structures were confirmed by NMR and QToF-MS.

2.2.2. Spectral and photophysical characterization

UV-Vis absorption spectra (range of 350-600 nm) were recorded on a HP8453 diode-
array spectrophotometer (Agilent) in phosphate buffered saline (PBS) alone, or PBS
with 5% fetal bovine serum (FBS), or PBS containing 0.1% Triton X-100.
Corresponding molar extinction coefficients (g€) were calculated according to the
Beer-Lambert law: A = €lc, where A is absorption, | is a path length and c is the known
concentration of the probe.

Phosphorescent emission spectra (excitation range 300-600 nm and emission range
600-750 nm) and lifetime values were measured on a Cary Eclipse fluorescence
spectrometer (Agilent) at room temperature or at 37 °C, under air-saturated and
deoxygenated conditions (5 mg/mL KH2PQOa, 5 mg/mL Na;S03s). Lifetime values were
obtained using OriginPro and multi-exponential fit.

NMR spectra were obtained on a AV300/400/600 MHz Bruker spectrometer, with
chemical shifts related to residual deuterated solvent (ppm).

High-resolution mass spectrometry (HR-MS) analysis of purified PtPFPP derivatives
was carried out in a XEVO G2 QToF mass spectrometer (Waters Corporation). Samples
were injected by direct infusion after dissolving them in 70:30 ACN:H,0 (0.3% formic
Acid (FA) for positive mode, 30 mM triethylammonium acetate (TEAA) for negative
mode). lonization was performed with a capillary voltage of 2.5 kV and cone voltage
of 40 V in a mass range of 400 to 3500 m/z. Source temperature and desolvation
temperature were set a 120 °C and 450 °C respectively, cone gas flow was 50 L/hr and

desolvation gas at 800 L/hr.
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2.2.3. Cell culture, staining and toxicity assessment

Murine embryonic fibroblast (MEF), human colon carcinoma (HCT116) wild-type and
SCO,-/- mutant cells, and Rat pheochromocytoma (PC12) cells obtained from the
ATCC (Manassas, VA, USA) were cultured as described before (128, 177, 264). Cell
staining experiments were assessed on a TRF reader Victor2 (PerkinElmer), at 37 °C

measuring phosphorescence intensity and lifetime signals.

MEFs cells were cultured on a 75 cm? flask until 80-100% confluence, in DMEM
medium high glucose [4.5 g/L D-Glc] supplemented with 10% fetal bovine serum
(FBS), 1 mM L-glutamine, 10 mM HEPES, and 1% (100 ug/mL) penicillin and
streptomycin (P/S). For the staining efficiency experiments cells were grown on a 96
well plate for 24 h seeded at a concentration of 30,000 cells/well in 200 pL/well, to
reach 100% confluence, then incubated with different probe concentrations (5, 10,
20, and 40 uM) for 3 h or 18 h, washed twice and measured in respiration medium
serum free (phenol Red free DMEM (Sigma D5030) medium supplemented with 1
mM L-glutamine, 10 mM glucose, 1 mM sodium pyruvate, 20 mM HEPES and 10%
FBS, pH 7.2). Phosphorescent intensity signals were monitored at 37 °C on a multi-

label plate reader in TRF mode for approximately 40 minutes.

Cell permeability was also assessed using HCT116 WT and SCO»-/-. Cells were
cultured in McCoy’s medium supplemented with 10% FBS, 2 mM L-glutamine and
P/S, seeded in a collagen IV coated 96 well plate at 20,000 and 30,000 cells/well,
respectively. Cells were grown on a 96 well plate for 36 h to reach 100% confluence,
and then incubated with probes for 3 h, washed three times and phosphorescent
signals were monitored as described above. BCA protein assay was used to evaluate
total protein content in cell lysates obtained from HCT WT and SCO»-/- seeded on a
collagen coated 6 well plate at 400,000 and 600,000 cells/well, respectively, and

grown for 36 h. BCA data was used to normalize intensity signals of the two cell lines.

CellTiter-Glo ATP kit was used to measure probe toxicity on MEF cells via changes in

their total ATP, following manufacturer instructions.
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2.2.4. OCR measurements

Respirometry experiments upon cell stimulation using intracellular probes were
carried out on an open plate as previously described (264). MEF cells were seeded at
35,000 cell/well in 200 pL of medium and grown for 30 hours to reach high confluence
(>100%). Cells were loaded with intracellular oxygen probes at 5 uM working
concentration, dissolved in 100 uL of complete DMEM (Glc(+) with 10% FBS, replacing
the growth medium, and incubated for 18 h. Cells were washed three times with
DMEM respiration medium (serum free) containing 10 mM glucose or 10 mM
galactose, and measured for 20 min on a time-resolved fluorescence microplate
reader Victor2 (Perkin-Elmer) to reach temperature equilibration. The calcium (Ca?*)
chelator ethylene glycol tetraacetic acid (EGTA) was then added at 2.5 mM and the
plate was measured for further 60 min. Subsequently, antimycin A (AntiA) at 5 uM
was added and intensity recorded for further 30 min. TRF emission intensity
measurements were taken in Gal(+)/Glc(-) respiration medium (serum free) with or
without with 1 h incubation time prior signals monitoring (256, 264). Negative

controls were treated with vehicle alone.

OCR measurements using extracellular probes were carried out on a sealed plate, as
previously described (264). PC12 cells were cultured using RPMI 1640 medium
supplemented with 5% FBS, 10% Horse serum, 10mM HEPES, and 100 pg/mL P/S, pH
7.2. Cells were trypsinised, resuspended in respiration medium (DMEM Glc(+), serum
free), and counted. Aliquots containing 250,000 cells/well in 100 pl volume, mixed
with final probe concentration (PtcPEGa and PtcPEG31Glc at 5 uM) were seeded on a
96 well plate in triplicates and treated with carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP) (0.25 uM) — mitochondrial uncoupler, and antimycin A (Ant
A) (2.5 uM) — mitochondrial inhibitor, separately. Controls without cells and with
untreated/non-stained cells were also included and used to correct sensor signals for
any drifts unrelated to cellular fluxes. Each well was sealed with 200 uL of mineral oil.
Cells suspended in 100 pL of respiration medium containing MitoXpress®-Xtra O3

probe were also prepared as standard reference.
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2.2.5. Internalization via glucose transporters (GLUTs) using BAY-876

MEF cells were seeded on a 96 wp at a density of 30,000/well and grown for 24 h in
standard growth medium (DMEM, containing Glc 10 mM and 10% FBS). Cells were
treated for 1 h with BAY-876 at 10 uM to inhibit GLUT1 transporters. For staining in
Glucose free medium, cells were previously starved for 2 h in glucose free DMEM in
the presence of 10% FBS. After 1 h inhibition, the probes were added to the wells in
the presence of the inhibitor. After 3 h staining, cells were washed, and emission

intensity signals were measured on a plate reader in TRF mode.

To confirm the ability of BAY-876 to inhibit GLUT1 at the selected concentration, cells
were starved for 2 h in glucose free medium, then simultaneously treated with BAY-
876 at 10 uM and rotenone at 5 uM. Prior to measurements cells were incubated for
1 hat37°Cin the presence of 10 mM glucose (activation of GLUT1). After 30 min cells

were washed in respiration medium and ATP levels measured using the assay Kkit.

2.2.5. Bacterial respirometric and turbidimetric assay procedures

Escherichia coli (E. coli) cells, strain NCIMB 11943, obtained from the School of
Microbiology, University College Cork, were stored at -80 °C in LB broth containing
80% glycerol. Working stock of E. coli was prepared by overnight incubation in NB, as
described in (263). From this fresh stock, 1:10 serial dilutions were prepared in NB
and each selective media and mixed with working dilutions of MitoXpress (0.3 uM),
NanO2 (0.3 uM), PtlGlca (3 uM), PtmPEGs (3 uM) to produce final E. Coli
concentrations of 10%, and 10® CFU/mL. Then 200 pL aliquots of each solution were
dispensed in triplicates into wells of a 96 well-plate (Sarstedt). Solutions of the probes
in sterile media without bacteria (negative controls) and E. coli dilutions in media
without oxygen probe were also prepared, dispensed on the plate, and measured as
blank signals. Sample wells were then sealed with 70 uL of mineral oil and the plate
was placed in a Victor4 (PerkinElmer) reader equilibrated at 37 °C and monitored in
time-resolved fluorescence (TRF) mode for 10 h measuring signals in each well every

5 min in kinetic mode.
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Absorbance/light scattering signals were measured on Victor2 reader for the plate
with E. coli dilutions in the different media (no probe) and negative controls (media,
no cells), using 600 nm and 450 nm filters and the same temperature and kinetic

mode as for TRF measurements described above.

2.2.6. Bioimaging

MEF cells were seeded on petri dishes (3.5 cm) at 200,000 in DMEM, grown for 24
hours, then loaded with oxygen probes at different concentrations (5, 10, 20 or 40
p1M) in DMEM and incubated for 18 h. The cells were washed three times with fresh
medium containing only 1% HEPES and counterstained with Calcein Green at 1 uM
for 30 min. Medium was then replaced with complete medium and the cells were
imaged (160) on a confocal TCSPC-PLIM microscope (Becker & Hickl) using an
immersion lens adapter at 63x magnification objective, and recorded using the
SPCImage software (Becker & Hickl). A 488 nm laser was used for the excitation of
Calcein Green probe, and a 405 nm laser in PLIM mode was used for PtPFPP based O
probes(160, 256).

Co-staining with Mito Tracker Green (MTG) at 50 nm for 1 h (excited using 488 nm
laser), and probes at 10 uM for 18 h, were also evaluated recording images using the

20x magnification immersion lens.

2.2.7. E. coli microscopy

E. Coli was diluted in NB to 10° in the presence of the final working concentration of
the probe and plated on a 96 well plate for 3 h incubation at 37 °C (static conditions
and protected from the light). Cell suspensions were collected into one vial/probe
and centrifuged at 3,000 rpm for 10 min. Supernatant was removed and pellets were
resuspended in approximately 100 uL of NB containing at the final probe working
concentration. Small aliquots were dispensed on a Millicell® disposable
hemocytometer and analyzed using a confocal microscope at room temperature

(excitation with a 405 nm laser, and 40x magnification lens).
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2.3. Data processing

For all TRF measurements, instrument settings were the following: excitation filter -
340 nm, emission filter - 642 nm, two delay times 25 ps and 50 ps for small molecular
probes, or 30-70 us for all other probes, and gate time - 100 ps (for each delay).
Phosphorescence lifetime values (LT) were calculated using the formula for rapid
lifetime determination (RLD): LT=(t1-t2)/In(l1/12) , where t1 and t; are the delay times
and |1 and |, the corresponding intensity signals (88). The resulting LT values were
plotted over time to produce respiration profiles for each well, media and probe

controls.

Data analysis. All results were obtained from average values produced by at least
three biological replicates, with standard deviations expressed as error bars. To
ensure consistency, all the experiments were performed in technical duplicates or

triplicates.
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Chapter 3: Design, synthesis, and
characterization of the new PtPFPP
hetero-substituted derivatives

3.1. Introduction

Phosphorescent O,-sensing probes facilitate the monitoring of oxygenation state and
02 consumption rates (OCR) of biological samples containing live respiring cells and
tissues and linking these parameters to vital biochemical processes and cellular
responses to stimuli (10, 21, 65). To date, several types of such O, probes have been
developed and applied for the measurement and imaging of O, concentration and
OCR. Initially, intravascular and intravital O, probes were developed for use in live
animals (164, 167, 210), followed by extracellular probes for in vitro diagnostics and
cell-based assays (127). More recently, intracellular O, probes with cell-penetrating
ability have been introduced (88, 120, 178). Dual pH/O; sensing probes have also
been described (224). Many of these probes and applications can be used on
standard detection platforms. The key component in all these probes is the
phosphorescent indicator moiety that determines their 0O-sensing and

photophysical properties.

Solubility of the probe in biological samples is essential to prevent aggregations or
non-specific binding to macromolecules present in media or biological fluids,
however most O; sensing dyes tend to be too hydrophobic. Rational design of the
chemical structure should be based on the knowledge of the biochemical
mechanisms that are involved in intracellular delivery, through testing and optimizing
with different cell lines and more complex samples. This approach, with detailed
study of the SARs, has enabled the synthesis of a new generation of O, sensing
probes. Pt(ll)-tetrakis(pentafluorophenyl) porphyrin (PtPFPP) (Figure 1.5) is an
attractive indicator dye for Oz-sensing assays, as it possesses high brightness and
photostability, optimal sensitivity to oxygen, convenient spectral characteristics,

availability, and affordable cost. Because of this, PtPFPP is widely used in various
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polymeric solid-state O, sensors (131) and nanoparticle based probes (dispensable
aqueous reagents) (177, 178). However, high hydrophobicity and water insolubility
prevent its direct use with cells and biological samples as a soluble O; probe. The
latter limitation can be overcome by synthesizing derivatives of PtPFPP and tuning
their physico-chemical characteristics, such as hydrophilicity, molecular charge, and
functional groups. The relatively simple and efficient click-modification of PtPFPP via
its pentafluorophenyl moieties with thiol- and amine-containing reagents (160, 207,
250-252) facilitates this work. Moreover, the very stable S-glycosidic bond in these
compounds prevents their degradation in biological environments(259, 261, 265).
Conjugates of free porphyrins with saccharide moieties were studied previously,
mainly for their photosensitizing activity and possible use in photodynamic therapy
(PDT) (262) or as biomimetics for carbohydrates recognition (266-268). Their cell
recognition and labelling were studied with a particular focus on drug conjugates
with more specific and targeted delivery (259). While saccharide moieties improve
the water solubility of porphyrin molecules (261), their PEGylation was also known
to reduce unwanted non-specific interactions and cellular uptake (167). Short PEG
fragments (between 400 and 8000 MW) were shown to improve water solubility and
bioavailability (serum life), reduce activation of the immune system, and facilitate
receptor binding (253, 269) and accumulation of porphyrin sensitizers in tumours

(270).

In this study, we applied the above knowledge to produce new O; probes for both
intracellular and extracellular use and study their specificity, recognition, and
interaction with cells (via GLUT transporters). Specifically, we describe a panel of
hydrophilic hetero-substituted phosphorescent oxygen probes produced by click-
modification of the four pentafluorophenyl moieties in the PtPFPP scaffold with

different thiols.
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3.2. Rational Design of PtPFPP-Based Phosphorescent Probes
3.2.1. 3:1 Hetero-substituted derivatives

To address the issues with the current probes and better understand their underlying
mechanisms of action, we have decided to synthesize a panel of different hydrophilic
PtPFPP derivatives and evaluate them comparatively in aqueous media and biological
samples containing live cells. Specifically, we initially synthesized a panel of six
hetero-substituted derivatives of PtPFPP with two different glucose moieties (1-thio-
B-D-glucopyranoside - 1Glc and 2-thioethyl-B-D-glucopyranoside - 2Glc), two
different PEG (O-(2-carboxyethyl)-O’-(2-mercaptoethyl) heptaethylene glycol - cPEG-
SH and O-(2-mercaptoethyl)-O’-methyl-hexa(ethylene glycol)- mPEG-SH), and with a
cysteamine moiety (2-(Boc-amino)ethanethiol - Boc-CA). We then purified each
derivative and studied their biocompatibility and SARs by testing them on
mammalian cell cultures. All these compounds contain one biochemical moiety
responsible for the interaction with cells or cell surface receptors (i.e., plasma
membrane, glucose transporters (GLUTs)) and three chemical moieties providing a
hydrophilic shell and variable molecular charges (due to carboxy-PEG, cysteamine,
methoxy-PEG moieties). Several symmetrical tetra-substituted derivatives were also
synthesized and used for comparison and benchmarking. The general structure and
derivatization chemistries of the new bioprobes are shown in Figure 3.1.

We anticipated that such bifunctional PtPFPP derivatives will show improved
hydrophilicity and more predictable and tuneable cell internalization behaviour, due
to their mono-glycosylation, variable molecular charge, and surface chemistry. The
phosphorescence of these molecular structures can also be altered by substitution,
particularly their intensity and lifetime signals in aqueous solutions and biological
media. Altogether, this can generate a new family of intracellular or extracellular O-
sensing probes for biological applications and provide more detailed information

about their SARs.
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Figure 3.1: General structures of PtPFPP derivatives produced by click modification
with thiols and the schemes of the mono- and hetero-substitution (top panel). The
thiols used for the mono- and hetero-functionalization are also shown (bottom

panels).

3.2.2. 2:2 Hetero-substituted derivative

Following up with the previous section, we decided to further study the effect of
symmetric di-glycosylation (using 1-thio-glucose, 1Glc) and di-PEGylation (using the
neutral methoxy-PEG, mPEG) in trans- position on the PtPFPP scaffold. In fact,
previous studies in the PDT field, demonstrated the superiority of the trans-
conformation for cellular uptake and subsequent cytotoxicity when exposed to light
(271, 272). However, our research is aimed at producing intracellular O, probes that

exert minimal cytotoxicity. Thus, we synthesized one new hetero-substituted
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derivative of PtPFPP via two-step click chemistry (251, 252). The final compound
PtmPEG21Glc; (trans) (Figure 3.2) has two thio-glucose and two thio-PEG moieties
covalently attached in trans- position (Figure 3.2). Such substitutions produce a
corona shell of PEG chains which improves the hydrophilicity and solubility in
aqueous media and allows biological applications. The glycosylation provides cell
targeting and internalisation, while PEGylation provides protection against non-
specific interactions (253). Particularly, we opted for the neutral short PEG (mPEG-
SH) to avoid any repulsive or attractive effects with the cell membrane. We also
purified and analysed the trans-di-glycosylated Pt1Glc; (trans) intermediate (272) to
compare its biocompatibility and cell staining with the corresponding trans-

PEGylated derivative.

heterofunctionalization

A= 0.
HO'
HO™" “0H

OH
1Glc

CH\fo’\*}so\/\: ; mPEG

Figure 3.2: General structure of the 2:2 trans- hetero-substituted derivative of
PtPFPP and chemical structures of the thiols used in the two-step bioconjugation

reaction.
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3.3. Chemical synthesis and characterization of new derivatives and
intermediates

The click modification of the pentafluorophenyl moiety with thiols is known to
proceed easily and “cleanly”(252). Therefore, the tetrafunctional PtPFPP is expected
to produce five possible products: one mono-, two di- (cis- and trans-), tri-, and
tetrasubstituted derivatives (Figure 3.4). By optimizing the reaction conditions, one
can also achieve decent yields of mono-substitution at low molar ratios or almost
guantitative yields for tetrasubstituted derivatives at 4-10 molar excess of the thiol.
Thus, mono-glycosylation of PtPFPP with 1Glc or 2Glc thiols at a 1:2 molar ratio in
DMF or MeOH containing TEA produced key intermediates (Pt1Glci and Pt2Glc1) with

yields of ~40%.
o PEGIc; 1:2:10 (PtPFPP:GIC:TEA)
PtGic,

S 250
<
£ 200 PtPFPP
- PtGlc,
3 150 trans-
c PtGlc,
& 100 PtGle; .
§ 50 PtGlc, A A
<0 4

5 10 15 20 25 30

RT min

Figure 3.4: RP-HPLC chromatogram of the products of the glucosylation
bioconjugation of PtPFPP. Pt1Glc; (target compound) is eluted at 20.96 min retention
time (RT) using a 40 min gradient 0 = 100% ACN/water 0.1% TFA.

All the derivatives and intermediates were synthesised as describe in (256).

3.3.1. Chemical synthesis, NMR and MS of Pt1Gic;

PtTFPP (0.585 mg, 500 nmol) dissolved in 1.2 mL of DMF, with 1-thio-B-D-glucose
sodium salt (0.218 mg, 1 umol) dissolved in 0.3 mL of MeOH containing TEA (1.63 pL,
10 umol) for 5 h at 40 °C, monitored by analytical RP-HPLC (0.27 mg, yield 39.8%)
(Figure 3.3). Purity (HPLC): 99.6%. QToF high resolution mass spectrometry: m/z for
Cs2H24F19NsO6PtS™ ([M+CH3CN+H,0]") cacld 1402.07994, found 1402.0421. *H NMR
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(300 MHz, CDCls, CHCI3=7.28 ppm) 6 ppm= 3.75-4.17 (6H, m, 2’,3’,4’,5',6’a,6’b-
GlucH), 5.2 (1H, d, J = 8.8 Hz, 1’-GlcH), 8.73-8.82 (8H, m, B-pyrroleH). °F NMR (300
MHz, CDCl3) & ppm=-132.00 (2F, dd, J1,2= 25.68, 12.53, meta- 3,5-PhFGlc), -135.72
(2F, dd, J1,2= 24.82, 11.92, ortho- 2,6-PhFGlc), -136.42,-136.65 (6F, m, meta- 3,5-
PhF), -151.05,-151.37 (3F, m, para- 4-PhF), -161.1,-161.4 (6F, m, ortho- 2,6-PhF). UV—
vis (DMF, path length =1 cm, 25°C): A(hnm) = 390, 538, 505.

Full HR-MS and 1H, 19F NMR spectra can be found in (256).

1-Thio-B-D-glucose sodium salt

DMF, MeOH

\ 40°C,5 h
NN

Triethylamine (Et;N)

+

PLPFPP

MW: 1167.63 MW: 1343.84

C5oH1gF1gN4O5PtS

CqHgFoN,Pt2*
Figure 3.3: Graphical representation of the chemical reaction and structure of the

final products for the synthesis of Pt1Glcs.

The chromatogram in Figure 3.4. reveals all the main products in the reaction
mixture, with the target 1:1 compound producing the main well-resolved peak
(Pt1Glc1 eluted at 20.96 min RT), which is easy to separate from the other products.
The sequential derivatization of PtPFPP with Glc moieties also shows stepwise
increase in hydrophilicity, with sharp, well-resolved, and easily identifiable peaks on
RP-HPLC chromatograms. This facilitates synthesis scale-up and purification of target

compounds, which in our case was achieved by preparative RP-HPLC.

Pt2Glc1 was synthesized likewise using 2-thioethyl-B-D-glucopyranoside (0.240 mg, 1
pmoles) obtaining 0.31 mg of final product - yield: 44.42% (256) .

By scaling up the synthesis followed by preparative HPLC purification, compounds
Pt1Glc1 and Pt2Glc; were produced in a pure form, in ~5 to 10 mg quantities each.

The hetero-substituted derivatives were synthesized by excessive thiolation of
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mono-substituted intermediates Pt1Glc; and Pt2Glci with anionic hepta- or neutral
hexa-poly(ethylene glycols) cPEG-SH and mPEG-SH, respectively. In these cases,

almost quantitative yields were achieved (~98% and ~94% respectively).

3.3.2. Chemical synthesis, NMR and MS of PtcPEG31Glc

The mono-glycosylated compound (Pt1Glci) (0.67 mg, 500 nmol) dissolved in 100 pL
of DMF was incubated with cPEG7-SH (2.3 mg, 5 umol), in the presence of TEA (1.63
pL, 10 umol) for 5h at 40 °C, then purified by RP-HPLC (1.296 mg, yield 97.5%) (Figure
3.5). Purity (HPLC): 92.7%. QToF mass spectrometry: m/z for Cio7H128F16N4O35PtS4%
([M-2H]%) cacld 1327.8328, found 1328.1399. *H NMR (600 MHz, (CDCls, CDCl3 = 7.2
ppm) & ppm = 2.47-2.51 (6H, m, CH2-COOH), 3.3-3.96 (108H, m, O-(CHz)s1 and
2,34’ 5,6'a,6'b-GIcH), 5.05 (1H, d, J=8.22 Hz, 1’-GlcH), 8.43 (8H, d, J=16.61 Hz, B-
pyrroleH). **F NMR (300 MHz, CDs0OD) 6 ppm = -131.84,-131.97 (2F, m, meta- 3,5-
PhFGIc), -133.41,-133.58 (6F, m, meta- 3,5-PhFPEG), 136.72,-136.85 (2F, m, ortho-
2,6-PhFGIc), 137.04,-137,24 (6F, m, ortho- 2,6-PhFPEG). 33C NMR (600 MHz, CDCls,
CHCl3 =75.99) 6 ppm =33.28 (S-CH2), 33.81 (COOH-CH.), 65.43 (6’-GlcC), 69.04-69.86
(PEG-C chain and 4’-GlcC), 72.94 (2’-GlcC), 77.31 (3'-GlcC), 79.22 (5’-GlcC), 84.47 (-
GlcC), 106.13 (meso(), 115.73 (1-Ph(), 118.3 (4-Ph(), 130.01 (B-pyrroleC), 139.97 (a-
pyrroleC), 144.19-146.64 (3,5-PhC and 2,6-PhC), 173.30 (-C=O0H). UV-vis (DMF, path
length = 1.0 cm, 25°C): A(nm) = 393, 538, 506. FL (c = 0.2 uM, DMF, path length = 1.0
cm, Aex = 390 nm, 25 °C): A(hm) = 649, 703.

o Et;N, DMF
Fo yOH + ottt ——
o 40°C,5h

0-(2-Carboxyethyl)-O’-
(2-mercaptoethyl)heptaethylene glycol

5. 8
C107H128F16N4035P1S, OJ«
CsoH;0F18N405PtS Mw: 2659.51 <

Mw: 1343.84 o
o

OH

Figure 3.5: Graphical representation of the chemical reaction and structure of the final

product for the synthesis of PtcPEG3:1Glc.
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Spectrum 3: 33C NMR PtcPEG31Glc in CDCls (600 MHz)

PtcPEG32Glc, was synthesized likewise reacting the mono-glycosylated compound
Pt2Glc1 (0.69 mg, 500 nmoles) dissolved in 100ul of DMF were incubated with cPEG7-
SH (2.3 mg, 5 umoles) obtaining 1.27 mg of final compound - yield 93.91%. Purity
(HPLC): 93.89% .

3.3.3. Chemical synthesis, NMR and MS of PtmPEG;1Glc

The mono-glycosylated compound (Pt1Glci) (7 mg, 5.2 umol) was dissolved in DMF
(1.486 mL), and was incubated with mPEG7-SH (9.27 mg, 26 umol), in the presence
of TEA (7.25 pL, 52 umol) for 5 h at 40 °C, then purified by RP-HPLC (7.97 mg, yield
65.15%) (Figure3.6). Purity (HPLC): 84.2%. QToF mass spectrometry: m/z for
CosH114F16N4026PtSa%* ([M + 2H]?*) cacld 1176.7993 found 1176.6803. 'H NMR (600
MHz, (CDCls, CDCl3 = 7.26 ppm) 6 ppm = 3.34 (9H, d, -CH3), 3.39-3.47 (6H, m, S-CH.),
3.49-3.76 (72H, m, O-(CHz)3s and 2°,3",4",5’-GlcH), 3.92-4.03 (8H, m, S-CH,-CH. and
6’a,6’b-GlcH), 5.02 (1H, d, J=8.6 Hz, 1’-GlcH), 8.85 (8H, s, B-pyrroleH). 1°F NMR (300
MHz, CD30D) 6 ppm =-131.54,-131.68 (2F, m, meta- 3,5-PhF-Glc), -133.4,-133.60 (6F,
m, meta- 3,5-PhF-PEG), 136.29,-136.43 (2F, m, ortho- 2,6-PhF-Glc), 136.94,-137,13
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(6F, m, ortho- 2,6-PhF-PEG). 13C NMR (600 MHz, CDCls, CHCl3 = 77.04) 6§ ppm = 34.39
(S-CH2), 59.9 (-CH3), 62.67 (6’-GlcC), 70.37-71.88 (PEG-C chain and 4’-GlcC), 73.89 (2’-
GlcC), 78.27 (3'-GlcC), 80.19 (5’-GlcC), 85.78 (1’-GlcC), 107.0 (mesoC), 116.72 (1-PhC),
119.38 (4-Ph(), 131.13 (B-pyrroleC), 140.9 (a-pyrroleC), 145.13-147.28 (3,5-PhC and
2,6-PhC). UV—vis (DMF, path length = 1.0 cm, 25°C): A(nm) = 393, 538, 505.

Et;N, DMF
—_—
40°C,5h

0-(2-Mercaptoethyl)-0O’-methyl-
hexa(ethylene glycol)

C5oHyoF1gN4O5PtS
Mw: 1343.84 CosH112F16N4026P1S,
MW: 2353.24

Figure 3.6: Graphical representation of the chemical reaction and structure of the final

product for the synthesis of PtmPEG31Glc.

H, 1°F, 13C NMR can be found in the appendix (Spectrum S1, S2, S3 of the appendix)

3.3.4. Chemical synthesis, NMR and MS of PtCA31Glc

The synthesis of the cationic cysteamine (CA) derivatives of PtPFPP required the use
of protected Boc-CA (since the CA amino group can also react with the
pentafluorophenyl moiety (260), purification of the target hydrophobic product by
RP-HPLC, subsequent deprotection with HCI, and final purification by RP-HPLC.

The mono-glycosylated Pt1Glci (15.76 mg, 11.7 umol) was dissolved in 3.348 mL of
DMF and incubated for 2 h at 40 °C with 2-(Boc-amino)ethanethiol (22.5 pul, 93.6
pmol) in the presence of TEA (16.3 uplL, 117 umol). This was followed by TEA
neutralisation with 1 molar equivalent of HCl and purification by RP-HPLC (11 mg,
yield 52%). Deprotection was carried out by dissolving the dried product in 2 mL of
acetonitrile: methanol (3:2) containing 1 M HCl and overnight stirring at 55 °C. The
acid was then neutralized by 1 molar equivalent of TEA at room temperature, the
reaction was then concentrated and the residue dissolved in MeOH for purification

(6.52 mg, yield 36.8%) (Figure 3.7). Purity (HPLC): 98.8%. QToF mass spectrometry:
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m/z for CseHaoF16N705PtS4 3* ([M+3H]3*) cacld 506.044279, found 506.0499. 1H NMR
(600 MHz, (CD30OD, CH3OH = 3.33ppm) & ppm = 3.43-3.56 (16H, m, S-CH»-CH and
4',2',3',5'-GIcH), 3.76 (1H, dd, J1,2= 12.1, 6.56, 6'-GlcH), 4.02 (1H, dd, J1,2=11.88,
1.84, 6’-GlcH) 5.17- 5.22 (1H, m, 1’-GlcH), 9.11-9.17 (8H, m, B- pyrroleH). 19F NMR
(300 MHz, CD30OD) 6 ppm =-134.87 (2F, dd, J1,2= 24.45, 11.70, meta- 3,5- PhFGlc), -
135.27,-135.40 (6F, m, meta- 3,5-PhFCA), 139.29, -139.42 (6F, m, ortho- 2,6- PhFGlc),
140.62 (2F, dd, J1,2= 24.32, 11.73, ortho- 2,6-PhFCA). 13C NMR (600 MHz, CD30D,
CH3OH = 49.0) & ppm = 33.01 (N-CH.), 40.79 (S-CH.), 63.11 (6'- GlcC), 71.74 (4’-GIcC),
75.96 (2’-GlcC), 79.74 (3’-GlcC), 82.77 (5’-GlcC), 86.68 (6'-GlcC), 108.28 (meso(),
115.76 (1-PhC), 121.83 (4-Ph(), 132.74 (B-pyrroleC), 142.7 (a-pyrroleC), 146.85-
149.62 (3,5-PhC and 2,6-PhC). UV—vis (DMF, path length = 1.0 cm, 25°C): A(nm) =3 93,
538, 506. FL (c = 0.2 uM, DMF, path length = 1.0 cm, Aex = 390 nm, 25 °C): A(nm) =
649,703.

1. DMF, Et3N. 402C, 2 h.
2.1 M HCIl, MeOH/ACN. 55 °C overn.

3. EtsN, rt.
2-(Boc-amino)ethanethiol

C5oH19F1gN4O5PtS
Mw: 1343.84 CseH37F16N705PtS,
Mw: 1515.25

Figure 3.7: Graphical representation of the chemical reaction and structure of the final

product for the synthesis of PtCA31Glc.
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Spectrum 6: 3C NMR of PtCA31Glc in CD30D (600 MHz)

PtCA32Glc was synthesized likewise using the mono-glycosylated Pt2Gl, (0.69 mg,
500 nmoles) obtaining 0.282 mg, yield 35.18%. Purity (HPLC): >99%.

3.3.5. Chemical synthesis, NMR and MS of Pt1Glc; (trans)

PtTFPP (15 mg, 12.85 umol) was dissolved in 9 mL of DMF, mixed with thio-glucose
sodium salt (5.61 mg, 25.7 umol) in 3.85 mL of MeOH, in the presence of TEA (17.9
pL, 128.5 pumol), incubated for 2 h at 40 °C. The reaction was quenched using TFA,
and followed by preparative RP-HPLC purification (4.23 mg, yield 21.7%)(Figure 3.8).
Purity (HPLC): >99%. QToF mass spectrometry: m/z for CsgHz9F18N4O10PtS2™ ([M - 1H]
) cacld 1518.0691, found 1518.0786. 'H NMR ((CD3),CO, 300 MHz, (CH3),0D = 2.07
ppm): & ppm = 3.47-3.65 (8H, m, 4'2’3'5’-GIcH), 3.76 (2H, dd, J1,2 = 11.8, 6.7, 6'a-
GlcH), 4.02 (2H, dd, J1,2 = 11.64, 2.17, 6’b-GlcH), 5.24 (2H, d, ) = 8.7 Hz, 1’-GlcH), 9.21-
9.32, (8H, m, B-pyrroleH). *°F NMR ((CD3),CO, 300 MHz): § ppm = -134.2,-134.4 (4F,
m, meta- 3,5-PhFGIc), -135.95 (4F, dd, J1,2=22.6, 7.15, ortho- 2,6-PhFGIc), -140.3,-
140.47 (4F, m, meta- 3,5-PhF), -155.3 (2F, t, ) = 19.75, para- 4-PhF), -164.2,-164.4 (4F,
m, ortho- 2,6-PhF). UV=Vis (c = 5 uM, DMF, path length = 1 cm, 25 °C): A(hm) = 391
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(1.4),538(0.12), 505 (0.1). FL (c = 0.25 uM in DMF, path length = 1 cm, Aex = 400 nm,
25 °C): A(nm) = 649.

TEA, DMF, MeOH

—
40°C,5h

PtPFPP
MW: 1167.63

Cs6H30F18N4010PtS,
MW: 1520.05

Figure 3.8: Graphical representation of the chemical reaction and structure of the final

product for the synthesis of Pt1Glc; (trans).

'H and °F NMR can be found in the appendix (Spectrum S4, S5).

3.3.6. Chemical synthesis, NMR and MS of PtmPEG,1Glc; (trans)

Pt1Glc, (trans) (8.64 mg, 5.7 umol) was dissolved in 1.9 mL of DMF, mixed with
methyl-thiol-PEG (10.13 mg, 28.4 umol), in the presence of TEA (7.9 pL, 57 umol),
incubated overnight at 40 °C. The reaction was quenched using TFA and followed by
preparative RP-HPLC purification (6.14 mg, yield 49.12%) (Figure 3.9). Purity (HPLC):
>99%. QToF mass spectrometry: m/z for CggHooF16N4O2sPtSs% ([M - 2H]?) cacld
1094.7116, found 1095.3245. 'H NMR (CDsOD, 600 MHz, (CHsOD = 3.33 ppm):
8(ppm) = 3.16 (6H, s, CHs), 3.25-3.3 (22H, m, O-(CH2)11), 3.39-3.71 (38H, m, O-
(CH2)15 and 2’,3’,4’,5'-GlcH), 3.77 (2H, dd, J1,2 = 12.02, 6.46, 6’a-GlcH), 3.93 (4H, t,
J=5.85, CH,CH,S-), 4.01 (2H, dd, J1,2 = 11.82, 2.0 Hz, 6’b-GlcH), 5.2 (2H, t, J = 4.6 Hz,
1’-GlcH), 9.09-9.13 (8H, m, B-pyrroleH). *°F NMR (CDsOD, 400 MHz): 6 ppm = -134.8, -
134.9 (4F, m, meta- 3,5-PhFGlc), -135.74 (4F, dd, J1,2 = 24.71, 11.78, meta- 3,5-
PhFPEG)-140.3,-140.55 (8F, m, ortho- 2,6-PhFGlc and 2,6-PhFPEG). 13 C NMR (CD30D,
600 MHz, CH30H==47.6): 6(ppm) = 34.2 (S-CH3), 57.5 (CHs), 61.7 (6’-GlcC), 69.6-70.3
(PEG-C chain), 71.0 (4-GlcC), 71.24 (CH30-CH2), 74.6 (2’-GlcC), 78.34 (3'-GlcC), 81.4
(5’-GlcC), 85.27 (1’-GlcC), 107.2 (meso(C), 113.84-119.47 (1-PhC and 4-Ph(), 131.3 (B-
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pyrroleC), 141.2 (a-pyrroleC), 145.3-148.02 (3,5-PhC and 2,6-PhC). UV—Vis (c = 5uM,

DMF, path length = 1 cm, 25 °C): A(nm) = 393 (1.19), 538 (0.12), 506 (0.12). FL (c =

0.25 uM in DMF, path length =1 cm, Aex =400 nm, 25

+ Jrow\o/\/w Et;N, DMF

6 —_—
40 °C, overn.
0O-(2-Mercaptoethyl)-O’-methyl-
hexa(ethylene glycol)

Cs6H30F18N4010PtS;
MW: 1520.05

°C): A(nm) = 650.

~o0~0-—0"
090\0‘90'\,5

~0~0~0
Lo RS

CgsHoaF16N40,4P1S,
MW: 2192.98

Figure 3.9: Graphical representation of the chemical reaction and structure of the

final product for the synthesis of PtmPEG21Glc; (trans)
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Spectrum 7: 'H NMR of PtmPEG;1Glc; (trans) in CD30D (600 MHz)
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Spectrum 9: 13C NMR of PtmPEG,1Glc; (trans) in CD30D (600 MHz)
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3.3.7. Chemical synthesis, NMR and MS of Pt1Glic,4

PtTFPP (8 mg, 6.85 umol) was dissolved in 1.96 mL of DMF, mixed with thioglucose
sodium salt 1Glc-S'Na* (10.46 mg, 5 umol) in 0.6 mL of MeOH containing TEA (9.5 pL,
68.5 umol), incubated for 3 h at 40 °C, followed by RP-HPLC purification (10.85 mg,
yield 84.59%) (Figure 3.10). Purity (HPLC): 93.3%. QToF mass spectrometry: m/z for
CesHs1F16N4020PtS4™ ([M-1H]) cacld 1870.1377, found 1870.2705. *H NMR ((CD3)2CO,
600 MHz, (CH3)2C0=2.07 ppm) & ppm = 3.48-4.51 (4H, m, 4’-GlcH), 3.55-3.63 (12H,
m, 2'3’5’-GlcH), 3.77 (4H, dd, J1,2=11.66, 6.51, 6’-GIcH), 4.03 (4H, dd, J1,2= 11.87,
2.42, 6'b-GlucH), 5.23 (4H, d, ) = 8.78 Hz, 1’-GlIcH), 9.24, (8H, s, B-pyrroleH). °F NMR
(CD30D, 300 MHz) & ppm = -134.86 (8F, dd, J1,2= 24.89, 11.73, meta- 3,5- PhFGIc), -
140.52 (8F, dd, J1,2=24.61, 11.73, ortho- 2,6-PhFGIc). 13C NMR ((CD3)2C0O, 600 MHz,
(CD3)2€0=28.96, 205.45 ppm) & ppm =62.3 (6’-GlcC), 70.9 (4’- GlcC), 75.06 (2’-Glc-C),
78.8 (3'-GlcC), 81.53 (5’-GlcC), 84.82 (1’-GlcC), 107.35 (mesoC), 113.99 (1-Ph(), 119.4
(4-Ph(), 131.9 (B-pyrroleC), 141.28 (a-pyrroleC), 145.26-148.4 (3,5-PhC and 2,6-Ph().
UV-vis (DMF, path length = 1cm, 25°C): A(nm) = 393, 538, 506. PL (c = 0.2uM, DMF,
path length = 1.0 cm, Aex= 390 nm, 25 °C): A(nm) = 650, 707.

Ho 0. _4SNa
+ Ho\' "IoH Et;N, DMF, MeOH Ho  s~/)
OH 4> HO
1-Thio-B-D-glucose sodium salt HO

40°C,3h

PtPFPP
MW: 1167.63

CegHs2F16N4050PtS,
MW: 1872.47

Figure 3.10: Graphical representation of the chemical reaction and structure of the

final product for the synthesis of Pt1Glca.
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3.3.8. Chemical synthesis, NMR and MS of Pt2Glc,

PtTFPP (6mg, 5.2 umol) dissolved in 1 mL of DMF was mixed with the thio-glucose
2Glc-SH (10 mg, 41.62 umol) in 0.480 mL of MeOH containing TEA (7.25 pl, 52umol),
incubated overnight at 40°C, then purified by RP-HPLC (9.39 mg, yield 88.63%). Purity
(HPLC): 96.8%. QToF mass spectrometry: m/z for C76HesF16N4024PtS4% ([M-2H]?)
cacld 1023.11354, found 1023.1216. *H NMR (CDs0D, 300 MHz, CHD,0D = 3.33 ppm)
& ppm= 3.28- 3.5 (16H, m, 4’,2’,3’,5-GlcH), 3.54 (2H, t, J=6.4, SCH2CH,-Glc), 3.75 (4H,
dd, J1,2=11.81, 5.25 Hz, 6'-GlcH), 3.94-3.98 (4H, m, 6’-GIcH), 4.08 (4H, dt, J =17.1,
6.42 Hz, SCH,CH»-Glc), 4.33 (4H, dt, ) = 16.9, 6.42 Hz, SCH,CH»-Glc), 4.47 (4H, d, )=7.73
Hz, 1’-GlcH), 9.1 (8H, s, B-pyrroleH). *°F NMR (CDs0D, 300 MHz) & ppm =-135.71 (8F,
dd, J1,2=24.32, 11.52, meta- 3,5-PhFGlc), -140.32 (8F, dd, J1,2=24.61, 11.73, ortho-
2,6-PhFGIc). 3C NMR (CD30D, 600 MHz, CDs0D=49.0 ppm) & ppm = 49.85 (S-CH2),
62.89 (6’-GlcC), 70.69 (S-CH.CH), 71.71 (4’-Glc-C), 75.24 (2’-Glc-C), 78.11 (3’-GlcC),
78.14 (5-GlcC), 104.63 (1’-GlcC), 108.51 (mesoC), 117.92 (1-PhC), 120.6 (4-PhC),
132.73 (B-pyrroleC), 142.66 (a-pyrroleC), 146.73-149.4 (3,5-PhC and 2,6-Ph(). UV-
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vis (DMF, path length = 1.0 cm, 25°C): A(nm) = 393, 538, 506. PL (c = 0.2uM, DMF,
path length =1 cm, Aex =390 nm, 25 °C): A(hm) = 651, 705.

OH
(0]
O)&OH
X OH
S
HO & OaO~ gy Et,;N, DMF/MeOH F
+ HOY /OH »
OH
[+]
2-Thioethyl-B-D-glucopyranoside 40¢C,5h
S—\_o 5
PtTFPP HO o
Mw: 1167.63
Cr6HeeF16N40424PtS, HO  OH

Mw: 2048,68

Figure 3.11: Graphical representation of the chemical reaction and structure of the

final product for the synthesis of Pt2Glca,
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3.3.9. Chemical synthesis, NMR and MS of PtcPEG4

PtTFPP (0.585 mg, 500 nmol) dissolved in 1.5 mL of DMF was mixed with cPEG7-SH
(2.3 mg, 5 umol), or mPEG7-SH (1.78 mg, 5 umol), in presence of TEA (1.63 pL, 10
pumoles), and incubated 5 h at 40 °C, then purified by RP-HPLC (1.39mg, yield 95.4%).
Purity (HPLC): 94.9%. QToF mass spectrometry: m/z for Ci20H154F16N404oPtS4? ([M -
2H]?%) cacld 1459.4229, found 1459.1919. *H NMR (600 MHz, (CDCls, CHCl3=7.2 ppm)
S ppm=2.5(8H, t,J=6.12 Hz, CH>-COOH), 3.38 (8H, t, J=5.96 Hz, S-CH>), 3.5-3.7 (120H,
m, O-(CHz)e0), 3.87 (8H, t, J=5.95, SCH-CH.), 8.79 (8H, s, B-pyrroleH). 1°F NMR (300
MHz, CDCl3) 6 ppm = -133.54 (8F, dd, J1,2= 25.22, 12.03, meta- 3,5-PhF-PEG), -137.06
(8F, dd, J1,2=24.65, 11.75, ortho- 2,6-PhF-PEG). 3C NMR (600 MHz, CDCls, CHCl3
=77.04) & ppm = 34.42 (S-CH,), 34.98 (COOH-CH,), 66.52 (COOH-CH,CH,), 70.21 (S-
CH,CH,), 70.21-70.74 (PEG-C chain), 107.15 (mesoC), 116.82 (1-PhC), 129.3 (4-Ph(),
131.15 (B- pyrroleC), 141 (a-pyrroleC), 145.14-147.59 (3,5-PhC and 2,6-Ph(), 174.33
(-C=0O0H). UV—vis (DMF, path length = 1.0 cm, 25°C): A(hm) = 393, 538, 506. PL (c =
0.2uM, DMF, path length = 1.0 cm, Aex = 390 nm, 25 °C): A(nm) = 651, 701.

[o}
Ho”\/‘o:\ro)/\SH
¥ 0-(2-Carboxyethyl)-0’- Et;N, DMF
(2-mercaptoethyl)

heptaethylene glycol 40°C,5h

CagHgF N Pt
MW: 1167.63

c120H156F15N4040PtS4
Molecular Weight: 2921.85

Figure 3.11: Graphical representation of the chemical reaction mixture and structure

of the final product for the synthesis of PtcPEG4
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3.3.9. Chemical synthesis, NMR and MS of PtmPEG,4

PtmPEG4 was synthesized likewise reacting PtPFPP (5 mg, 4.28 umol) dissolved in
1.22 mL of DMF and mPEG-SH (10.68 mg, 29.96 umol) in the presence of TEA (5.9 uL,
42.8 umol), for 5 h, obtaining 8.79 mg, yield 81.76%. Purity (HPLC): 98.6%. QToF
mass spectrometry: m/z for CioaH13aF16N2O28PtS4%* ([M + 2H]?*) cacld 1256.8724,
found 1256.7242. 1H NMR (600 MHz, (CDCl3, CHCl3= 7.2 ppm) & ppm = 3.2 (12H, s,
CHs), 3.38 (8H, t, J=6.1 Hz, S-CH.), 3.4-3.7 (96H, m, O-(CH.)as), 3.87 (8H, t, J=6.1, SCH-
CH,), 8.76 (8H, s, B-pyrroleH). 19F NMR (300 MHz, CDCl3) 6 ppm =-133.56 (8F, dd,
J1,2= 36.6, 12.01, meta- 3,5-PhF-PEG), -137.0 (8F, dd, J1,2=37.3, 12.18, ortho- 2,6-
PhF-PEG). 13C NMR (600 MHz, CDCls, CHCI3 =76.0) 6 ppm= 33.43 (S-CH.), 57.98 (-
CHs), 69.45-69.68 (S-CH,CH,, 11-PEG-C chain), 70.86 (CH2-O-CHs), 106.1 (mesoC),
115.8 (1-PhC), 118.26 (4-PhC), 130.05 (B- pyrroleC), 139.96 (a-pyrroleC), 144.1-
146.61 (3,5-PhCand 2,6-PhC). UV—vis (DMF, path length = 1.0 cm, 25°C): A(nm) = 393,
538, 506.

87



/{fo\/ﬁzo/\/w

0-(2-Mercaptoethyl)-O"-methyl-
hexa(ethylene glycol)

CyqHgFyoN,4Pt
MW: 1167.63

0N 0o
5\%0’\,0\/\0/\,0

EtyN, DMF
.
40¢eC,5h

o’\o\/‘o’\/o\/‘s
NOrgA 0L

Chemical Formula: Cyp4H;3,F16N40,5PtS,
Molecular Weight: 2513.50

Figure 3.12: Graphical representation of the chemical reaction and structure of the

final product for the synthesis of PtmPEGa.
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When necessary, the residual TFA salt was subsequently removed by incubating the

final product with an equivalent amount of HCl in methanol for 30 min at RT. The
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chemical structure and purity of all these new compounds were confirmed by RP-

HPLC, HR-MS, and H, *°F, and 3C NMR spectra (Figure 3.8 and 3.9). The synthetic

reaction was monitored by analytical RP-HPLC (Figure 3.4), and fractions of interest

were purified by preparative RP-HPLC (see methods). Their main characteristics are

summarized in Table 4. Mass spectra can be found in the S.I of (256).

A)
l‘ PtcPEG,1Glc
I
I\

J A A

PtcPEG,1Glc

lPthlq

LPtcPEGA

/{ PtPFPP

84 86 88 90 92 94
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PtiGIc,

PtcPEG
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|

Pt1Glc

orto- l meta- X

PtPFPP

para- [
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T
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Figure 3.8: Effects of the symmetric or asymmetric substitution on the PtPFPP H

peak splitting pattern (A) and on the °F pattern (B).
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Figure 3.9: Comparison of the retention times (RT) of some of the derivatives and RP-
HPLC chromatogram of the reaction mixtures at the end of each synthetic reaction

(40 min gradient 0 - 100% of acetonitrile in aqueous 0.1% TFA)
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Table 4. List of the newly synthesized PtPFPP derivatives and their physical

characteristics

Conjugate Yield Mol Charge MW g/mol RT min
Pt1Glc, 84.59% 0 1872.47 10.8
Pt2Glc, 88.63% 0 2048.68 14.0
PtcPEGa 95.4% -4 2921.85 18.8
PtmPEG, 81.76% 0 2513.50 20.9

PtcPEG31Glc 97.5% -3 2659.51 16.6

PtmPEG;1Glc 65.15% 0 2353.24 18.7

PtcPEG32Glc 93.9% -3 2703.56 16.8

PtmPEG32Glc 71.76% 0 2397.29 19.6

PtCA;1Glc 36.8% +3 1557.34 11.2
PtCA32Glc 35.18% +3 1601.39 13.2
Pt1Glc; (trans) 23.71% 0 1520.05 20.9

PtmPEG,1Glc;
49.12% 0 2192.98 18.4
(trans)

Notes: retention time (RT) is based on 40 min gradient 0 — 100% of acetonitrile in

aqueous 0.1% TFA and a flow rate of 0.63 mL/min on a YMC-Actus Triart C18, 150 x
4.5 mm 1.D. RP column (YMC). The fully characterized derivatives which were selected
for cell culture testing are highlighted in bold.
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3.4. Photophysical and 02-Sensing Properties of the new compounds

The newly synthesized compounds (Table 4) were subjected to spectroscopic,
photophysical, and Oz-sensing characterization in aqueous media that model the
physiological environment. Absorption and emission spectra, phosphorescence
lifetimes, and specific brightness (phosphorescent emission normalized to the
absorption) were measured for each compound in different buffers without and with
protein addition (5% fetal bovine serum (FBS)), in air-saturated and deoxygenated
conditions (addition of Sulfite (S) solution: 5 mg/mL KH2POa, 5 mg/mL Na,SOs).
Protein and surfactant additives are known to prevent aggregation of porphyrins in
aqueous solutions and influence their self-quenching and quenching by O (254).
After the initial assessment of solubility, photochemistry, and testing on cultured
cells, we focused on 7 of the 10 new structures that were deemed promising for
sensing applications. Their characteristics are presented in Table 5 and Figure 3.10

and Figure S1 (appendix).

In our case, all of the new conjugates in DMF exerted the typical UV-vis absorbance
spectra of PtPFPP, with a prominent peak at 393 nm (Soret band) and two small Q
bands in the 500-550 nm region (Figure 3.10 A and S1 of the appendix). This small
shift of the Soret band is likely due to altered electronic distribution by the
conjugation. At the same time, broadened absorption and emission bands were
observed in aqueous media, caused by partial aggregation and stacking, which were
reduced after the addition of serum (273, 274). As described, tri- and tetra-
PEGylation of porphyrin compounds, while decreasing hydrophobicity, also increases

the tendency of aggregation in aqueous solutions (254).
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Table 5. Photophysical characteristics of the derivatives synthesized in the study

Conjugate EDMF Buffer Abs (Amax) |P (}\max) Ip/AbS T (HS) Rel‘;;“’e
Micmt [3uM] [0.5puM] [0.5uM] 37°C ®
257,000 | PBS+1%TX-100 15933 60 0.088
PtPFPP (325) PB;:K,STX- / / 169373 (CI;If*CIZ) (Cl-lzflz)
PBS 56.17 (657) 956.2 9.14 0.0050
P1Glc 227,130 PBS+Sulfite - 71.93 (656) 1528.5 30.75 0.0079
4 (393) PBS+5%FBS 829.34 (650) | 9261.4 15.48 0.0481
PBS+5%FBS+S 1353.82 (652) | 17685.1 | 37.34 0.0919
PBS 0.32(404) | 22.51(658) 691.7 9.15 0.0036
PE2Glc 256,187 PBS+Sulfite / 26.8 (657) 1209.2 20.15 0.0063
4 (393) PBS+5%FBS 0.36 (400) | 126.7 (653) 2184.4 14.34 0.0113
PBS+5%FBS+S / 546.9 (652) 8312.2 36.72 0.0432
PBS 0.28(392) | 35.81(653) 705.6 8.08 0.0037
PLePEG 291,143 PBS+Sulfite / 90.5 (653) 2152.9 25.94 0.0112
4 (393) PBS+5%FBS 0.31(396) | 288.48(651) | 4878.6 11.75 0.0253
PBS+5%FBS+S / 559.64 (651) | 11599.4 36.1 0.0603
PBS 0.23 (408) | 29.88(651) 7.56
PtmPEG, 280,000 PBS+Sulfite / 23.04 (652) NA 28.06 NA
[2.5 - 0.25uM] (393) PBS+5%FBS 0.26 (406) | 50.75 (653) 11.34
PBS+5%FBS+S / 119.27 (651) 39.94
PBS 0.4 (392) 44.05 (652) 546.8 8.19 0.0028
PLcPEG 1Glc | 222427 PBS+Sulfite / 91.70 (651) 1320.3 31.01 0.0069
3 (393) PBS+5%FBS 0.54 (396) | 486.44(651) | 4904.5 11.7 0.0255
PBS+5%FBS+S / 747.7 (650) 8379.4 34.67 0.0435
PBS 0.22 (407) | 32.51(652) 8.27
PtmPEG;1Glc | 232,000 PBS+Sulfite / 32.34 (651) NA 29.07 NA
[2.5 - 0.25uM] (393) PBS+5%FBS 0.23 (403) | 40.04 (655) 12.45
PBS+5%FBS+S / 95.74 (651) 38.53
PBS 0.34(395) | 15.34(656) 250.1 10.96 0.0013
PtCA 1Glc 230,710 PBS+Sulfite / 24.59 (661) 4433 34.8 0.0023
3 (393) PBS+5%FBS 0.44 (395) | 229.05(651) | 3025.5 16.57 0.0157
PBS+5%FBS+S / 506.33 (652) | 6399.4 38.6 0.0332
PBS 0.33 (401) 35.4 (652) 3763.9 7.04
PtmPEG1GIC2 | )50 250 | pBS + sulfite / 49.3 (652) 5729 | 1531
s _“J;';’M] (393) PBS + 5%FBS 0.59 (396) | 275.4(651) 6525.1 16.83 NA
PBS + 5%FBS + S / 468.1(651) | 11842.6 | 43.97

Notes: PBS = Phosphate Buffer Saline. FBS = Fetal Bovine Serum. S = 10% of Sulfite (5 mg/mL
KH,PO4, 5 mg/mL Na,SOs) was added to deoxygenate the buffer and measure corresponding
lifetimes values in air saturated and deoxygenated conditions. Molar extinction coefficients
(€) were calculated according to the Lambert-Beer Law. Relative Quantum Yields (D) were
calculated in relation to PtPFPP. Absorption and emission of the reference dye were
measured in deoxygenated aqueous media assuming its quantum vyield as

0.088.*(275)**(130) ***(160).
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Lifetimes recorded in buffered media (PBS) at 37 °C were similar for all the analysed
compounds (Table 5), ranging from ~8 to 11 us in air saturated conditions, and from
~20 to 35us upon addition of Sulfite (S). Upon addition of 5% FBS, LT values range
between ~11 to 16 us, and ~36 to 39us in deoxygenated conditions. Slightly lower
values were found for the PEG derivatives, while Pt1Glcs and CA derivatives showed
the longer LT values, reflecting their higher solubility in aqueous media. In PBS with
5% FBS, the brightness of most derivatives increased almost five-fold compared to

PBS but still remained considerably lower (~2 fold) than that of Pt1Glcs (Figure 3.10

B).
B) 20000
A) o7 —rBS ! ) ] I FBs
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_ _g;l; — 5% tes 700 18000 - = ;;ngg
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0.6 1 L 600 16000 - }
1 I 1 i
= 054 ‘@ 14000
5 05 Lsoo = & 1
© 4 = < 1 |
e : o 3 12000 }
8 0.4 L4000 = = . }
S 1 I = % 10000 i
£ 034 300 © o 1
2 ] i £ £ 8000
o F = =) |
<< 0.2+ - 200 & 6000 4
0.1 | 100 4000
rya 1
T T T T T T A T T T T T 04
300 375 450 525 600 650 700 750
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Figure 3.10: (A) Absorption and emission spectra of PtcPEGs:1Glc in the different
buffers, under air-saturated or deoxygenated conditions, at 3 uM and 0.5 uM,
respectively. (B) Relative brightness of selected PtPFPP derivatives in solution,
calculated as sample phosphorescence intensity normalized for its absorbance. PBS,
phosphate buffer saline; FBS, fetal bovine serum; and PBS+S, PBS with added 5
mg/mL of KH2PO4 and 5 mg/mL of NaxS0s.

The chosen PEG moieties, although not very long, can potentially interact with the
porphyrin core and reduce its brightness compared to the symmetrical Pt1Glcs, in
which the thiol-glucose has less freedom of movement. This can also explain the poor
photochemistry of Pt2Glcs, in which the 2-carbon linker connects the benzene ring

with the rest of the glucose moiety.
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3.4.1. trans-di-substituted derivatives of PtPFPP

Absorption and emission spectra and phosphorescent lifetimes of the new trans-
hetero-substituted derivative PtmPEG21Glc; (trans) (Figure 3.11 A) and its
intermediate Pt1Glc; (trans) (Figure 3.11 B), were measured in different buffers, both
in air-saturated and chemically deoxygenated conditions (5 mg/mL KH;PO4, 5 mg/mL
Na,S0s) (Figure3.11. C, D). The specific values are summarized in Table 5. Similar
spectral characteristics to previously described PtPFPP hetero-substituted
derivatives were found. As expected, the intermediate Pt1Glc, (trans) showed
marked aggregation in PBS, producing a broad absorption peak at around 400 nm
(Figure 3.11.D). A slightly red-shifted absorption (401 nm, in PBS 1% DMSO) was
recorded for the trans-PEGylated derivative, which could be caused by a
rearrangement of the porphyrin forming J-type aggregates (head-to-tail alignment).
This feature of substituted porphyrins has been described by Villari et al. (276) for
PEGylated uncharged tetrakis(p-hydroxyphenyl)porphyrin. Depending on the
substituents’ position around the porphyrin core, the photo-physical characteristics
were influenced, especially their ability to self-assemble into either H-type (face-to-
face alignment) or J-type aggregates. The relative brightness of PtmPEG,1Glc; (trans),
in PBS was approximately 6-times higher than that of Pt1Glc; (trans), and 2,5- times

higher upon addition of 5% fetal bovine serum (FBS) (Figure 3.11).
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Figure 3.11: Chemical structures of the 2:2 PtPFPP derivative A) PtmPEG;1Glc; (trans)
and B) its intermediate Pt1Glc; (trans) and their corresponding absorption and
emission spectra: C) PtmPEG;1Glc; (trans) and D) its intermediate Pt1Glc; (trans)
measured at probes concentrations of 5 uM (Abs) and 0.25 puM (Emission)

respectively, at room temperature.
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3.5. Conclusions

An expanded panel of hydrophilic hetero-functionalized derivatives of the PtPFPP
dye was synthesized using thiol-click modification, incorporating low molecular
weight PEGs or cysteamine (CA), along with one or two glucose moieties. Tetra-
PEGylated and Tetra-glucosylated derivatives were also synthesised as
benchmarking. The optimization of reaction and purification conditions generated
high yields (70-95%) and purities (>90%). The chemical structures were confirmed by
NMR and HR-MS. UV-Vis and luminescence spectroscopy revealed typical meso-
substituted metalloporphyrin absorption spectra. In agueous buffer, derivatives
showed broad peaks, indicating partial aggregation. In particular, the symmetric
trans-di-substituted derivative PtmPEG,Glc, exhibited a red-shifted absorption,
suggesting the formation of J-type aggregates. Emission maxima were consistent,
and brightness calculations identified Pt1Glcs as the brightest probe, attributed to its

higher solubility and symmetrical chemical structure.
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Chapter 4: Cell staining behaviour of the new

derivatives in mammalian cell cultures

4.1. Cellular uptake and toxicity of the 3:1 derivatives

Cell staining efficiency of the new derivatives was initially analysed on Murine
Embryonic Fibroblasts (MEF) cells, measuring their phosphorescence intensity signals
on a Victor 2 reader in TRF mode. The cells were stained for 3 and 18 h with probe
concentrations between 5 uM and 20 uM (Figure 4.1.). The cellular uptake was
significantly lower for the derivatives bearing three and four PEG moieties compared
to the symmetric Pt1Glcs and Pt2Glca. This can be explained by the flexible corona
shell and negative charges provided by the multiple carboxy-PEG moieties, which
prevent probe interaction with the cell membrane and translocation inside the cell
(254).
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Figure 4.Error! No text of specified style in document.1: Comparison of 3 and 18 h
cell staining on MEF cells using a range of dye concentrations. Data are expressed as

mean of three biological replicates, confirmed over three technical replicates.
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The neutral mPEG derivatives PtmPEG4 and PtmPEG31Glc showed behaviour similar
to the carboxy-PEG (Figure 4.2. A). This suggests that, other than the molecular
charge, the ability of PEG chains to adsorb water molecules and increase the effective
molecular size of the probe in aqueous solution, prevents their cellular uptake (269).
Overall, the amphiphilic nature and lack of cellular receptors/targets for the PEG
chains prevent their passive transport through the lipid layer. On the other hand, the
cysteamine derivative PtCA31Glc showed good cell penetration, similar to or even
higher than Pt1Glcas. This can be explained by the positive charge of the amino group,

which facilitates cell penetration through attractive interactions (128, 277).
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Figure 4.2: A) TRF intensity signal produced by PtmPEG4 and PtmPEG31Glc after 3h
staining of MEF cells using a range of dye concentrations (5-20 uM) and B) its effect
on the cell viability, measured via total ATP contents (% of controls). Data are
expressed as mean of three biological replicates, confirmed over two technical

replicates.

The cytotoxicity of each conjugate was assessed by measuring changes in total ATP
in MEF cells upon 3h or 18 h incubation with the probes (Figure 4.3. A, B). No
significant cytotoxicity was seen for all the conjugates at all of the concentrations and
incubation times tested. Only PtCA31Glc showed a drop in cell viability at
concentrations >20 uM. We initially attributed this effect to the residual TFA in the
sample (278-280), however, after further neutralization TFA from the purified
compounds the same result was obtained. So, we attributed such toxicity to the

disruption of the cell membrane mediated by the strong electrostatic attraction
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between the positively charged probe and the negatively charged lipid bilayer (277,
281), which could be especially relevant at higher concentrations (i.e. > 20 uM) and
long exposures (18h or more). Other possible cytotoxic mechanisms are partial
nuclear penetration causing DNA binding due to the positive charge, as well as
mitochondrial swelling and consequent disruption of the respiratory chain inducing
apoptosis (282). In fact, as can be seen from the confocal images (Section 4.3, Fig.
4.8.D), rounded cells are observed at 10 uM concentration and 18 h incubation with
PtCA31Glc. This could explain why this cytotoxic effect did not correlate with the TRF

signals at the tested concentrations.
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Figure 4.3: Effects of 3 h (A) and 18 h (B) staining time on the cell viability of MEFs,
measured via total ATP content. Data are expressed as mean of three biological

replicates, confirmed over three technical replicates.
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The comparison of probes’ cell staining efficiency on the human colorectal carcinoma
(HCT116) cell line WT and SCO; —/- showed similar results (Figure 4.4. A, B),
suggesting GLUTs as potentially one of the main pathways of cellular uptake (160).
SCO; -/~ is a highly glycolytic and non-respiring human cancer cell line, modified by
disruption of both alleles of the SCO; gene, which encodes the homonymous protein
fundamental for mitochondrial respiration (283). Such mutant cells undergo a
metabolic switch to glycolysis, which upregulates the expression of glucose
transporters (284). Particularly, the HCT116 cell line expresses mainly the GLUT1

subtype (285). However, other pathways of internalization cannot be ruled out.
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Figure 4.2: The intensity of phosphorescence signal normalized for protein content
describing the effect of 3 h staining on HCT116 WT and SCO2 -/- cells (A, B). The
Pt1Glcs probe was used as a reference. Data are expressed as mean of three biological

replicates (one technical replicate was assessed).

As previously demonstrated, chelation of extracellular Ca?* by ethylene glycol
tetraacetic acid (EGTA) causes a rapid transient increase in oxygen consumption,
which can be monitored by the kinetic measurement of the phosphorescence
lifetime of an O,- sensitive probe on a TRF reader (264). Calculated lifetime values
can then be converted into iO; concentration and plotted over time to evaluate
fluctuations in cellular respiration (286). At high cell density, changes in local

oxygenation can be linked to cellular respiratory activity.
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In the absence of full oxygen calibrations for the new probes, only traces of TRF
intensity and LT signals are shown in Figure 4.5. A, B. One can see that upon cell
stimulation with EGTA in the galactose(+) medium, a marked spike in the intensity
and lifetime signal was detected (286). Inhibition of the response by antimycin A
(AntiA), a potent inhibitor of mitochondrial respiration and cellular O2 consumption

(224, 286, 287) was also evident.
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Figure 4.5: Respiration profiles. TRF Intensity (A) and lifetime (B) signals produced by
the intracellular probes Pt1Glcs and PtCA31Glc on MEF adherent cells stained at 5
uM for 3 h, measured in galactose (+) respiration medium upon iCa?* depletion (EGTA
treatment) followed by respiratory inhibition by Ant A. Data are expressed as mean

of three biological replicates, confirmed over three technical replicates.

Finally, the analysis of O, gradients was carried out on undifferentiated PC12 cells
grown in suspension, to evaluate the usability of the new cell impermeable
derivatives (288) (Figure 4.6. A-D). The graphs include blanks or negative controls
(probe alone, no cells), resting cells (positive control), and cells stimulated with
metabolic effectors EGTA (Ca2+ chelator), AntiA (mitochondrial complex Il inhibitor)

and FCCP (mitochondrial uncoupler).
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calculated lifetimes produced by the extracellular probes PtcPEG4 (A and B, 5 uM)

and PtcPEG31Glc (Cand D, 5 uM), in glucose(+) medium. PC12 suspension cells were

treated with 2 uM AntiA or 0.25 uM FCCP. Data are expressed as mean of three

biological replicates, confirmed over three technical replicates.

We also included the well-established extracellular probe MitoXpress (Figure 4.7.

A,B), and the intracellular Pt1Glcs (Figure 4.7. C,D) as standard references (106). The

brighter probe, Pt1Glcs, gave a smaller response to FCCP treatment (uncoupler of

mitochondrial respiration that increases glycolysis and oxidative phosphorylation

rates (224, 286, 287)) than the tetra- and tri-PEGylated derivatives. The latter probes

also showed similar respiration profiles with the MitoXpress probe.
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Figure 4.7: Respiration profiles. Phosphorescent emission and corresponding
calculated lifetimes produced by the extracellular probe MitoXpress®-Xtra (A and B,
0.3 uM) and the intracellular probe Pt1Glc4 (C and D, 1uM), in glucose (+) medium.
PC12 suspension cells were treated with 2 uM Ant A or 0.25 puM FCCP. Data are
expressed as mean of three biological replicates, confirmed over two technical

replicates.

Thus, the new PEGylated derivatives can be used as extracellular probes for the
detection of cellular oxygen consumption rates. However, reduced brightness,
shorter lifetimes, and the tendency for aggregation make their analytical

performance not as good as that of the MitoXpress probe.
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4.2. Cellular uptake and toxicity of the trans- 2:2 derivative

To evaluate the ability of the new hetero-substituted trans- derivative to stain
mammalian cells, we measured the TRF intensity signals of respiring MEF cells
incubated with the probes Pt1Glc;mPEG; (trans), and Pt1Glc; (trans) at 3 different
concentrations, for 3 and 18 hours, at 37°C. Their staining efficiency was then
compared with that of the published Pt1Glcs. Figure 4.8 A shows that a similar
intensity was obtained from cells stained with the new probe, however its
intermediate is showing approximately 6-fold lower intensity signals. This can be due
to Pt1Glc; (trans) having higher hydrophobicity, and lower brightness. Moreover,
since its signal was lower than 30,000 count per second (cps), it cannot be used for

respirometry or oxygen sensing applications (177).

Next, we investigated the effects of the probes on cell viability measuring total ATP
content (% of control) under the same conditions. After incubation of cells with the
probes in the dark, no significant impairment of cell viability was found (Figure 4.8.
B). However, after 40 min of the TRF measurements cell viability was decreased
below 70% for Pt1Glc; (trans) at 20 uM, (Figure 4.8. C). The phototoxicity of the probe
at 20 uM was also confirmed by the phase contrast images of MEF cells: after cell
staining in the dark, the cell layer was mostly intact (Figure 4.8. D), whereas after the
exposure to light cells were detaching from the surface and spots without cells were
produced (Figure 4.8. E). All this makes the trans-di-glycosylated intermediate
unusable as an O sensing probe. This is consistent with the literature data on
porphyrin carbohydrate derivatives: trans-conformation was superior for PDT
applications, due to its greater yield of hydroxy radicals (‘OH) which provide

enhanced cytotoxicity(272).
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Figure 4.8: (A) Intensity signals measured in TRF mode produced by MEF cells after
3h and 18 h incubation with the probes at 5, 10, and 20 uM. Total ATP content after
(B) 3 h and (C) 18 h of incubation of MEF cells with the probes at specified
concentrations. Phase-contrast images of the wells containing MEF cells incubated
with 20 uM Pt1Glc; (trans) (D) before and (E) after TRF analysis (40 min intermittent
exposure to Xe lamp excitation, 2 s integration time). Data are expressed as mean of

three biological replicates, confirmed over three technical replicates.
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We tested the ability of PtmPEG21Glc; (trans) to trace the changes in intracellular O
concentration (icOz) in respiring MEF cells induced by the addition of activator (EGTA)
or inhibitor (AntiA) of respiration at atmospheric pO2. EGTA is an extracellular Ca?*
chelator, which has been shown to alter Na* and H* concentrations in the
mitochondria, leading to transient increase in O consumption (264). On the other
hand, AntiA inhibits cell respiration by disrupting the electron transport chain,
causing the 02 concentration to increase (286). Indeed, the effects of these
modulators were seen as changes of the probe intensity and, most of all, lifetime

signals of the probes over time (Figure 4.9. A and B).
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Fig. 4.9: Phosphorescence intensity (A) and lifetime (B) profiles produced by
PtmPEG;1Glc; (trans) upon activation of respiration of MEF cells by EGTA (2.5 mM)
and inhibition by AntiA (5 uM). MEF cells were stained for 18 hours with the probe
at 10 uM, and the signal was recorded in Gal(+)/Glc(-) respiration medium. Arrows
indicate the time of effector addition. Data are expressed as mean of three biological

replicates, confirmed over three technical replicates.
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4.3. Microscopy analysis of intracellular distribution

Confocal microscopy was performed to investigate intracellular staining and
subcellular localization of the IC probes. Intensity images of 2D cultures of MEF cells
stained for 18 h and counter stained with calcein green, confirmed the IC or EC nature
of the new derivatives. Pt1Glcs was previously shown to efficiently stain mammalian
cells, mainly accumulating at the perinuclear level, without penetrating the nucleus
(Figure 4.10. A and B) (160). PtCA31Glc was seen to localize similarly to Pt1Glca,
producing even and efficient staining at 5uM with minor nuclear staining (Figure
4.10. C). However, when the concentration is increased to 10 uM, it started to show
cyto-toxicity, with cells appearing rounder and smaller (Figure 4.10. D). The
PEGylated structures PtcPEGs and PtcPEGs31Glc did not produce meaningful
phosphorescence intensity images, confirming that they were not accumulated in

cells and thus are not suitable for intracellular bioimaging applications.
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Figure 4.10: Intracellular staining and localization of the probes, visualized on a
confocal microscope. Emission intensity images of MEF cells after 18 h incubation
with the probes and counter stained with Calcein green. MEF cells stained with
Pt1Glca at A) 5 uM and B) 10 uM. MEF cells stained with PtCA31Glc at C) 5 uM or D)

10 uM. Calcein green was excited at 488 nm, and probes were excited at 405 nm.
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Intensity images of MEF cells stained for 18 h with 10 uM of PtmPEG,1GlIc; (trans)
show localization in the cytosol and minimal nuclear staining. Compared to the
previously described glycosylated PtPFPP derivatives(256), it uniformly stained the

entire cell in a punctated pattern (Figure 4.11).

PtmPEG,1Glc, (trans)
10 pM

Composite

Calcein Green PLIM Intensity

Figure 4.11: MEF cells stained with PtmPEG;1Glc; (trans) at 10 uM. All images were
recorded using an immersion lens at 63x magnification. Calcein green was excited at

488 nm, and probes were excited at 405 nm.

This highlighted sign of mitochondrial staining which was also seen for the trans-bis-
glycosylated derivatives and Hela cells described by Hiroara et al. (250). Thus, to
evaluate the mitochondrial staining of the PtmPEG,1GIc; (trans) derivative, we co-
stained MEF cells with the probe and 50 nM of MitoTraker Green (MTG) for 30 min
and compared the recorded intensity images. Pt1Glcs did not show any significant
overlap with the MTG staining, and mostly localized around the nucleus (Figure 4.12.
A). On the other hand, PtmPEG,;1Glc, (trans) showed partial overlap with the
mitochondrial staining, however it did not stain mitochondria in a selective manner
(Figure 4.12. B). PtCA31Glc was also tested at 10 pM concentration for mitochondrial
staining, however its cytotoxic effect causing rounding of the cells (data not shown)

did not allow the evaluation of its subcellular localization.
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Figure 4.12: Images of MEF cells co-stained with 50 nM of Mito Traker Green (MTG)
50 nM for 30 min and the probes at 10 uM for 18 h. Images were recorded using an
immersion lens at 20x magnification. MTG was excited at 488 nm, and probes were

excited at 405 nm.

4.4. Involvement of GLUTs transporters in probe uptake

In the previous study of Pt1Glcs it was found that its uptake depends on the GLUT
transporters, however the mechanism of internalization was not studied in detail
(160). We evaluated the involvement of GLUTs in the cell internalization of the
symmetric Pt1Glcs and PtmPEG,1Glc; (trans) derivatives by blocking GLUT1 (the main
isoform expressed in MEF cells) by BAY-876 (289). This small molecule competitively

inhibits GLUT1 with high potency and selectivity over the other GLUT isoforms.

First, we determined the inhibition efficacy of BAY-876 at 10 uM by treating MEF cells
simultaneously with the inhibitor and rotenone at 5 uM (290). Rotenone is a potent
inhibitor of the Complex | in the mitochondrial respiratory chain (291). This leads to
a decrease in ATP production through OxPhos, thereby elevating the cell’s glycolytic

activity. If both BAY-876 and Rotenone are present at effective concentrations, the
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cells should drastically reduce their ATP production as both glycolysis and respiration
are significantly reduced. For this assay, MEF cells were grown in standard DMEM
overnight, then washed and starved for 2 h with glucose-free medium (10%FBS)
followed by 1 h incubation with 10 uM BAY-876 and 5 puM Rotenone. Prior ATP
measurements, 10 mM glucose was added to the medium to induce activation of
GLUT1. After 30 min cells were washed and ATP levels were measured using the assay
kit. Cells treated only with BAY-876 and only Rotenone were also analysed showing
15% and 60% decreased ATP levels, respectively. The co-treatment caused complete
death of the cells, confirming the inhibitory activity of BAY-876 at 10 uM (Figure 4.13.
A).

We then investigated the inhibitory effect of BAY-876 on the intracellular uptake of
Pt1Glcs and PtmPEG21Glc; (trans) in Glc (+) medium and Glc (-) medium after 2 h of
glucose starvation (to prevent potential competitive interactions of BAY and Glc at
the receptor level). Cells were inhibited for 1 h (with or without starvation), then
stained with 10 uM of the probes in the presence of the inhibitor for 3 h, washed
three times and measured on the TRF plate reader. When using Glc containing DMEM
(10 mM — standard growth conditions), if GLUTs are inhibited, the uptake of Pt1Glca
was reduced, while PtmPEG,1Glc; uptake remained unchanged. However, in glucose
free medium, the trans- derivative increased its uptake, while Pt1Glcs uptake was
reduced by the same amplitude. This effect could be due to the recognition of the
Glc moieties present on the hetero-substituted derivative which promotes its
internalization via endocytic and non-endocytic pathways (292). From this
experiment it can be concluded that the fully glucosylated derivative is more
dependent on GLUT1 internalization than the trans-di-PEGylated-di-glucosylated

derivative. However, for Pt1Glcs other internalization pathways cannot be ruled out.
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Figure 4.13: A) ATP assay of BAY-876 inhibitory activity on GLUT1 transporter. MEF
cells were starved for 2 h in glucose-free DMEM in the presence of 10% FBS, then
incubated for 1 h at 37 °C with 5 uM Rotenone and 10 uM BAY-876. GLUT1 were then
activated by adding 10 mM of glucose for 30 min followed by ATP levels
measurements. 3h staining of MEF cells with 10uM Pt1Glcs and PtmPEG;1Glc; (trans)
with and without GLUT1 inhibitor (10 uM BAY-876, 1 h) in B) Glucose (+) and C)
Glucose free (with 2 h starvation) media. (**P<0.01, ***P<0.001, ****P<0.0001 vs.
positive controls; One-way ANOVA with Bonferroni’s multiple comparisons test).
Data are expressed as mean of three biological replicates, confirmed over three

technical replicates.
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4.5. Conclusions

This biological study aimed to explore the potential cell analysis applications of newly
synthesized derivatives, focusing on their cellular uptake and toxicity profiles. Initial
screening on MEF cells helped identify promising derivatives, which were then
compared with the reference probes Pt1Glcs. Derivatives with three and four PEG
oligomers exhibited lower cellular uptake due to negative charges hindering
interaction with the cell membrane. Neutral mPEG derivatives behaved similarly,
suggesting reduced uptake due to increased molecular size. However, these hetero-
and tetra-PEGylated derivatives proved effective as extracellular O, probes. In
contrast, PtCA31Glc showed enhanced cell penetration and intracellular staining,
attributed to its positive charge, which is also the cause of its higher cell toxicity. The
2:2 derivative PtmPEG;1Glc; (trans) demonstrated staining efficiency comparable to
Pt1Glcs, indicating the importance of conformation and aggregation behaviour. Its
intermediate Pt1Glc; (trans) displayed insufficient cellular uptake on MEF cells and
elevated phototoxicity, rendering it unsuitable as an O; sensing probe. The GLUT1
dependent cellular uptake study suggested that Pt1Glcs uptake is more dependent
on GLUT1 internalization than the trans-di-PEGylated-di-glucosylated derivative,

although alternative internalization pathways for Pt1Glca cannot be ruled out.
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Chapter 5: Applications of the New Probes with

Bacterial Cell Cultures

5.1. Introduction

E. coli cells represent a classical model for bacterial cell-based assays. They are
frequently used as a reference in non-selective assays such as the total aerobic viable
counts (TVCs) on solid media (293), and in conventional assays with selective media
used to cultivate and identify certain bacterial species, such as coliforms,
Enterobacteriaceae (294, 295), or pathogenic strains (296, 297). E. coli cells have been
extensively validated in O, sensor based respirometric assays, e.g. rapid TVC tests
performed in liquid media (234, 237, 298) with both non-selective and selective
media (263).

The MitoXpress probe (Agilent) is routinely used in this platform, due to its
convenient spectral characteristics, good sensitivity, low S/N, and stable and
calibration-free phosphorescence lifetime-based O; sensing. It has been validated in
various bioanalytical applications and is regarded as the gold standard in micro-
respirometry. This O, sensor demonstrated good analytical performance and usability
in simple growth media, such as nutrient broth (NB) (234). MitoXpress is especially
suitable for detection on standard time-resolved fluorescence (TRF) readers, thanks
to its convenient luminescence lifetime (LT) values and spectral characteristics
(excitation at 360-400 nm and emission at 640-670 nm). These readers typically use
a Xe-flash lamp for excitation with a pulse duration of approximately 15-20 us,
coupled with time-gated emission detection using a photon counting PMT
(photomultiplier tube) detection system. This measurement setup ensures high-
intensity signals and a favourable signal-to-noise (S/N) ratio, facilitating the rapid and
accurate determination of MitoXpress LT values through the rapid lifetime
determination (RLD) method (217, 299).

However, a recent study compared the performance of the micro-respirometry assay

and the MitoXpress probe vs a macro-respirometry platform with a solid-state sensor
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coating, when using more complex media (263). The first platform showed significant
susceptibility of the liquid probe to interferences caused by some of the media
ingredients, while the second platform was able to maintain a good response. In fact,
these selective growth media can contain indicator dyes, chromogenic substrates,
surfactants, other additives for the enrichment of certain bacteria (300) which can

interfere with the signal response and stability.

5.2. Performance of the small molecule probes in respirometric
bacterial assays using complex media

In this study, we investigated the performance of four different water-soluble O,
sensing probes, three of which are based on Pt-porphyrin phosphors (NanO2,
Pt1Glca, PtmPEGs), along with the benchmark MitoXpress probe (PtCP-BSA), in the
micro-respirometry assays with E. coli cells and five growth media having complex
composition. The main goals were to identify the best performing probes for such
applications and to have a better understanding of possible interferences on the

phosphorescent signals and respiration profiles generated by the O; probes.

We tested five media that were used in the previous study(263): nutrient broth (NB),
McConkey (MC), Rapid Coliform ChromoSelect (RCC), M-Lauryl Sulfate (MLS), and
Minerals Modified Glutamate (MMG) media. The media have complex and rather
different composition, containing basic nutrient and special additives such as
indicator dyes, metabolites, surfactants, vitamins, substrates, etc. The roles of these
components are to promote growth of target microorganisms while suppressing
unwanted species, or to report the presence of target microorganisms by colour
changes in the media or other means. Due to the different composition and optical
properties of the media (Figure 5.1), they are expected to act differently on the

different O, probes and respirometric assays.
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Figure 5.1: Photographs of 96-well plates with the different media and E. coli loads
(zero, 10% or 108 CFU/mL): before (left) and after (right) overnight incubation or assay,
at 37 °C.

5.2.1. Selection and general comparison of the O, probes

In micro-respirometry assays with mammalian or bacterial cells (127, 234), the
MitoXpress probe is normally used at a working concentration of 0.3 uM with respect
to the dye (Table 6). It comprises a macromolecular structure produced by covalent
linkage of an amino-reactive phosphor, PtCP-NCS, to a water-soluble polypeptide
carrier, BSA (Figure 5.2. A) (106, 127). PtCP phosphor has high emission yield (O =
~0.4, unquenched) and specific brightness (€*® = 34,000 Mcm™) (67), however
upon conjugation to BSA its brightness in aqueous buffers decreases several-fold due
to static quenching caused by porphyrin-BSA interactions(301). Nonetheless, when
measured in time-resolved fluorescence mode, MitoXpress probe produces
sufficiently high phosphorescence intensity signals and stable lifetime values,
generating smooth and meaningful respiration profiles in simple media.

The other three probes comprise the PtPFPP phosphor embedded in different micro-
environment: an amphiphilic polymer for the nanoparticulate NanO2 probe, and
aqueous medium for the other two small molecule probes (Figure 5.2). While PtPFPP
dye is hydrophobic and has ~5 times lower brightness than PtCP (free unquenched
state) (84), it is readily available, inexpensive and amenable to modifications by thiol
chemistries (130, 251, 252, 271). Unlike the MitoXpress probe, the three other probes

studied here have not been assessed in detail in micro-respirometry assays.
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Figure 5.2: Schematic representation of the O, probes used in the study: A) The
MitoXpress probe comprising a macromolecular conjugate of Bovine Serum Albumin
(BSA) with PtCP-NCS phosphor. B) NanO2 probe comprising core-shell nanoparticles
of a cationic hydrogel, RL-100 with embedded PtPFPP molecules. C) Small molecule
probes: tetra-PEGylated, PtmPEG4, and tetra-glucosylated, Pt1Glcs, derivatives of
PtPFPP phosphor.

NanO2 probe was developed for sensing intracellular O; and phosphorescence
lifetime imaging microscopy (PLIM) applications on mammalian cells (177). It
comprises an aqueous dispersion of cationic nanoparticles of an amphiphilic polymer,
RL-100 hydrogel, with PtPFPP molecules physically trapped in the hydrophobic core
(Figure 5.2B, Table 6). Thus, the polymer ‘shields’ the dye from the external
environment eliminating undesirable quenching interferences from ions, hydrophilic
and large molecules, and providing optimal quenching and O, sensitivity. The
nanoparticles, with an average size of 35-40 nm have positive surface charge, they
can penetrate and stain various mammalian cells and tissue samples by simple
incubation of the cells in a media containing the probe (177). NanO2 is extremely
stable and can be stored for many years in concentrated aqueous stocks, at 4°C,
however its colloidal and structural stability in different chemical environments has
not been studied in detail. Pt1Glcs is a hydrophilic small-molecule probe, also with
cell-penetrating ability, designed for intracellular use, deep tissue staining and
mapping of O; concentration by PLIM. It is produced by click-modification of the
hydrophobic PtPFPP scaffold with four B-D-thio-glucose moieties (Figure 5.2.C, Table
6) (160). Compared to MitoXpress and NanO2, Pt1Glcs probe shows a high degree of

internal quenching of the core phosphor, PtPFPP (256).
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PtmPEGa4is another small molecule derivative of PtPFPP with four thiolated hexa-PEG
peripheral chains (Figure 5.2. C, Table 6). Compared to Pt1Glcs, PtmPEGa is less
hydrophilic and cell-impermeable (256).

Table 6: The O probes used in this study and their characteristic features.

Porphyrin | Working )
Probe Probe Type Special features
Phosphor conc.

. Macromolecular | Protein based, cell-
MitoXpress | PtCP 0.3 uMm . .
conjugate impermeable

i Polymeric core-shell NPs,
NanO2 PtPFPP 0.3 uM Nanoparticle .
shielded, cell-permeable*

Modified

Pt1Glc, 3uM Small molecule | Cell-permeable*
PtPFPP
Modified )

PtmPEG, 3uM Small molecule | Cell-impermeable*
PtPFPP

* Assessed mostly with mammalian cells and tissues.

5.2.2. Basal and maximal phosphorescent signals of the probes in the E. coli assays

In standard non-selective growth media, such as NB, MitoXpress produces stable
baseline with mean basal LT signal of ~22 ps, which increases to ~75 us upon sample
deoxygenation caused by bacterial growth (Table 7).

The NanO2 probe, used at the same working concentration as MitoXpress (0.3 uM),
produced 6-times higher TRF intensity signals in NB media (1.7M cps vs 280k cps) and
similar LT signals: 27 ps and 71 us in air-saturated and deoxygenated conditions,
respectively (Table 7). Its long LT is attributed to the rigid micro-environment of
PtTFPP molecules inside the nanoparticles, which decreases non-radiative quenching
from vibronic coupling (67).

Pt1Glcs produced reduced phosphorescence intensity signals and LT values compared
to the previous probes: 160k cps and 10.3 ps in air-saturated and 750k cps and only
17.1 ps in deoxygenated conditions (Table 7) at 3 uM concentration, i.e. 10-times
higher than MitoXpress and NanO2 (Table 6).
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PtmPEG4 also shows significant signal quenching: at 3 uM concentration, its TRF
intensity and LT signals in NB are: 36k cps and 12 us in air-saturated and 180k cps and

29 us in deoxygenated conditions, respectively (Table 7).

Table 7. Basal and maximal phosphorescence signals of the probes in the different

media.
I I LT LT
Probe  Medium  base max base max Comments
(cps) (cps) (us) (ms)
NB 279k 2.4M 22.1 74.6 Normal sigmoid and stable signals
MC 110k 715k 25.2 65.3 Altered sigmoids
MitoXpress RCC 14k 908k 15.6 40.5 Almost normal sigmoid
[0.3 uM] L )
MMG 56.9k 424k 19.6 46.7 Bell shaped Int, Sigmoidal LT profiles
MLS 22k 120k 18.8 35.0 Bell shaped signals
NB 1.7M 13.8M 27.1 70.6 Normal sigmoid and stable signals
MC 717k 6.5M 22.4 62.8 Almost sigmoidal signals
Nan02 RCC 738k 9.1M 218 57.7 | Almost sigmoidal signals
[0.3 uM] o .
MMG 259k 2.1M 14.7 32.9 Sigmoidal signals with shorter LTmax
MLS 530k 2.9M 26.4 62.5 Altered sigmoid with downward trend
NB 164k 756k 10.3 17.1 Bell shaped Int, sigmoidal LT up-drifting
MC 86k 397k 8.7 18.5 Altered profiles with two signal growth
Pt1Glc
4 RCC 75k 1.7M 133 22.6 Signal drop followed by a plateau
3 uM] MMG 36k 230k 11.3 17.3 Altered sigmoid with upward trend
MLS 29k 43k 9.2 12.1 Signal quenching
NB 36k 178k 11.9 29.1 Almost sigmoidal signals
MC 69k 133k 8.8 18.5 Double Int increase and altered LT profile
PtmPEG . .
4 RCC 53k 303k 13.1 27.5 Bell shaped Int and almost sigmoidal LT
0.3 uM] MMG 17k 66k 10.9 20.9 Almost sigmoidal, smaller amplitude
MLS 41k 109k 8.2 11.8 Signal quenching

lbase= basal intensity; Imax= maximal intensity; Cps= count per second; LT or t =
Lifetime (us). Maximal signals were obtained at [E. coli] = 10 (CFU/mL). Questionable
signals are shown in bold red.

In the more complex RCC and MLS media, MitoXpress basal Int signals (highlighted in
red) are largely quenched, dropping below the acceptable levels for this instrument
(>30k cps(302)). The corresponding LT signals are also quenched considerably, which
would necessitate the use of customised LT thresholds for the determination of TT
values. Overall, maximal Int signals remain high and easy to measure in all the media,
however, the efficiency and usability of the MitoXpress probe in RCC and MLS is

guestionable.
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The NanO2 probe retained high basal and very high maximal Int signals in all the
media, despite their 3-6 folds quenching in MMG and MLS. Its LT signals also
remained stable, being moderately quenched in MMG, which is the only problematic
media for the NanO2.

The Pt1Glcs and PtmPEG4 probes, due to their lower brightness and shorter lifetimes,
were measured at 25 ps and 50 ps delay times instead of the standard delay times
(30 ps and 70 ps for t1 and t2 respectively) to prevent loss of Int signals. Nonetheless,
they produced much lower basal Int signals across all media, and basal LT signals all
below 13 us. Although these derivatives have similar chemical structures, Pt1Glcas
probe produced much higher maximal Int signals than PtmPEG4, in accordance to
their specific brightness (Table 5). Further reduction of delay times would increase
the background signals and further reduce the S/N ratio, while using higher
concentrations would increase probe consumption and assay costs. Ultimately, under
these respirometric assay settings, both Pt1Glcs and PtmPEGs probes are barely

usable in all the media.

5.2.3. Full respiration profiles of E. coli produced with the different media and
probes

Phosphorescent signals of an O, sensor have reciprocal relationship with sample O3
concentration, described by the Stern-Volmer equation (1, 143). As a result, in
respirometric bacterial assays, Oz probes produce characteristic sigmoidal profiles of
the intensity (Int, cps) and corresponding calculated lifetime (LT, us) signals. Initially,
the signal produces a flat baseline, which corresponds to air-saturated conditions in
the sample with maximal quenching of the probe by O,. Then, at a certain time, the
signal undergoes a steep transition from its low baseline to high plateau levels. This
reflects the change from oxygenated conditions to deoxygenation of the sample due
to rapid exponential bacterial growth and increased cell density. The time of this
transition depends on the initial concentration of bacteria in the sample, the type of
growth media and assay conditions used (233, 234). Bacterial cell respirometry
usually monitors primary sensor signals (Int or LT). LT based mode provides reliable

determination of TT values (h) for respiring samples. This, in turn, allows the
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enumeration of aerobic bacteria in unknown samples: adding the sample to growth
medium, monitoring its respiration profile, and determining the time to reach signal
threshold (TT, hours) which is set above the baseline. Then measured TT values are
converted into cell concentrations (CFU/mL or CFU/g) by applying a known calibration
equation (303). However, this basic theory does not account for possible optical
effects and interferences that may be caused by the medium, cells or probe being

used.

Full respiration profiles of E. coli for the different probes in simple non-selective NB
medium are shown in Figure 5.3. A. It appears that classical respiration profiles are
recognisable in NB only for the MitoXpress (Int and LT) and NanO2 (LT) probes. The
Int signal of NanO2 showed a downward drift in the plateau region and a small
upward drift of the baseline, which can be attributed to probe binding to surfaces or
media components, and gradual precipitation or decomposition. Nonetheless,
NanO2 provides reliable and accurate determination of TT values, so it remains
usable. Conversely, Pt1Glcs and PtmPEG4 probes produced unusual (bell-shaped) Int
profiles and non-classical LT profiles, with marked upward drifts of the Int baseline
and unstable LT baseline. We attribute these effects to the low LT values and S/N ratio,
which make these respirometric assays susceptible to interferences and changes in

sample optical properties (absorbance, scattering) overtime.

In MC medium Int signals for all the probes were 1.5-2 times lower than in NB. Again,
PtmPEG4 and Pt1Glca showed unacceptably low baseline Int and LT (<15 ps) signals
(Table 7) and distorted respiration profiles (Figure 5.3.B).

In RCC medium, basal, and maximal LT signals of the NanO2 were close to normal,
but some odd spikes occurred at the start of the plateau region. MitoXpress showed
very low basal intensity signals, reduced basal and maximal LT signals. Small molecule
probes showed oddly shaped profiles and unstable LT signals (Table 2, Figure 5.3. C).
Response to sample deoxygenation and TT values were detectable, though with

difficulties for some of the probes.

123



Figure 5.3.D shows Int and LT profiles of E. coli cells in MMG medium. Only NanO2
probe showed close to normal sigmoidal profiles of Int and LT signals, but its LT
baseline was reduced to 15 pus and maximal LT - to 33 us (Table 7). LT profiles of
MitoXpress were close to sigmoidal, but Int profiles were bell-shaped. As for the small
molecule derivatives, PtmPEG4 also showed bell-shaped Int with upward drift and
complex LT profiles. Still, response to sample deoxygenation was visible for all the
probes, except for Pt1Glca. Overall, basal and maximal Int signals of all the probes are
reduced 3-6 folds, with PtmPEG4 baseline Int below the acceptable threshold for

respirometry (>30k cps) (304).
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RCC Medium
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Figure 5.3: TRF intensity (cps) and LT (us) profiles of MitoXpress (0.3 uM), NanO2 (0.3
UM), Pt1Glcs (3 uM), PtmPEG4 (3 uM), in A) NB, B) MC, C) RCC, D) MMG, and E) MLS
media with 10% and 10° E. coli cells/mL, at 37 °C. Positive controls containing only the
probe solubilised in the sterile media (without cells) are also shown. Data are
expressed as mean of three biological replicates, confirmed over two technical

replicates.
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In MLS medium, only NanO2 retained sufficient brightness and acceptable LT
amplitude, with almost sigmoidal profiles. From its lifetime signal it was possible to
calculate TT value, however these signals are not stable overtime. MitoXpress probe
produced extremely low Int signals and quenched LT, making difficult to use in
respirometric assays. Similarly, Pt1Glcs and PtmPEG, signals were also quenched and

unusable in MLS. (Table 7, Figure 5.3. E).

5.2.4. Analysis of individual media components for interferences

Effects on the probe signals and respirometric profiles of E. coli cells in the different
media can be due to the inner filter effects (IFE), static and dynamic quenching by

media components (66).

NB medium is non-selective, and it contains only NaCl, peptone (source of organic
nitrogen, amino acids and long chain fatty acids) and yeast extract (source of
carbohydrates, vitamins, other organic nitrogen compounds and salts), a refined

meat extract (Lab-Lemco) and no other additives (269).

MC medium resembles NB, with yeast extract replaced by bile salts and lactose and
added neutral red indicator (pKa=6.9) which changes colour from orange to magenta

(Figure 5.1).

MMG medium contains an Fe?* salt, essential vitamins (pantothenic acid), aromatic
compounds (thiamine, nicotinic acid), and bromocresol purple (pH indicator) which,
when incubated overnight with E. coli, turns the medium colour from light purple to

pale yellow (269) (Figure 5.1).

RCC medium is almost colourless, it contains peptone, sorbitol and salts, sodium
lauryl sulphate (anionic surfactant, 0.1 g/L) and UV chromogenic substrates X-Gal and

MUG.

MLS medium contains 1 g/L of SLS surfactant (i.e. 10 times higher than RCC) and

phenol red indicator (pKa=8.0) which changes colour from red to orange (Figure 5.1).
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The complex composition of the selective media (263) points to possible interfering
action by some components on the probe signals, depending on the type of the O3
probe. We therefore aimed at identifying the interfering components present in the

media and their mode of action on the different probes (see supplementary table S1).

For this, we carried out fluorometric titrations of the three probes (MitoXpress,
NanO2 and PtlGlcs, at working concentrations in 5.0 g/L NaCl, with individual
components of the media. Absorbance spectra and changes in probe Int and LT
signals upon addition of the compound were measured in a cuvette, and % of signal
change at the concentrations used in the media were calculated (supplementary

Table S2).

As expected, simple media components, such as salts (NaCl, phosphates), small-
molecule metabolites (saccharides, vitamins, etc.) did not show any significant
interference on the probes (data not shown). On the other hand, some of the more
complex ingredients (peptone, yeast extract), coloured or chromogenic components
(pH indicators, enzyme substrates) and special additives (surfactants, metal ions) did

have an effect.

The component bromocresol purple, present in MMG, produced Int and LT quenching
of all the probes, especially affecting MitoXpress (86% and 32% respectively), pointing
to dynamic quenching or solution FRET (305). It is also worth mentioning that BCP,
other than a pH indicator, is also used for the determination of serum albumin: it
tends to bind quantitatively generating a stable complex with strong absorption at
600 nm. This could explain the belle shaped Int signals of MitoXpress in MMG (306).
Peptone and yeast extract showed significant absorbance at 390 nm and
enhancement on Pt1Glca intensity signal by up to 436%, and MitoXpress up to 116%,
without affecting their LT values. Since the ‘shielded’ NanO2 probe was the least
affected, we attribute these effects to binding interactions between the probe
phosphor and lipophilic components present in peptone and yeast extract, which can
also prevent stacking interactions and/or phosphor aggregation in aqueous solution.

The latter hypothesis is supported by the effect of bile salts (lipophilic derivatives of
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cholesterol), which largely enhanced the Int signals of Pt1Glcs (826%), MitoXpress
(62%) and Nan02 (31%) probes, with little effect on the LT. In fact, bile salts are known
to form micelles and solubilise hydrophobic molecules (307).

Sodium lauryl sulphate, an anionic surfactant, especially concentrated in the MLS
medium (1 g/l), also caused a large enhancement of Int signal of Pt1GlcPt1Glca
(268%) and 50% quenching of its LT. MitoXpress Int and LT were moderately quenched
(21% and 24% respectively). We attribute these effects to phosphor solubilisation by
the SLS and to denaturation of BSA polypeptide, thus changing phosphor’s micro-
environment and Ksv. Only marginal effect on NanO2 probe.

Ferric ammonium citrate showed minor Int and LT quenching of Pt1Glcs (9/7%) and
MitoXpress (4/12%), while NanO2 was barely affected. This could be due to the
paramagnetic effects of the Fe3* ions (305), combined with the tendency of phenyl
groups to co-ordinate Fe3*(307).

MUG (4-methylumbelliferyl-B-D-glucuronide) is a fluorogenic substrate for [-
glucuronidase; when hydrolysed, it produces blue fluorescence. X-Gal (5-bromo-4-
chloro-3-indolyl-B-D-galacto-pyranoside) is a cell-permeable chromogenic substrate
of B-galactosidase; when hydrolysed it produces a blue precipitate (Amax 615 nm)
and fluorescence at 600-700 nm. Both X-Gal and MUG are present in the RCC
medium. They showed quenching of the Int of all the probes 16-17% by MUG and 33-
45% by X-Gal), with a minor quenching of the LT by MUG (3-7%), but not by X-Gal.
Two problematic components were the chromogenic phenol red (present in MLS) and
neutral red (in MC) which both strongly absorb at 395 (0.5 and > 3 AbsU respectively)
and caused IFE, impeding the measurements of the probes’ signals.

All the other compounds, including thiamine (vitamin B1, co-factor for essential
enzymes), pantothenic acid (vitamin B5, required for fatty acid biosynthesis) and
nicotinic acid (growth factor) were seen to alter probe signals only marginally (Table

s2).

5.2.5. Analysis of blank signals and spectroscopic effects of the media

The unusual signal profiles could have instrumental (light scattering, high blanks, low

S/N, inaccurate LT calculation, etc.), biological (metabolic switching, changes of cell
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density, growth rate), or chemical origin. To elaborate this, we first measured blank
Int signals for the samples containing different media with or without cells and no
probe, under the settings used in the respirometry. Such blanks appeared to be rather
high, ranging from ~3k cps for the MMG to ~7k for the MLS and ~15k cps for the MC
when measured at 30-70 ps (Figure 5.4 A, B). Particularly high background signals
were found when measuring at reduced gating time (25 - 50 us), which did not allow

the signal correction for some of the weakest profiles (Figure 5.4 C, D).
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Figure 5.4: Profiles of blank Int signals (no probe) for the different media, recorded at
delay times 30 and 70 ps (A, B), or 25 and 50 ps (C, D), with 108 E. coli CFU/mL (A, C)

and without E. coli (B, D).

The flat profiles of blank signals suggest that cell density (largely increases over 10 h),
and sample oxygenation state which occurs at ~2.5 h (Table 8, TTg) do not significantly
alter the Int signal produced by the media itself. So, high blanks do not explain the

unusual effects on the respiration profiles of some probes and media. Blank-
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correction of Int signals is expected to provide more accurate and stable LT and TT
calculation, especially for the probes and media producing low Int signals (308).

However, in our case, no improvements were seen.

Table 8. Main parameters of the densitometry profiles (Aaos and Acoo) of E. coli cells
in the different media at 37°C, and comparison of its TT values with respirometry.

Registration

Media Ao Amax TTD; h TTRr h
wavelength
Aaos 0.12 0.26 2.18
NB 2-2.2
Asoo 0.04 0.15 2.83
Aaos 0.52 0.88 413
MC 25-29
Asoo 0.15 0.51 4.13
Aaos 0.15 0.32 3.15
RCC 2.2-29
Asoo 0.04 0.21 3.48
Aaos 0.18 0.33 3.48
MMG 2.1-27
Asoo 0.27 0.13 5.10
A4os >3 n.m. n.m.
MLS 2.2-29
Asoo 0.25 0.42 4.13

A - Absorbance (AU), TTp - Treshold Time for densitometry profiles; TTr - Treshold
Time for respirometry profiles (Figure 3), obtained with E. coli at 10 CFU/mL. (n.m.
= not mesureable).

Next, we carried out analysis of optical densitometry (OD) of the same samples as in
O3 respirometry, measuring absorbance profiles at 405 nm and 600 nm (Figure 5.5).
The first wavelength is close to the excitation band (390 nm) of the probes, while the
second - to their emission (650 nm). Such measurements were expected to reveal the
effects of changing cell density and light scattering during the assay, as well as colour
changes in the media induced by metabolising cells. OD600 is commonly used for

enumeration of bacteria (309, 310).

The Agps profiles of E. coli in the different media revealed rather low absorbance
values (0.12-0.3 AU) for the NB, MMG and RCC, moderate for MC (0.5-0.9 AU) and
very high and practically unusable for MLS (Asos >3 AU). This data explains the large
attenuation of probe Int signals in MLS and moderate attenuation in MC, due to
prominent inner filter effect in these media. Asgs growth profiles are all sigmoidal,
however a clear stationary phase is recognizable only in MMG and RCC at 108, while

bi-phasic shape is observed in NB and MC.
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Compared to the corresponding respiration profiles, signal onset (TT) occurred later
in the densitometry, with an approximate delay of 1-2 h in every medium except NB

(Figure 5.5, Table 8. TTp).
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Figure 5.5: Densitometry profiles at 405 nm (A) and 600 nm (B) for the different
media and E. coli concentrations (zero, 10 and 10* CFU/mL) measured over 10 h
period at 37 °C in kinetic mode.

The Aeoo profiles were similar in shape to Asos in every media, except for MMG which
had inverted shape with no changes occurring in the first 5 h. This could be reflecting
the colour change happening in the medium, rather than in the biomass and light
scattering. Notably, Asoo profiles in MLS were measurable, they had sigmoidal shape
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and long TT values (>4 h). The observed differences with respirometry data are
understandable. While both assays report on cell growth and bacterial cell number,
their measured parameters - dissolved O, for respirometry and light scattering and

absorption for densitometry — have different relationship with cell numbers (237).

5.3. Staining ability of the probes with E. coli cells

NanO2 and Pt1Glcs are regarded as cell permeable on mammalian cells, as they can
stain cells by simply adding them to the medium with cells and incubating for several
hours, thus allowing sensing and imaging of intracellular O, concentrations and
gradients (160, 177). In contrast, MitoXpress and PtmPEG4 are instead regarded as
cell-impermeable as they poorly stain mammalian cells(106, 256). Phosphorescent
cell staining of bacterial cells, such as E. coli, has not been studied in detail for all
these probes. However, cell-penetrating behaviour of an O, probe determined with
mammalian cells cannot be simply extrapolated to bacterial cells, which have very

different membrane composition, transport mechanisms, growth rates, etc.

Using confocal fluorescence microscopy (311), we performed phosphorescent
staining (3 h incubation with suspension of E. coli (106 CFU/mL) in NB at 37 °C ) and
imaging experiments with E. coli cells and determined cell-staining behaviour of the
probes in conditions of respirometric assays. Phosphorescence intensity images in
Figure 5.6 reveals that only NanO2 probe can efficiently stain E. coli cells. The other
probes showed no cell staining (MitoXpress) or very few stained cells in the field of
view (more cells for PtmPEG4 than for Pt1Glcs). We can therefore conclude that only

NanO2 probe can stain E. coli cells.
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Q)

Pt1Glc,

Figure 5.6: Phosphorescence intensity images of a suspension of E. coli cells in NB
broth, pre-incubated for 3 h at 37 °C with the (A)NanO2, (B)MitoXpress, (C)Pt1Glcs,
and (D)PtmPEGs probes at the working concentrations, measured on a confocal
fluorescence microscope. E) Transmission image of E. coli in a haemocytometer of a

suspension of E. coli cells in NB broth.

5.4. Overall comparison and ranking of the probes

The above results reveal that a number of components present in the selected media
can influence probe signals and respiration profiles. Moreover, if a medium contains
several such components, the overall effect will be additive. While MitoXpress and
NanO2 are able to withstand better such interferences, the small molecular probes
PtmPEG,4 and Pt1Glcsare more affected due to low S/N and low sensitivity. As a result,
such probes produce unusual profiles in this micro-respirometry assay, making them
unreliable for quantification of bacteria via TT determination (263).

On the other hand, such quenching interferences and attenuation of O, probe Int
signals in such assays can potentially be counteracted by i) using a higher probe
concentration; ii) choosing brighter probes, such as NanO2; iii) excluding the main
interfering components, provided they are not critical for the intended action of the

medium; iv) choosing alternative or new media with different composition but similar
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selectivity and lower interferences. Clearly, these strategies have their own
limitations (e.g. probe/media availability, assay costs).

Based on their behaviour and analytical performance by comparative analysis of the
respiration profiles in the different media, background signals and densitometry, we
were able to identify the most resilient and robust probes for use in such media and
assay (Table 9). NanO2 showed consistently lower interferences than the other
probes, and it operated reliably in the four out of five complex media, including the
most challenging RCC and MLS media. The superiority of NanO2 is due to its ‘shielded’
core-shell structure, in which the phosphor molecules sit in the hydrophobic core of
the nanoparticle and are not exposed to the aqueous media. Cell-penetrating ability
of the NanO2 in bacterial respirometry applications is also beneficial, as the cell

further shields the probe from interfering compounds in the media.

Table 9. A summary of general usability of the probes in the different growth media.

Probe NB mMC RCC MMG MLS
MitoXpress - + - +/- -
NanO: + + +/- + +
PtmPEG4 +/- - +/- - -
Pt1Glca - - +/- +/- -

The benchmark probe MitoXpress, although working reliably in NB and MC, failed to
work in RCC and MLS, and to some degree in MMG. Finally, Pt1Glcs and PtmPEG,,
although used at 10-times higher concentrations, both performed poorly. Pt1Glcs still
worked, but with some problems, only in RCC and MMG, while PtmPEGs somewhat
worked only in NB and RCC. Major limiting features of PtmPEG4 and Pt1Glcs small
molecular probes were their short lifetimes, below the instrument temporal

resolution, low brightness, and hydrophilicity.
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5.5. Conclusions

General usability and performance of the four different types of soluble O probes in
respirometric bacterial assays were assessed using E. coli cells and five complex
media designed for selective bacterial assays. The detailed spectroscopic analysis of
this model has revealed multiple interfering and limiting factors, which include high
blank signals, low S/N due to light scattering and short-lived autofluorescence
combined with the limited temporal resolution limited by the Xe-flashlamp pulse
duration (afterglow) (294, 295). This especially affects the probes with short LT values
(<15 ps), leading to large measurement errors and inaccurate determination of probe
LT by the TRF/RLD method (294). The optical effects of complete media were mainly
due to broad absorption bands of the different indicator dyes and spectral changes
taking place during the assay (246). All these elements combined caused the ‘dim’
Pt1Glcs and PtmPEG4 probes to generate unstable LT measurements, and respiration
profiles of unusual shape. The asynchronous changes in sample absorbance, light
scattering, and probe Int signal, especially when combined with low S/N, may also
result in weird bumps and respiration profiles for some probes and media. Moreover,
a number of individual media components were seen to interfere with the probes’
signals in a probe-specific manner. Coloured substances, such as pH indicators,
chromogenic substrates (MUG, X-gal), other UV absorbers, were acting via IFE or
solution FRET. Surfactants and lipophilic molecules (e.g. SLS, bile acids) can denature
protein-based probes, solubilise the phosphor in small molecules or disturb the
nanoparticle structures, thus changing the phosphor’s micro-environment and O;
sensitivity, seen as quenching or enhancement of probe signals. Compounds
containing heavy atoms (X-Gal, Ferricammonium citrate) may cause dynamic or static
guenching. Finally, reducing, or oxidizing agents can modify phosphor’s structure and
its environment. The study aimed to find resilient probes for bacterial micro-
respirometry in selective media. The ‘shielded’ NanO2 probe showed consistently
lower interferences and operated reliably in the four out of five complex media,
showing some weakness only in RCC, finishing on top of the list. The ‘gold standard’
MitoXpress probe was ranked second, as it was usable only in 2-3 out of five media.

As for the small molecule probes Pt1Glcsand PtmPEGs were ranked the least usable,
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being hampered by their low brightness, low basal LT signals, and stronger

interactions with media components.

Thus, comparative analysis of respiration profiles produced by the different probes
and media, allows ranking the probes, based on their ruggedness and operational
performance. Overall, the order of performance is: NanO2 > MitoXpress > Pt1Glcas =
PtmPEGs4. Therefore, we regard NanO2 as a viable alternative to MitoXpress probe
for bacterial cell micro-respirometry. Similarly, the five media can also be ranked
based on their ‘harshness’ with respect to the O, probes, as follows: MLS > MMG >
RCC > MC > NB. Considering these factors is crucial for selecting appropriate probes

and media for new applications and developing improved O, respirometry probes.
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OVERALL DISCUSSION

This thesis project aimed at elaborating the SARs for a novel family of hetero-
substituted PtPFPP derivatives as phosphorescent O; soluble probes. These probes
are designed to reduce non-specific binding, increase hydrophilicity, and provide
targeted cell recognition. Depending on their molecular charge, size, surface
chemistry and aggregation behaviour they provide insight into intra- or extra-cellular
respiration and oxygenation status using advanced multi-parametric TRF Intensity

and lifetime readouts.

A series of hetero-functionalized PtPFPP derivatives bearing three low molecular
weight PEGs or CA moieties, and one glucose moiety have been synthesized via thiol-
click covalent modification of the peripheral fluorine atoms of PtPFPP. Overall, this
synthetic work generated six hetero-substituted derivatives: PtcPEG31GIc,
PtmPEG:31Glc, PtCA31Glc, and their 2Glc counterparts, as well as one symmetric
hetero-substituted PtmPEG,1Glc, trans- derivative. In addition, three new tetra-
substituted derivatives were also produced: Pt2Glcs, PtcPEG4, and PtmPEG4. The
published Pt1Glcs (160) was also synthesised and used as a reference compound
throughout the study. By optimizing the reaction and purification conditions, we
produced 5-10 mg quantities of each compound and intermediates in high yield
(70-95% w.r.t. mono-substituted PtPFPP), and purity (>90% by RP-HPLC). As
expected, higher glycosylation of the porphyrin core decreased the retention time
(RT) on the RP-HPLC and increased hydrophilicity of the probes in the order: PtGlca
> PtGlcs > PtGlc; cis- > PtGlc; trans- > PtGlci > PtPFPP (271). PEGylation had a similar
effect, however it provided a lower water solubility, which resulted in a higher
tendency to aggregate in aqueous media. Functionalization with Cysteamine also

provided high water solubility due to the positive molecular charge.

All the chemical structures, substitution type and symmetry were confirmed by
means of 'H, °F and 13C NMR and HR-MS. The identification of the cis- or trans-
orientation was based on the literature data (271). UV-Vis and luminescence
spectroscopy were utilized to measure absorption and emission spectra, and to

determine emission QY (relative to PtPFPP), brightness (emission intensity /
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absorption) and phosphorescence LT of the different O, probe structures. All the new
derivatives show a typical meso-substituted metalloporphyrin Abs spectra with Soret
band at 393 nm in DMF and two Q bands. When measured in aqueous buffer (PBS)
all derivatives show broad peaks, indicating partial aggregation. In particular, red-
shifted absorption maxima at around 400 nm were seen for Pt2Glcs and
PtmPEG21Glc; (trans). Red-shifted Soret bands are typical for peripherally crowded
non-planar porphyrins, arising from destabilization of the molecular orbitals (HOMO
> LUMO). Alternatively, it could be due to the overlap of the aryl substituents with
the m-system of the porphyrin macrocycle(312). With regards to the trans-di-
substituted derivative PtmPEG,1GlIc; (trans), the red-shifted absorption might
indicate the formation of a specific J-type of aggregates, due to the symmetry of the
substituents which drives the rearrangement of the aggregate into a head-to-tail
stacking configuration as the least sterically hindered(276). Emission maxima were
all in the typical range 650-652 nm in deoxygenated conditions. Brightness
calculations and relative QYs measured in DMF, confirmed that Pt1Glcs is the
brightest probe among the list thanks to its higher solubility in buffered aqueous
media and symmetric chemical structure, preventing potential bending of the

macrocycle or bond interference.

To gain insights into potential cell analysis applications of the newly synthesized
derivatives, we investigated their cellular uptake and toxicity profiles. An initial
screening of the cellular staining efficiency on MEF cells allowed us to select
promising derivatives and compare their performance with the reference probe,
Pt1Glca. These probe structures were further evaluated in biological media assessing
intracellular staining, oxygenation profiles, oxygen consumption rates (OCR) of the
cells and responses to metabolic stimulation, measured on adherent and suspension
cells using four different mammalian cell lines.

The results demonstrated that derivatives bearing three and four PEG oligomers
exhibited a much lower cellular uptake compared to the symmetric fully glucosylated
Pt1Glcs and Pt2Glcs. The negative charges provided by the carboxy-PEG moieties also
prevented efficient interaction with the cell membrane and translocation inside the

cell. However, the neutral mPEG derivatives (PtmPEG4 and PtmPEG31Glc) exhibited
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behaviour like carboxy-PEG. This suggests that, beyond molecular charge, the
diminished uptake is likely caused by their higher molecular size upon H,0 molecules
coordination in the aggregate structure (254). Moreover, the amphiphilic nature of
PEG chains and lack of cellular targets hindered their passive transport through the
lipid layer. Nonetheless, this still allows the use of 3:1 hetero- and tetra-PEGylated
derivatives as extracellular O, probes.

In contrast, the PtCA31Glc derivative demonstrated high cell penetration and
intracellular staining ability, facilitated by the positive charge of the amino group,
enabling effective interaction with the cell membrane and consequently intracellular
bioimaging. Our findings further elucidate that the substitution with 2-Thioethyl-3-
D-glucopyranoside (2Glc-SH) leads to a diminished cell staining capability of Pt2Glca.
This observed reduction is ascribed to the influence of a more flexible corona shell,
resulting in compromised photochemistry and increased aggregation tendencies.
Cytotoxicity assessments revealed that, overall, the conjugates did not induce
significant impairment of cell viability at the tested concentrations and incubation
times, except for PtCA31Glc at concentrations exceeding 20 pM. The observed
cytotoxic effects, including rounded cell morphology, suggest partial nuclear
penetration, mitochondrial swelling or possible cell membrane disruption due to the
strong electrostatic attraction between the positively charged derivative and the
negatively charged lipid bilayer.

The intriguing findings with the 2:2 derivative PtmPEG;1Glc, (trans), which
demonstrated a staining efficiency comparable to Pt1Glcs, suggest the importance of
the conformation and aggregation behaviour of the derivative. This finding is in
agreement with the literature (276). The PEGylation of the trans-di-glucosylated
PtPFPP intermediate, produced a biocompatible, intracellular O, sensing probe, with
potential for oxygen bioimaging.

Moreover, when assessing the impact on cell viability, the intermediate Pt1Glc;
(trans) did not significantly impair cell viability after 3 and 18 hours of incubation.
However, prolonged exposure to light during TRF measurements decreased cell
viability, indicating phototoxicity at higher concentrations. This phototoxic effect was
confirmed by phase-contrast images revealing cell detachment and areas devoid of

cells. Thus, Pt1Glc; (trans) is deemed unsuitable as an O sensing probe, aligning with
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literature findings that trans-conformation in porphyrin carbohydrate derivatives
favour PDT applications (271, 272). In the same study, the trans-bis-glucosylated
derivative was reported to be internalized more efficiently than the tetra-
glucosylated derivative. Our findings show the opposite, along with increased
internalization upon addition of two PEG moieties. However, the different cell lines
and methods of analysis used could explain this discrepancy.

The involvement of glucose transporters (GLUTs) in cellular internalization was
evaluated using the competitive inhibitor BAY-876 specific for GLUT1, the main
isoform expressed in MEF cells. The results indicated that Pt1Glcs uptake is more
dependent on GLUT1 internalization than the trans-di-PEGylated-di-glucosylated

derivative. However, other internalization pathways cannot be ruled out for Pt1Glca.

The final chapter focuses on the evaluation of the usability and performance of two
small molecule probes described in the previous chapters (Pt1Glcs and PtmPEGs) in
respirometric bacterial assays, using E. coli cells and five complex media. Their
respiration profiles and photophysical behaviour was analysed in parallel with two
other established soluble probes: MitoXpress (PtCP-BSA conjugate) and the
nanoparticle NanO2.

The detailed spectroscopic analysis of this model has revealed multiple interfering
factors, which relate to the instrumentation used, probe structure and photophysical
characteristics, and action of particular media components on the probes.

The study identified challenges in oxygen respirometry assays, including high blank
signals, low signal-to-noise ratio (S/N) due to light scattering and autofluorescence,
and limited temporal resolution. Probes with short phosphorescence lifetimes were
particularly affected, leading to measurement errors.

Moreover, media components, including pH indicators and lipophilic molecules,
interfered with the probe signals in a probe-specific manner. The purpose of our
study was to identify the most resilient and robust probes for use in the described
selective media and bacterial micro-respirometry assay. The NanO2 probe
demonstrated lower interferences and reliability across most media, outperforming

the 'gold standard' MitoXpress probe, suggesting NanO2 as a viable alternative.
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On the other hand, the small molecule probes Pt1Glcs and PtmPEG4 did not generate
acceptable signals and profiles due to lower brightness, shorter lifetimes, and higher
degree of interactions with media components. The performance order was NanO2
> MitoXpress > Pt1Glcs = PtmPEG4. Media were ranked based on their 'harshness'
with respect to O; probes as MLS > MMG > RCC > MC > NB.

Consideration of these effects and sample/media components is necessary for
selecting optimal and appropriate probes and/or media for such applications, and

development of new improved probes for O, respirometry.

In summary, the comprehensive analysis of the 3:1 and 2:2 derivatives underscore
their varying cellular uptake efficiencies, biocompatibility, and involvement of GLUTs
in their internalization. The SARs revealed in this study demonstrate how intracellular
delivery can be tuned by simple structural modification of the PtPFPP core. However,
limitations of this type of small molecule probes were also identified, particularly
their shorter lifetimes, reduced sensitivity to O, compared to the other porphyrin
based O3 sensing probes, and the lack of shielding from the external environment
and potential interfering agents.

Overall, this probe design produced new soluble small molecule probes with targeted

cell delivery, for IC or EC O3 sensing and cell analysis.
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Figure S1: Absorbance and phosphorescence spectra of the synthesized derivatives

in DMF, PBS, and 5%FBS in oxygenated and deoxygenated (S) conditions. A) Pt1Glc,
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B) Pt2Glca4, C) PtCA31Glc, D) PtcPEG4. Data are expressed as mean of three technical

replicates

Table S1. Composition of the different media.

Selective Media

Nutrient Broth (NB)

MacConkey (MC)

M-Lauryl Sulfate (MLS)

Ingredient

“Lab-lemco” Powder

Peptone
Sodium chloride
yeast extract

Bile salts
neutral red
Peptone
Sodium chloride

phenol red

sodium lauryl sulfate
yeast extract
lactose

Rapid Coliform ChromoSelect (RCC) X-gal
MUG (4-Methylumbelliferyl a 0.05 g/L

IPTG
Peptone

Concentration

1.0g/L
5.0g/L
5.0 g/L
2.0g/L

5.0g/L
0.075 g/L
20.0 g/L
5.0 g/L

0.2 g/L
lg/L
6 g/L
30 g/L

0.08 g/L

0.1g/L
5¢g/L

dipotassium hydrogen phosphe 2.7 g/L
potassium dihydrogen phosphe 2 g/L

sodium lauryl sulfate
sorbitol
sodium chloride

Minerals Modified Glutamate (MMG bromocresol purple

ferric ammonium citrate

magnesium sulfate
nicotinic acid
lactose
pantothenic acid
sodium formate
calcium chloride
L-cystine

dipotassium phosphate

L-arginine
L-aspartic acid
thiamine
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0.1g/L
lg/L
5¢g/L

0.02g/L
0.02g/L
0.2g/L
0.002 g/L
20g/L
0.002 g/L
0.5g/L
0.02g/L
0.04g/L
1.8g/L
0.04g/L
0.048 g/L
0.002 g/L



Table S2. Effects of the different components of the media on the O; probes.

Changes in

Quenching of Probe Int and LT signals

Concentration & | Asso/Asso % /% at 1x

Ingredient Media used %/% at 1x
NanO2 MitoXpress Pt1Glc,

MMG - 20 g/L 0/0 9.1/3.9 -13.7/0 -25.7/0
Lactose

MLS — 30 g/L

; 0/0 1.5/0 -1.0/4.5 0.9/0

L-cystine MMG - 0.04 g/L / / / /

- 0/0 6.5/3.9 0/0 0.6/5.6
Thiamine MMG - 0.002 g/L / / / /
Pantothenic 0/0 8.1/3.7 -1.8/4.3 2.3/0
acid MMG - 0.002 g/L
Bile salts MC-5.0 /L 0/0 -31.1/0 | -62.0/48 | -825/55
Ferric <0.1/0 3.9/0 3.9/12 8.8/6.7
ammonium MMG - 0.02 g/L
citrate
Lab-lemco NB-1.0g/L 0.02/0 -16.3/0 | -6.6/0 -17.9/0

NB-5.0g/L 0.15/0 -1.6/0 -54.4/0 -281/20
Peptone MC-20g/L
RCC-5.0g/L
Veast extract NB-2.0g/L 0.5/0 6.1/3.5 -116/4.8 -436/6.3
MLS - 6g/L
Sodium lauryl MLS -1 g/L 0/0 3.5/16 21.0/23.8 -268/50
sulphate RCC-0.1g/L
0/0 33.2/3.5 42.9/0 45.0/0
X-gal RCC-0.08 g/L / / / /
0/0 15.9/3.7 17.5/4.2 -16.1/6.7
MUG RCC - 0.05 g/L / / / /
0/0 6.2/0 -8.4/8.3 1.7/6.7
IPTG RCC-0.1g/L / / / /
neutral red MC - 0.075 g/L 0.5/0.9 n.m. (IFE) | ? ?
>3.0/0 n.m. (IFE) | n.m. (IFE) n.m. (IFE)
henol red
phenotre MLS - 0.2 g/L
bromocresol 0.5/0 47.8/12.0 | 85.9/31.8 44.7/12.5
purple MMG - 0.02 g/L

n.m. — not measurable; IFE — inner filter effect; * - signal enhancement; Significant effects
are shown in red (negative values correspond to signal enhancement).
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