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Abstract 

Oxygen (O2) is one of the essential environmental parameters for living 

organisms, as it plays a vital role in their metabolism. Therefore, monitoring the 

distribution of O2 and its dynamics is essential for physiological studies. Assessment 

of tissue oxygenation by means of phosphorescent probes and optical microscopy 

has been increasingly used in biological and medical research. O2 imaging by PLIM 

is gaining popularity as it can provide an accurate, quantitative, and calibration-free 

mapping of O2 concentration in complex biological samples and is unaffected by 

external factors such as probe concentration, autofluorescence, photobleaching, 

optical alignment, excitation intensity, and scattering.  

Current PLIM platforms have limitations in image acquisition speed, sensitivity, 

penetration depth, accuracy, and general usability. TCSPC with raster scanning 

technique is frequently used in PLIM, but it is slow as it requires long pixel dwell 

times to measure long-lived phosphorescence. Other commonly used techniques 

include gated CCD and CMOS cameras, which lack single photon sensitivity and 

have a low frame rate. Moreover, the majority of the current PLIM systems use a 

microscopic format, while macroscopic systems are rarely available. 

We demonstrate a new macro-imager that overcomes many of these limitations. 

The imager is based on the new time-stamping Tpx3Cam optical camera, which 

combines a novel silicon optical sensor and a Timepix3 readout chip that has the 

capability to record the TOA and TOT at each pixel simultaneously. For TCSPC-

PLIM applications, the Tpx3Cam imager was built by integrating the camera with an 

image intensifier that provided single photon sensitivity, an emission filter, and a 

macro lens using a Cricket adapter. Sample excitation was performed with an LED 

controlled by a pulse generator and synchronised with the camera. A custom-

designed software was used to acquire the Tpx3Cam raw data in a binary format, and 

a C-language code was used to post-process the data. The resulting data matrix was 

then fitted with a bi-exponential function to determine the lifetime values.  

Planar phosphorescent O2 sensors and a resolution plate mask were used to 

characterize the imager. The performance and resolution of the imager were 

optimized with different image processing techniques, and the spatial and temporal 

resolution achieved were adequate for wide-field PLIM applications.  
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Various commercial and non-commercial O2-sensitive phosphorescent materials 

were evaluated with the new imager. The lifetime signals were recorded for 20 s and 

the PLIM images generated by the imager showed good uniformity and lifetime 

contrast between the different materials with varying temperature and oxygenation 

conditions. The phosphorescence lifetime values were also consistent with those 

measured by alternative methods.  

Next, we demonstrated the application of the imager for mapping O2 

concentration in live tissue samples stained with a PtBP-based NanO2-IR probe. The 

tissues were stained passively or by microinjections, and PLIM was performed under 

resting conditions and upon inhibition of respiration. The imager allowed accurate 

phosphorescence lifetime measurement of the probe and generated detailed O2 

concentration maps of the tissue surface and even at depths of up to 0.5 mm inside 

the tissue.  

Lastly, we demonstrated the Tpx3Cam imager in model in vivo applications to 

map O2 concentration and tissue hypoxia in grafted tumours of laboratory animals. 

The probe delivery conditions in the animals were optimized to prevent adverse 

effects and enable long-term detection of the probe in the grafts. The live animals 

were injected with CT26 cells stained with the NanO2-IR probe to develop tumours 

with characteristic phosphorescence. The animals were monitored, and tumours were 

allowed to grow for 3, 7, 10 and 17 days. O2 imaging of live and euthanized animals 

at different time points produced phosphorescence lifetime values that reflected the 

hypoxic state of the tissue. Confocal PLIM microscopy was also performed on the 

excised tissues to demonstrate the distribution of the probe in the tumour. 

These results demonstrate that the new Tpx3Cam imager shows promising 

performance in PLIM mode with high spatial resolution. It can image objects up to 

several centimetres in size with flexible optical alignment (e.g., vertical or horizontal 

configuration). It can produce accurate lifetime values at a superior speed and 

sensitivity that can be converted to O2 concentration maps. The application of the 

imager ranges from the characterization of solid-state O2-sensors to O2 imaging of 

sizable biological samples, including respiring cells, live post-mortem animal tissues 

and organs and in vivo imaging of tissue hypoxia in animal models. Overall, the 

imager can be used for quantitative wide-field PLIM in physiological in vivo studies 

in a minimally invasive manner. 
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1. Chapter 1: Literature Review 

 

1.1.  O2 homeostasis and tissue O2 levels  

 

Molecular oxygen (O2) plays important roles in living organisms. It helps to 

generate energy in the form of adenosine triphosphate (ATP). Otto Warburg 

received the Nobel Prize in Physiology or Medicine in 1931 for demonstrating 

that oxidation conversion of food into ATP is an enzymatic procedure (Warburg, 

1931).  O2 acts as the terminal acceptor of the Electron Transport Chain (ETC) 

and performs many vital physiological functions: it acts as a substrate for many 

enzymes, a signalling molecule, and a source of Reactive Oxygen Species (ROS) 

(Brand & Nicholls, 2011; Carreau et al., 2011; Semenza, 2007, 2012). However, 

O2 levels in the body are tissue-specific and tightly regulated by hemoglobins, 

myoglobins, red blood cells, and the vasculature (Semenza, 2010; Wilson, 2008). 

Deviations from normal conditions may lead to pathological states and even 

death of the cell or whole organism.  Physiological O2 levels result from a gentle 

balance between O2 supply and demand. Therefore, maintaining normal O2 levels 

and homeostasis in tissues are extremely important. The discovery of 

mechanisms of O2 sensing and adaptive responses to hypoxia in mammalian cells 

has opened up a new field of research (Liao & Zhang, 2020; Prabhakar, 2020; 

Ratcliffe, 2013; Semenza, 2011). 

The usual O2 concentrations to which cells in the human body are exposed 

range from 20.86% in the atmosphere and upper airways to 1% at the 

corticomedullary junction of the kidney. The standard O2 concentration used by 

biologists in tissue culture cells is 18.6% O2 (95% air and 5% CO2), and this 

condition is referred to as atmospheric normoxia. Table 1.1 shows the O2 

concentration at physiological normoxia in different human tissues. Hypoxia, on 

the other hand, is defined as a condition of O2 deprivation in cells and tissues. 

Animal cells can sense the variation in O2 and switch on adaptive response 

mechanisms to adjust to the low O2 tensions for survival. Most types of cells 

possess and conserve these O2-dependent mechanisms (J. W. Lee et al., 2004). 

One of these is erythropoietin (EPO), a kidney-derived glycoprotein purified in 
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1977 (Miyake et al., 1977) and cloned in 1985 (F. K. Lin et al., 1985), which led 

to the investigation of O2-sensing technology. Despite the fact that EPO 

stimulates the bone marrow to make red blood cells, thereby increasing the 

capacity of the blood to carry O2, and EPO levels increase when there is a 

shortage of O2 in cells, the molecular mechanism by which the body recognized a 

lack of O2 to control the EPO expression remained unknown. The first study of 

the regulation of the EPO gene under various O2 conditions was conducted by 

Semenza et al. (Semenza et al., 1991). The discovery of Hypoxia Response 

Elements (HREs) in different cells by Semenza (G. L. Wang & Semenza, 1993), 

Ratcliffe (Maxwell et al., 1993), and colleagues in 1993 has expanded our 

understanding of this O2-sensing system. Subsequently, (G. L. Wang et al., 1995) 

identified the main component and isolated the nuclear factor linked to the EPO 

gene and called it the hypoxia-inducible factor (HIF-1). HIF-1 is a heterodimer 

of the oxygen-labile subunit HIF-1α and the constitutively expressed subunit 

HIF-1β (G. L. Wang et al., 1995). The HIF-1 protein is influenced by O2 levels, 

and it regulates the transcription of a large number of genes.  

Table 1.1: O2 concentration in various human tissues, expressed in mmHg and in percentage of 

O2 in the microenvironment 

Tissue type O2 (%) O2 (mmHg) References 

Brain 4.4±0.3 33.8±2.6 (Dings et al., 1998; Hoffman et 

al., 1996; Koršič et al., 2006; 

Meixensberger et al., 1993) 

Lung 5.6 42.8 (Le et al., 2006) 

Kidney 9.5±2.6 72±20 (Muller et al., 1998) 

Liver 5.4±0.7 40.6±5.4 (Brooks et al., 2004; Leary et al., 

2002) 

Intestine 7.6±0.3 57.6±2.3 (Müller et al., 1995, 2002; 

Thermann et al., 1985) 

Muscle 3.8±0.2 29.2±1.8 (Beerthuizen et al., 1989; 

Boekstegers et al., 1990; 

Richardson et al., 2006) 

 

Physiological hypoxia activates the hypoxia signalling pathways governed by 

HIF (Figure 1.1). Under normoxic conditions, O2-dependent prolyl-4-

hydroxylases (PHDs) hydroxylate the HIF-α subunits. Von Hippel–Lindau 

protein (pVHL) binds to the hydroxylated HIF-α which leads to the degradation 

of HIF protein. Under physiological hypoxia, these activities are suppressed, and 
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the HIF-α subunits translocate into the nucleus to bind with HIF-1β. The HIF-α: 

HIF-1β transcription factor complex then binds to the HREs of its target genes, 

resulting in their transcriptional upregulation. Other homologs of α-unit include 

HIF-2α and HIF-3α which have similar characteristics to HIF-1α in dimerization 

with HIF-1β and DNA binding. While HIF-1α is expressed ubiquitously, the 

other two are expressed in a cell line/tissue-restricted manner. 

 

Figure 1.1: Hypoxia-inducible factor (HIF) regulation during physiological normoxia and 

hypoxia (J. W. Lee et al., 2019). 

Since HIF signaling plays a crucial role in many human diseases, therapies 

have been developed that target the HIF pathway directly or indirectly. The 

approaches include targeting HIF mRNA expression, nuclear translocation, HIF-

HRE interaction, dimerization of HIF-α and HIF-1β, etc. Apart from direct 

targeting of the oxygen/PHD/HIF/VHL cascade, oxygen independent pathways 

that activate HIF are also in use. Several inhibitors of HIF-1α were assessed for 

treatment of different disorders, but only a few have progressed towards clinical 

use (W. Chen et al., 2016; Cho et al., 2016; Jeong et al., 2014; Scheuermann et 

al., 2013; Weiss et al., 2013), with low selectivity, potency, and prominent side 

effects (Godet et al., 2022). Therefore, additional research is necessary to 

advance the clinical benefit. HIF/pan-PHD inhibition also has negative effects. 

Moreover, the diverse and overlapping signalling pathways make the HIF system 

very complex and difficult to design selective drugs for. Therefore, physiological 
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studies of cell/tissue hypoxia and related signalling events by O2 sensing 

methods are very beneficial, as they can shed light on these processes and many 

questions which relate to them. 

1.2. Available O2 Detection Methods  

 

Over the years, various techniques have been developed for studying O2 levels 

in tissues and cells and their spatial distribution. In the 1930s, Karl Matthes first 

used red and infrared light transmission through the human ear to measure 

oxygenation (Sanklecha, 1993). Later in 1942, Glen Milliken developed an ear 

oximeter, which was used in pulmonary and physiology laboratories (Sanklecha, 

1993). Other conventional techniques include: invasive polarographic electrodes, 

near infrared spectroscopy (NIRS), electron paramagnetic resonance 

spectroscopy (EPR), magnetic resonance imaging (MRI), positron emission 

tomography (PET), and other optical methods. Most of these methods either do 

not provide absolute O2 concentrations or have low anatomical resolution. As a 

result, photoluminescence-based imaging has emerged as a useful technique for 

in vivo and intracellular O2 measurements.  

The polarographic Clark-type O2 electrode, considered a gold standard for 

measuring O2 in solutions and animal tissues (Stone et al., 1993), was described 

by Leland Clark (Clark Jr. et al., 1958). It uses a pair of electrodes (anode and 

cathode) in a buffered electrolyte solution and wrapped in an O2-permeable 

insulating membrane. When an electric current of known magnitude is applied to 

the electrode, the silver anode gets oxidized and combines with the electrolytes 

to form silver chloride. The resulting electrons at the platinum cathode reduces 

oxygen, which interacts with water to produce hydroxide ions. The electron flow 

between the electrodes generates a current which is proportional to the partial 

pressure of oxygen dissolved in the sample. Most of the quantitative data on 

tissue O2 levels were produced on the microelectrode-based Eppendorf O2 

histography system, which was also used to measure O2 in tumours and in the 

brain (Brizel et al., 1996; O’Hara et al., 2004; Vaupel et al., 1991). But this 

invasive technique has limitations. It requires special expertise to correctly insert 

the electrode needle in tumour regions, but still, it disrupts the tissue. Since it 

usually performs point measurements, O2 distribution throughout the tissue is not 
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well represented (Bartlett et al., 2008; Collingridge et al., 1997). Also, it has a 

low signal-to-noise ratio (SNR) at low O2 concentrations and cannot perform 

repeated measurements. 

NIRS is a technique that measures tissue oxygenation via the transmission and 

absorption of light. It was first described in 1977 (Jöbsis, 1977) to monitor the O2 

saturation state of hemoglobin, which reflects indirectly tissue oxygenation 

(Cheung et al., 2022; Hamaoka & McCully, 2019; Mizukoshi et al., 2022; 

Murkin & Arango, 2009). The technique uses the characteristic absorption 

wavelengths of hemoglobin and oxy-hemoglobin in the near-infrared region to 

make real-time measurements. The NIR light is produced by a light source, such 

as a LED, which passes through the tissue and interacts with multiple tissue 

components. Optical pigments like melanin, myoglobin, and hemoglobin 

partially absorbs the NIR light resulting in change of the spectrum. The 

difference in the spectrum between the transmitted and detected light determines 

the level of oxygenation in the pigments. But this technique can only record 

oxygenation levels in the vascular system and bound oxygen, rather than free 

oxygen and tissue O2 levels. 

The EPR phenomenon was discovered in 1944 (Salikhov & Zavoiskaya, 

2015), and the first application of in vivo EPR oximetry measurement was 

reported in 1986 (Subczynski et al., 1986). EPR spectroscopy uses exogenous 

probes to measure tissue oxygenation (Klare, 2012; Mallard & Kent, 1969; 

Swartz, 2004). Radical probes with unpaired electrons are sensitive to tissue 

environments, including O2. Changes in the EPR signal due to the interaction of 

the probe with O2 are used to determine O2 concentration. However, the 

paramagnetic markers show significant toxicity, which limits their use in 

humans. The development of low toxicity probes and dedicated instrumentation 

for clinical applications will increase the utility of this technique. 

MRI can image tumour O2 in vivo, usually upon intravenous injection of 

perfluorocarbon or fluorinated nitroimidazole probes. When the magnetic field 

from the MRI is applied, the protons in the body line up parallelly or 

antiparallelly to the field. The protons are then stimulated with a radiofrequency 

current. When the radiofrequency field is turned off, the MRI sensors detects the 

energy released as the protons realign with the magnetic field. The time and the 

energy released by the protons to realign with the field changes depending on the 
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environment and the chemical nature of the molecules. The perfluorocarbon are 

used as biomarkers to detect these changes. This method, referred to as fluorine-

19 (19F) oximetry, can report on absolute values of O2 concentration (Busse et al., 

1988; Mason et al., 1994; Tirotta et al., 2015). Blood oxygen level-dependent 

MRI (BOLD-MRI) measures the fluctuations in the amount of O2 bound to 

hemoglobin in the blood, i.e., % of O2 saturation (Baudelet & Gallez, 2002; Li et 

al., 2008; Ogawa et al., 1990; Stacy et al., 2016), though it does not provide 

absolute O2 concentrations. Dynamic contrast-enhanced MRI (DCE-MRI) is 

another promising method that can measure blood flow and blood volume in 

tissues (Gordon et al., 2014; Nielsen et al., 2012; Taylor et al., 1999). 

PET is an in vivo tomographic imaging technique where organic molecular 

markers labelled with positron-emitting radioisotopes are used to measure the 

extent of hypoxia in tumours. The tracers are usually injected intravenously or 

inhaled. When the tracer reaches the target, it decays by emitting a positron 

which annihilates with nearby electron to produce two gamma rays. The PET 

scanner with an array of photoelectric crystals detects the gamma rays and 

constructs an image showing the location and concentration of the tracers which 

is used to quantify the hypoxia. However, PET has low anatomical resolution 

(Fleming et al., 2015; Gambhir, 2002; Holland et al., 2009; Koch & Evans, 

2003). The advantage and disadvantage of the methods are listed in Table 1.2. 

Table 1.2: Summary of the different O2 detection methods. 

Method Advantage Disadvantage 

Polarographic 

electrodes 

Quantitative point 

measurement of O
2
 

distribution 

Invasive method 

NIRS Real-time, non-invasive 

measurement of tissue 

oxygenation 

Measures vascular oxygenation; 

does not measure tissue O
2
 levels 

EPR O
2 

concentration measured 

from changes in ERP signal 

Existing paramagnetic markers are 

toxic; lack of dedicated instrument 

for clinical application 

MRI Absolute measurement of O
2 

concentration 

Imaging compounds are affected by 

temperature, dilution, pH and 

blood; toxicity of nitroimidazole 

drugs  

PET Noninvasive; high sensitivity; 

quantitative; assessment of 

entire tumour volume 

Lack spatial resolution 
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Other optical techniques include luminescence imaging. The method uses 

special photoluminescent probes which are quenched by O2 and perform real-

time quantitative O2 measurements with high spatial resolution. Quenched 

luminescence detection of O2 is a useful method.  

1.3.  Quenched-Luminescence Detection of O2 

 

Luminescence is the emission of light from electronically excited states. 

Based on the excited states, luminescence is classified into fluorescence and 

phosphorescence. The phenomenon can be illustrated by a Jablonski diagram 

(Figure 1.2). 

 

Figure 1.2: Jablonski diagram showing different photophysical processes occurring within O2-

sensitive luminescent sensors (Quaranta et al., 2012). 

 

Fluorescence and phosphorescence intensities are affected by a variety of 

molecular interactions and processes that cause quenching. Being a triplet-state 

molecule, O2 is one of the known collisional quenchers (Kautsky, 1939). Upon 

light excitation, luminophores absorb the photon and move to the excited singlet 

state (S1 or S2). Through intersystem crossing, it then quickly relaxes into the 

excited triplet state (T1). Since the emission from the triplet state is slow, some 

excited dye molecules undergo quenching by collision with O2, resulting in a 
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non-radiative return to the ground state (S0). During collision, the paramagnetic 

O2 in the ground state (3Σg 
−) accepts the energy from the luminophore and 

generates a short-lived excited state (1Σg 
+), followed by singlet O2 (1Δg) and 

returns back to the ground state (3Σg 
−) (Quaranta et al., 2012). This reduces the 

phosphorescence intensity and lifetime in a manner that depends on the O2 

concentration. 

Therefore, increasing O2 concentration decreases the phosphorescence 

intensity and increases the phosphorescence decay rate (shorter lifetimes). The 

quenching of homogeneous samples by O2 is described by the Stern-Volmer 

relationship (O. Stern and M. Volmer, 1919): 

                     
𝐼0
𝐼⁄ =

𝜏0
𝜏⁄ = 1 + 𝑘𝑞𝜏0[𝑂2] = 1 + 𝐾𝑠𝑣[𝑂2]                   (eq. 1.1) 

Here, I0 and I are the fluorescence intensity and τ0 and τ are fluorescent 

lifetime in the absence and presence of O2, respectively. kq is the bimolecular 

quenching constant. The Stern-Volmer quenching constant is expressed as Ksv. 

The quantification of O2 concentration is expressed as a function of the lifetime 

and Stern Volmer constant. 

[𝑂2] =

𝜏0

𝜏
− 1

𝐾𝑠𝑣
⁄                                  (eq. 1.2) 

However, the quenching of inhomogeneous samples cannot be described by 

the Stern-Volmer equation (eq. 1). The microheterogeneity in the system causes 

multiexponential decay curves, resulting in non-linear behaviour of the Stern-

Volmer plot (Carraway et al., 1991). Hence, mathematical models and fits are 

used in this case to determine the lifetime and corresponding O2 concentration. 

1.4. Phosphorescent O2 sensing materials 

 

One group of phosphorescent emitters is based on luminescent transition 

metal complexes. These dyes have longer lifetimes (up to milliseconds) and 

larger Stokes shifts (>100 nm) that make them better suited for efficient 

separation of their signals from background fluorescence. Since molecular 

oxygen is recognized as a dynamic quencher of long-lived fluorescence, this 

phenomenon has been utilized to develop O2 sensors. Transitional metal 
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complexes are well suited for O2 sensing due to their long lifetimes, 

photostability, absorption in the visible range, and large Stokes shift. 

Transition metal complexes typically undergo metal-ligand charge transfer 

upon photoexcitation, resulting in an excited triplet state. As back transitions of 

triplet-singlet are spin-forbidden, the triplet-state lifetimes are much longer. This 

allows oxygen to collide with the excited-state molecule, resulting in a high 

sensitivity to oxygen. Since the triplet states have less energy than singlet states, 

phosphorescence has a longer wavelength than fluorescence, and the large Stokes 

shifts facilitate the spectral separation. Some of the common O2 sensors are based 

on ruthenium (II) and iridium (III) complexes and metalloporphyrins, which are 

strongly quenched by O2. Structures of a few popular O2-sensitive dyes are 

shown in Figure 1.3. 

 

Figure 1.3: Dye structures of a few popular O2-sensitive dyes. 

 

The Ruthenium (II) complexes have a broad absorption band within 400–480 

nm and emission at around 600 nm (Dmitriev & Papkovsky, 2012; Papkovsky et 

al., 2012; X. D. Wang & Wolfbeis, 2014). Their lifetimes in the low µs range 

make them appropriate for O2 sensing and imaging, which can be tuned by 

varying the ligands and encapsulation media. Some of the commonly used 
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ruthenium (II) complexes include Ru(bpy)3 (Wolfbeis et al., 1986), Ru(phen)3 

(Amao & Okura, 2003; Kuncova & Fialova, 1995; Liebsch et al., 1999), and 

Ru(dpp)3 (X. Chen et al., 2002; Hartmann et al., 1995; McEvoy et al., 1997) but 

Ru (II) dyes have low solubility in hydrophobic matrices and are often adsorbed 

on SiO2 or TiO2 (Wolfbeis et al., 1986). The moderate quantum yield (usually 

0.1), brightness, O2 quenching ability, and high temperature sensitivity limit their 

use in O2 detection. 

On the other hand, the Ir (III) complexes are excellent triplet state emitters 

and widely used in organic LEDs (Longhi & De Cola, 2017). They are soluble in 

organic polymers, show remarkably strong luminescence with quantum yields 

between 0.2 and 1.0, and have long lifetimes (<2 µs) (Papkovsky et al., 2012; X. 

D. Wang & Wolfbeis, 2014). Ir(ppy)3 is one of the complexes that can be 

immobilized in different polymer matrices and has the longest lifetimes (~1.5 µs) 

(Amao et al., 2001; Di Marco et al., 1996; Huynh et al., 2005). However, their 

application in solid-state O2 sensors is limited due to their low molar absorption 

coefficient. 

Other popular luminescent O2 sensors are based on platinum (II) and 

palladium (II) complexes of porphyrins and related structures (Dunphy et al., 

2002; Papkovsky, 2004; Papkovsky & O’Riordan, 2005; Rumsey et al., 1988). 

These dyes exhibit strong phosphorescence at room temperature and long 

lifetimes, which reduce strongly in the presence of O2. While Pd (II) porphyrins 

have much longer lifetimes (400-1000 µs) and higher sensitivity to O2 than their 

Pt (II) complexes (40-100 µs), the latter shows 2-3 times higher emission 

quantum yields (Amao & Okura, 2009; Eastwood & Gouterman, 1970). They 

have a strong absorption band in the UV (370-410 nm) and visible (500-550 nm) 

regions and an intense emission band (630-700 nm) in aqueous solutions. 

Initially, a Pt(II) complex of octaethylporphyrin (PtOEP) (Papkovsky, 1995) 

was tested, but it showed poor photostability under UV light excitation (400 nm). 

To improve photostability, a perfluorinated meso-substituted porphyrin Pt(II)-

tetrakis (pentafluorophenyl) porphine (PtPFPP) (S. K. Lee & Okura, 1997; 

Thomas et al., 2009) was used for continuous monitoring of O2. The drawback of 

PtOEP and PtPFPP dyes was their weak absorption and excitation in the visible 

and longwave spectral range. This was overcome by synthesizing substituted 

Pt(II) and Pd(II) benzoporphyrins which had intense red excitation bands and 
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bright emission in the NIR region (Borisov et al., 2008; Borisov, Nuss, et al., 

2009; Borisov, Papkovsky, et al., 2009) and high photostability. In comparison to 

PtPFPP and PtOEP, benzoporphyrins exhibit much stronger Q-band absorption 

and higher quantum yield. A number of Pt(II) and Pd(II) benzoporphyrin dye 

structures have been developed and used for O2 sensing in various applications 

(Banerjee, Kelly, et al., 2016; Borisov et al., 2008; Dmitriev & Papkovsky, 2012; 

Dunphy et al., 2002; Kelly et al., 2018b; Lebedev et al., 2009; X. D. Wang & 

Wolfbeis, 2014).  

 O2-sensitive materials are produced by placing these phosphorescent dyes in 

suitable quenching media to achieve optimal quenching properties. Polymers are 

widely used as the quenching media, which helps to achieve the desired 

sensitivity, response time, biocompatibility, and format (solid-state coatings or 

nanoparticle probes) of the sensor material (X. D. Wang & Wolfbeis, 2014). The 

O2 sensing materials are classified into different formats, as described below. 

1.4.1. Solid state sensors 

 

In solid-state sensors the dye molecules are dispersed within the polymer and 

thus shielded from quenching interferences by a gas diffusion barrier. They allow 

repeating measurements without sample contamination and facilitate quantitative 

O2 measurements even in intensity mode. The sensors are usually produced in 

the form of a coating or a thin film. The phosphorescent dye in polymeric 

matrices is immobilized as thin film coatings on the surface of solid supports like 

microwells, cuvettes, microscopy dishes, biochips, customized cells, and fluidic 

chambers (Grist et al., 2010; Molter et al., 2009). They are easy to fabricate and 

tune, allowing contactless measurements (Table 1.3). In contrast, fiber optic 

sensors are small and flexible, allowing O2 measurements in small areas of the 

sample with slight penetration of biological tissues. They have high spatial 

resolution and stable calibration within 0–100% O2 and can be manufactured 

with different dyes and polymeric matrices depending on the application. 

Although solid-state sensors are simple and allow accurate extracellular O2 

measurements, they are not compatible with monitoring 3D O2 gradients and 

intracellular measurements in complex biological samples. 
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1.4.2. Soluble O2 probes 

 

Soluble probes, in contrast to solid-state sensors, are not bound to any solid 

surface and can be distributed across the aqueous sample. This sensor format 

allows screening applications and O2 imaging/mapping in different biological 

samples ranging from cultured cells to 3D respiring micro-tissue samples (e.g. 

spheroids and organoids) and even whole organs and live organisms. The soluble 

probes are categorised into the small molecule and supramolecular probes. The 

small molecule probes have hydrophilic dye structures, allowing good solubility 

in aqueous media. The water solubility is usually achieved by introducing 

carboxylic and sulfonate groups in the structure. Examples include: Pd-meso-

tetra [4-carboxyphenyl] porphine (PdTPCPP) (Hogan, 1999; Shonat & Kight, 

2003), Ru(II) dyes (Lakowicz et al., 1997), and tetracarboxylic platinum(II)-

coproporphyrin (PtCP) derivatives (Fercher et al., 2010). However, such probes 

still often bind to proteins, cells, or surfaces with hydrophobic regions in their 

structure. These issues were partially overcome by the supramolecular probe, 

where the dye molecules were covalently bound to a hydrophilic macromolecular 

carrier such as protein, to improve the O2 sensing properties and cell 

permeability. The dendritic probes, based on Pt(II) porphyrin and 

benzoporphyrin with poly(glutamate) dendrimeric shell, are cell impermeable 

and highly soluble in physiological liquids. They are mostly used for 

extracellular intravital sensing. Some examples of the probes are given in Table 

1.3. 

1.4.3. Micro and nanoparticle-based probes 

 

Here the phosphorescent dye molecules are encapsulated in a polymeric shell 

that protects them from the cellular environment, quenching, and 

photodegradation. Nanoparticle probes (NP) are fabricated by impregnation of 

commercial polymeric beads (e.g., polystyrene), inclusion of indicator dyes 

during emulsion polymerization (Chu & Lo, 2011), and precipitation of 

nanostructures (Borisov, Mayr, et al., 2009). They exhibit high brightness, 

photostability and combine the advantages of both the solid-state sensors and the 

soluble probes. NP probes are based on hydrophobic dyes that are otherwise 

toxic and not soluble in water but provide optimal photophysical properties. Pairs 
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of dyes that combine a reporter dye with a luminescent reference are used as NP 

probes for ratiometric imaging of O2. Some of the limitations of NP probes 

include their significantly large size (>40 nm), composition and structural 

reproducibility, stability under prolonged storage, biocompatibility, and toxicity 

in in vivo applications. 

1.4.4. Cell permeable O2 probes 

 

The cell-permeable probes allow intracellular O2 sensing and imaging. One 

group of intracellular O2 probes is produced by conjugating the phosphorescent 

dyes with cell-penetrating peptides that are used for intracellular or subcellular 

targeting. Nanoparticle based probes are also used for intracellular O2 imaging. 

They usually provide intracellular staining after long hours of incubation and 

have significant cytotoxic effects. But, the recent development of the NP probe 

based on the RL100 polymer and PtTFPP dye has a minimal cytotoxic effect and 

allows for fast and bright intracellular staining (Fercher et al., 2011). 
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Table 1.3: Phosphorescent O2 sensing materials and applications.  

Format Sensor Detection Application Reference 

Fiber optic 

sensor 

PtOEP 

derivative in 

PS 

Intensity-

based 

Sensing of O2 in 

growing live cells. 

(Papkovsky, 

1995) 

Small 

molecule 

probe 

PdTPCPP  Lifetime-

based 

Sensing of 

intracellular O2 in 

isolated skeletal 

muscle fibers. 

(Hogan, 

1999) 

Sensor foil PtOEP in 

polyester 

Intensity-

based 

Imaging of the O2 

gradients in tissue. 

(Kellner et al., 

2002) 

Dendritic 

probes 

Oxyphor G2 Lifetime-

based 

In vivo O2 sensing in 

tumour  

(Dunphy et 

al., 2002) 

Supramole

cule probe 

PdTPCPP Intensity-

based 

O2 imaging in the 

mouse retina. 

(Shonat & 

Kight, 2003) 

Cell 

permeable 

probe 

Ru(Ph2phen)3C

l2 immobilized 

in poly-

electrolyte 

multilayers 

Intensity-

based 

Ratiometric sensing of 

intracellular O2 in 

mammalian cells. 

(Guice et al., 

2005) 

Small 

molecule 

probe 

[Ru(bpy)2(pic)]
2+ conjugates 

Lifetime-

based 

Cellular imaging of 

myeloma and human 

blood platelets. 

(Neugebauer 

et al., 2008) 

Dendritic 

probes 

Pt and Pd 

complexes of 

porphyrins and 

π-extended 

porphyrins 

Intensity-

based 

In vivo imaging of 

vascular O2 in the rat 

brain. 

(Lebedev et 

al., 2009) 

Nanopartic

le probe 

PtOEP dopped 

polyfluorene 

nanoparticles 

Intensity-

based 

O2 imaging in cells. (Wu et al., 

2009) 

Nanopartic

le probe 

Oxyphor G2 

and reference 

dye in 

hydrogel 

Intensity-

based 

Ratiometric imaging 

O2 levels in live 

cancer cells. 

(Koo Lee et 

al., 2010) 

Cell 

permeable 

probe 

PtCP conjugate Lifetime-

based 

Sensing of 

intracellular O2 in 

cultures of mammalian 

cells 

(Dmitriev et 

al., 2010) 

Cell 

permeable 

probe 

PtTFPP in RL-

100 

Intensity/

Lifetime-

based 

Intracellular O2 

Sensing. 

(Fercher et 

al., 2011) 

Nanopartic

le probe 

PtTF20PP in 

polystyrene 

beads 

Intensity-

based 

Intracellular O2 

imaging. 

(X. D. Wang 

et al., 2011) 

Polymeric 

film 

PtBP on 

polyester film 

Intensity-

based 

In vivo imaging of 

cellular O2 metabolism 

in brain tissue. 

(Tsytsarev et 

al., 2017) 
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1.5. O2 Detection Modalities 

 

1.5.1. Intensity and Ratiometric Intensity based sensing  

 

Intensity-based measurements represent a straightforward method of 

quenched photoluminescence O2 detection. The O2-sensitive luminophores 

change their intensity depending on the O2 concentration. The method involves 

excitation of the luminophores at an optimal wavelength and detection of the 

emission intensity at a single wavelength (Figure 1.4a). The luminescence is 

collected by detectors like photomultipliers (Wilson et al., 1987), photodiodes 

(Papkovsky, 1995), and charge-coupled devices (CCDs) to generate 2D O2-maps 

(Grist et al., 2010; Rumsey et al., 1994). Measurement of O2 distribution with 

intensity-based imaging of phosphorescence was demonstrated on intact rat 

livers (Rumsey et al., 1988). A CCD camera was used to collect the 

phosphorescence, and 2D images of O2 distribution in the tissue was generated. 

A detailed description of the method is discussed in Section 1.7. 

Time-resolved fluorescence (TR-F) measurements are also based on intensity 

detection but provide an improved signal-to-noise ratio and accurate O2 detection 

(Dmitriev & Papkovsky, 2012). The luminophores are excited with short 

excitation pulses, and the emission intensity is measured after a short time delay 

(t1), from which the lifetime and corresponding O2 concentration are calculated 

(Figure 1.4b).  This time delay helps to exclude interferences from 

autofluorescence and short-lived light scattering. Despite losing a fraction of the 

luminescence emission, it provides a large improvement in the signal-to-noise 

ratio. TR-F is generally used to measure long-lived fluorescence or 

phosphorescence (Hynes et al., 2006). A fluorescence plate reader was used to 

measure mitochondrial respiration in a 96-well plate. A phosphorescent O2-

sensitive probe, A65N-1, was added to mitochondrial stock, and the fluorescence 

intensity was collected at a time delay of 30 µs for a measurement window of 

100 µs. The O2 consumption rate was determined by analyzing the time profiles 

of the fluorescence intensity at each well. However, incomplete sealing of the 
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microwell plates led to lower O2 consumption readings in comparison to 

polarographic system measurements (Hynes et al., 2006). 

These techniques have certain disadvantages: intensity measurements are 

prone to photobleaching, leaching, measurement geometry, and optical 

interferences caused by light scattering and autofluorescence from biological 

samples that affect probe calibration and lead to incorrect O2 readings. These 

make the measurements mostly qualitative rather than quantitative. However, 

intensity-based measurements have been used in many applications (Itoh et al., 

1994; Koo et al., 2004; Z. Lin et al., 2009; O’Donovan et al., 2005; Rumsey et 

al., 1988).  

To overcome these disadvantages, a ratiometric sensing method was 

proposed (Borisov & Klimant, 2009; Feng et al., 2012; Kondrashina et al., 2012; 

Park et al., 2005). This technique uses sensors containing an O2-sensitive and an 

O2-insensitive dye with different emission spectra. When the excitation source 

excites the sensor, the emission intensity of the O2-sensitive dye is quenched in 

the presence of O2, and the sum of the two emission spectra is detected. The O2 

concentration is determined by measuring the ratio between the two emission 

spectra (Figure 1.4c). Ratiometric sensors, RGB PEBBLEs, were prepared by 

adding a mixture of O2 insensitive reference dye and O2 sensitive platinum(II) 

meso-tetrakis-(pentafluorophenyl)porphyrinato (PtTF20PP) complex to 

polystyrene beads (X. D. Wang et al., 2011). These were incorporated in 

epithelial normal rat kidney to measure intracellular O2. An inverted 

epifluorescence microscope was used to collect the emission signals in the green 

and red channels of the CMOS or CCD colour camera. While the red emission 

was sensitive to O2 quenching, the green emission was stable with varying O2 

concentrations. Although this method reduces the effects of the optical 

interferences, as both the emission spectra are affected by these factors, but they 

are still influenced by photobleaching and autofluorescence from the sample. 
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Figure 1.4: Intensity-based detection. (a) Phosphorescence intensity spectra measurement at a 

single wavelength with a large Stokes’ shift. (b) Principle of Time-Resolved Fluorescence (TR-F) 

Measurement. (c) Ratiometric measurement. Excitation and emission spectra of O2-sensitive and 

reference dyes at 0 and 21% O2. 
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1.5.2. Lifetime based sensing  

 

Lifetime-based measurements have advantages over intensity-based methods. 

As luminescent lifetime is an intrinsic property of the dye, it is independent of 

factors like dye concentration or the inhomogeneous distribution of the dye. 

Also, luminescent lifetime is less sensitive to photobleaching, measurement 

geometry, and instrument instabilities, which makes it a preferable technique for 

accurate and quantitative measurement of O2 (Papkovsky & Dmitriev, 2013). 

Lifetime measurements can be mainly classified into time domain and 

frequency domain techniques. Time-domain detection uses short excitation 

pulses to excite the sample. The time-dependent intensity is measured after the 

excitation, and the luminescence decay is calculated from the time at which the 

intensity decreases to 1/e of the intensity at t = 0 (Figure 1.5a) (Lakowicz, 2006). 

Time-Correlated Single Photon Counting (TCSPC) is the most advanced time-

domain detection technique. The luminophores are excited with high-frequency, 

short excitation pulses, and the arrival times of individual photons are detected 

and stored in a histogram (Figure 1.5b) that constructs the lifetime decay. The O2 

calibration function is used to convert the lifetime values to O2 concentrations 

(Jenkins et al., 2015). TCSPC is combined with confocal or multi-photon laser 

scanning to perform fluorescence or phosphorescence lifetime imaging (FLIM or 

PLIM) (Becker, 2012, 2018). This method was used to study real-time 

monitoring of oxygenation of the whole spheroid (Dmitriev et al., 2013). Cells 

isolated from embryonic rat brain were stained with cell-penetrating O2 probes, 

NanO2 and MM2, and excited with a picosecond laser. The PLIM imaging was 

performed with the DCS-120 confocal scanner with a photon counting detector 

and TCSPC hardware. Since PLIM eliminated the influence of probe 

concentration, it produced a stable quantification of O2 in the region of interest 

compared to wide-field PLIM. 

The rapid lifetime determination method (RLD) is a mathematical technique 

for rapid evaluations of exponential decay lifetimes (Sharman et al., 1999). TR-F 

with RLD can be used to measure luminescence intensity (F1, F2) at two different 

time delays (t1, t2) after the excitation pulse (Figure 1.5c) (Dmitriev & 

Papkovsky, 2012; O’Riordan et al., 2007). The areas under the two regions of the 
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Figure 1.5: Lifetime-based detection. (a) Time-domain lifetime detection; (b) Principle of TCSPC 

measurements; (c) Schematic presentation of the RLD method; (d) Frequency-domain 

measurement. 

 

decay are then used to calculate the lifetime and corresponding O2 concentration 

using the calibration equation. This method was used to measure intracellular O2 

in live mammalian cells (O’Riordan et al., 2007). Cultured cells were mixed 

with an O2-sensitive MitoXpress probe in a microwell plate and the TR-F 
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intensities were measured at 30 and 70 µs delay time and 100 µs gate time. 

Measured TR-F intensity signals were converted to lifetime values. The main 

drawback of the system is its limitation to a single exponential approximation of 

the decays. 

Phase fluorimetry is a frequency domain technique where the luminophores 

are excited with intensity-modulated light. The phase shift of the emitted 

luminescent signal is used to calculate the lumisecence decay (Figure 1.5.d) 

(Lakowicz, 2006; Valledor et al., 2006). The heterodyne principle in combination 

with a single-point detector and scanning (e.g., ISS) or wide-field detection with 

a modulated image intensified camera (e.g., Lambert Instruments) are mostly 

used in commercial frequency domain systems (Jenkins et al., 2015). Phase 

measurements can be affected by optical interferences from complex biological 

samples that may lead to unstable probe calibration and incorrect O2 reading (X. 

D. Wang et al., 2010). Phase fluorimetry was used on O2-sensor microbeads to 

perform O2 measurements in different microtissue culture environments using an 

inverted phase contrast microscope and digital CCD camera (Lesher-Pérez et al., 

2017). 

1.5.3. O2 imaging 

 

Lifetime imaging  is gaining popularity in biological and medical research 

(Berezin & Achilefu, 2010; Korczyński & Włodarczyk, 2009; Marcu, 2012; Z. 

Wang et al., 2018) as it can provide quantitative, calibration-free imaging 

readouts and minimize measurement artefacts. The technique was pioneered by 

David Wilson et al. (Wilson et al., 1987) and later developed into confocal 

microscopy, two-photon laser microscopy, fluorescence and phosphorescence 

lifetime imaging microscopy (FLIM/PLIM), etc. Of these, FLIM/PLIM 

techniques are widely used to generate two-dimensional maps of O2 in many 

different tissues, including the brain cortex (Tsytsarev et al., 2013, 2017; Wilson 

et al., 1991, 1993), the heart (Rumsey et al., 1994), the eye (Shonat et al., 1992; 

Wilson, Vinogradov, Grosul, Vaccarezza, et al., 2005) and tumours (Babilas et 

al., 2005; Wilson & Cerniglia, 1992). These studies provided detailed 
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information on the distribution of the probe in the sample microenvironment 

along with the probe’s lifetime. 

Wide-field FLIM/PLIM: 

 

In wide-field FLIM/PLIM imaging, the whole field of view is imaged 

simultaneously onto a camera with either gating or frequency-domain methods. 

One technique relies on a gated CCD camera coupled to a photon counting image 

intensifier such as the microchannel plate (MCP). The gated image intensifier 

provides time resolution as fluorescence decay is calculated from a set of 

intensity frames acquired with different delays after the excitation pulse. This, 

however, leads to the loss of photons outside the MCP gate and is influenced by 

sample photobleaching or any other time-dependent effects. Some examples are 

discussed in Section 1.7 (Rumsey et al., 1994; Shonat et al., 1992). In the 

frequency domain, FLIM, on the other hand, uses a gain-modulated image 

intensifier and CCD detector to record the amplitude difference and phase delay 

between the excitation and emission signals. The phase shift obtained is related 

to the fluorescent lifetime of the fluorophore. This frequency domain approach 

was used to image O2 distribution in the retina of the mouse eye (Wilson, 

Vinogradov, Grosul, Kuroki, et al., 2005). An O2-sensitive probe, Oxyphor G2, 

was injected in the tail vein of an anesthetized mouse. The excitation LED light 

source was modulated with a square wave with 50% duty cycle, and the 

phosphorescence intensity images were collected from the dilated pupil with an 

intensified CCD camera modulated at the same frequency and delayed by 

different phase angles with respect to the excitation. The phosphorescence 

lifetime map was generated by fitting the phosphorescence intensity and 

calculating the phase shifts at each pixel. The Stern-Volmer relationship was then 

used to convert the lifetime values to O2 concentration. Although these 

techniques are advantageous for real-time monitoring, they are not single-photon 

sensitive (Becker, 2015)  and usually require high signals and are influenced by 

scattered light, photobleaching, and autofluorescence (Becker, 2012; Hirvonen & 

Suhling, 2017; Sparks et al., 2017).  

Fast wide-field FLIM/PLIM with single photon sensitivity has been 

demonstrated with a photon counting image intensifier and a complementary 
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metal oxide semiconductor (CMOS) camera. The location and arrival time of the 

photons in each frame were extracted with software and lifetime images were 

obtained by fitting an exponential decay function to the arrival time histogram in 

each pixel (Hirvonen et al., 2014). The time resolution in this case is limited by 

the camera frame rate. To improve time resolution, this technique was extended 

by exploiting the invariant decay of the image intensifier’s phosphor screen to 

determine the arrival time of the photons with sub-exposure time accuracy. The 

detection of the position of the photon by the centroiding technique along with 

single photon sensitivity provide excellent spatial resolution, a time resolution of 

40 ns, and a framerate of 250 kHz for the image size of 80 x 128 pixels. This 

method is applicable for luminescence lifetime imaging within a 100 ns-100 μs 

timescale (Hirvonen et al., 2015; Petrášek & Suhling, 2010). This was used to 

image O2-sensitive Ru compound, Ru(dpp)3
2+, added to living HeLa cells. A 

pulsed diode laser was triggered from the camera to illuminate the sample once 

during each exposure of the decay. The emission was collected by an intensifier 

operating in photon counting mode and, the phosphor screen was imaged onto 

the CMOS camera using photographic lenses. The average lifetime was found to 

be 2.95 µs with a fast component of 0.04 µs from cellular autofluorescence. So, 

the decays were fit with double exponential function. 

TCSPC-FILM/PLIM: 

 

The classical technique for recording fluorescence lifetimes is TCSPC, in 

which a pulsed excitation laser is coupled with a single photon counting detector, 

which uses fast timing electronics to detect the emitted photons and then extract 

the characteristics of emission decay (Becker, 2005). A short excitation pulse is 

sent to the sample and timing electronics to start the timer, and a stop signal is 

generated when the system detects the first photon. After multiple excitation and 

recording events, an emission decay profile is obtained. Figure 1.6 illustrates 

how the histogram is formed after multiple cycles. 
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Figure 1.6: (a) Measurement and (b) histogram of start-stop times in time-resolved fluorescence 

measurement with TCSPC (Wahl, 2014). 

The modern implementation of TCSPC is a multi-dimensional TCSPC process 

where the photon arrival time with respect to the laser pulse and the position of 

the laser spot are recorded while the detection of a photon is also recorded 

(Becker, 2005, 2015). So, an array of pixels, each containing a lifetime decay 

curve in a large number of time bins, is generated. The multidimensional TCSPC 

operating at a high speed with large area photon counting detectors allowed 

accurate lifetime detection with high sensitivity and optical sectioning capability. 

However, it requires fast excitation sources, high-speed detectors, and special 

TCSPC hardware (Quaranta et al., 2012). 

The digital nature of TCSPC, based on whether a single photon is seen or not, 

makes it a precise and robust technique. It follows the Poisson statistics, which 

states that the experimental uncertainty is equal to the square root of the number 

of counts and that the signal-to-noise ratio increases with measurement time 

(Hirvonen & Suhling, 2017). The time ranges from picoseconds to microseconds, 

which makes fluorescence decay easy to visualize. TCSPC offers high signal-to-

noise ratio and allows multi-exponential fluorescence decay fitting. 

For FLIM, this TCSPC technique is combined with pixel-by-pixel scanning of 

the sample. For thick samples, the imaging depth and contrast can be improved 

by using a confocal laser scanning setup with pinhole optics, which prevents 

unfocused light from reaching the detector, or two-photon excitation. Laser 

scanning TCSPC-FLIM has advanced in recent years in its optoelectronic 

components, sensitivity, excitation sources, and emission range and has been 

implemented in clinical applications. A TCSPC module with a temporal 

instrument response function (IRF) of 250 ps in width is used to measure 

autofluorescence in dermatology to study various physiological and pathological 

conditions of the skin in in vivo and ex vivo samples (Seidenari et al., 2012). In 
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ophthalmology, a fluorescence lifetime imaging ophthalmoscopy (FLIO) system 

consisting of a pulsed laser source, a confocal laser scanning ophthalmoscope 

(cSLO), and a sensitive detector for single photon detection is used to detect 

retinal diseases such as Stargardt disease, age-related macular degeneration, 

choroideremia, diabetic retinopathy, and retinal artery occlusion (Dysli et al., 

2017). Optical metabolic imaging of autofluorescence from NAD(P)H and FAD 

with a multiphoton fluorescence lifetime system and photomultiplier tube 

detector (Sharick et al., 2019) was used to study cancer. Nanosecond FLIM with 

short-lived fluors is actively used, e.g., in the analysis of cell autofluorescence, 

pH, Ca2+, glucose dynamics, and other parameters (Agronskaia et al., 2004; 

Lakowicz, Szmacinski, Nowaczyk, Berndt, et al., 1992; H. J. Lin et al., 2003; 

Orte et al., 2013; Veetil et al., 2012; Zheng et al., 2018). O2-sensitive fluorescent 

dye [Ru(bipy)3]
2+ was used to measure spatial O2 gradients at 400 nm spatial 

resolution. A two-photon excitation laser was used to excite the dye, and the 

emission was collected with a TCSPC confocal microscope with a 

photomultiplier tube detector (Hosny et al., 2012). 

 

Figure 1.7: Principle of simultaneous FLIM/PLIM with TCSPC. FLIM is recorded in the “Laser 

ON” phases, PLIM in the “Laser OFF” phases (Chelushkin & Tunik, 2019). 

 

PLIM is mainly applied in quenched-phosphorescence imaging of O2 in 

various biological samples (Dmitriev & Papkovsky, 2012; Jenkins et al., 2015; 

Kalinina et al., 2018), using long-decay photoluminescent materials based on 

transition metal complexes and metalloporphyrins, with lifetimes in the 

microsecond time range.  
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The most established approach to PLIM is raster scanning confocal techniques 

with TCSPC (Chelushkin & Tunik, 2019), because of two key advantages: (i) 

high axial resolution due to confocal scanning; and (ii) precise lifetime 

measurements with TCSPC. The phosphorescence photons are collected by 

scanning the samples pixel by pixel. During the pixel dwell times, the 

phosphorescence is excited by high-frequency laser pulses. The laser is then 

turned off, and the phosphorescence photons are collected to build up the lifetime 

distribution. This process allows simultaneous detection of FLIM of fluorescent 

photons during the laser-on period (Becker et al., 2017), as shown in Figure 1.7.  

In TCSPC, photons are registered by very fast electronics. Since fluorescence 

lifetimes are in the ns range, only the first photon reaching the detector after one 

excitation pulse is recorded. Any additional photons reaching the detector are lost 

due to the dead time of the electronics. This leads to the pile-up effect, where the 

photon statistics get skewed toward shorter arrival times (Buschmann et al., 

2016). But phosphorescence lifetimes, in the µs-ms range, are longer than the 

detector dead time (ns-range) and are not influenced by such effect.  

After-pulsing of the detectors is another important feature that occurs in a time 

range of hundreds of nanoseconds. Hence, this is only visible in the 

phosphorescent measurements as a small bump at the end of the decay. To 

overcome this, TCSPC PLIM generally uses hybrid-PMT detectors with low 

after-pulsing or gated SPAD detectors that remove these artifacts (Buschmann et 

al., 2016). However, the pixel-by-pixel scanning still leads to slow image 

acquisition times (Becker, 2012, 2018; Wei et al., 2017) for PLIM, where long 

pixel dwell times are required to record the long-lived phosphorescence. 

So far, FLIM/PLIM has been used mainly in microscopic imaging, while 

macroscopic applications are less common. The DCS-120 MACRO FLIM/PLIM 

confocal imager offered by Becker and Hickl (Germany) (Chelushkin & Tunik, 

2019) can image objects up to a size of 15 mm with high resolution, but it is still 

slow due to its scanning mode. On the other hand, macroscopic luminescence 

imaging is in demand for biomedical and life sciences, where currently intensity-

based imagers are mostly used (Zarychta-Wiśniewska et al., 2017), which lack 

accurate and quantitative optical readout.  

Several O2-sensitive phosphorescent probes have been designed for PLIM 

(section 1.4). Of them, Pt(II)- and Pd(II)-porphyrins are most popular for O2 



36 

 

sensing (Dunphy et al., 2002; Papkovsky, 2004; Rumsey et al., 1988). TCSPC 

PLIM was used to test several cell-penetrating phosphorescent conjugates of 

PtPFPP dye for O2 imaging in 3D tissue models (Dmitriev et al., 2014). The 

PLIM imaging was performed with the DCS-120 confocal scanner. Cells stained 

with the O2-sensitive probes were excited with a picosecond diode laser or a 

picosecond supercontinuum laser and, the emission was collected with a photon 

counting detector connected to the scanner and TCSPC hardware. The 

phosphorescence lifetimes were calculated from the monoexponential decay fits. 

In vivo O2 imaging of hepatic tissues injected with Ir(II) complexes were also 

measured with the same confocal scanner and TCSPC hardware and, the 

emission was detected with a hybrid detector module. The decay curves were 

fitted with single or double exponential function for PLIM analysis (Mizukami et 

al., 2020). 

Two-photon PLIM: 

 

Two-photon PLIM (2P PLIM) is another popular detection technique that uses 

two-photon excitation and a confocal scanning microscope for O2 imaging 

(Becker, 2015; Göppert‐Mayer, 1931). Multi-photon microscopes use a 

picosecond or femtosecond Ti:Sapphire laser at an NIR wavelength for 2P 

excitation, which allows deeper penetration into the tissue with a low scattering 

coefficient. It can excite fluorescence in tissue layers up to 100 µm deep and, in 

some cases, even 1 mm (Diaspro et al., 2001; König, 2000). Another advantage 

of 2P PLIM is its two-photon excitation trapped within the focus that allows 

optical sectioning, depth resolution, and elimination of the out-of-focus 

fluorescence. This also limits the absorption and sample damage within a thin 

layer in and around the focal plane of the microscope, which makes it suitable for 

live cell and tissue imaging (Fischer et al., 2008; König, 2000; König et al., 

1996). O2 detection with 2P microscopy was possible with the development of 

two-photon–enhanced phosphorescent nanoprobes like PtP-C343 and Oxyphor 

2P (Esipova et al., 2019; Lebedev et al., 2009; Sakadzić et al., 2010). The 

development of the probes and their applications are discussed in Section 1.7. 2P 

ratiometric measurements were performed on the spheroids stained with MM2 

probes (Dmitriev et al., 2013). The samples were excited with a Ti:Sapphire laser 
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and the emission was collected with an upright microscope in PhotonCount 

detection mode. The combination of 2P imaging and MM2 probe provided 

deeper light penetration and better contrast. 

1.6. New development in FLIM hardware  

 

Solid-state single photon detectors were recently introduced to wide-field 

TCSPC-FLIM. Here, single photon avalanche photodiodes (SPADs) were 

integrated into compact imaging array detectors. A SPAD is a p-n junction diode 

that is biased above the breakdown voltage so that a single photon can generate 

an electron-hole pair, leading to avalanche signal multiplication. SPAD array 

sensors have single photon sensitivity and picosecond time resolution, and each 

pixel can independently perform TCSPC. While being a very promising 

technology due to excellent time resolution, current SPAD imagers still require 

improvements in SPAD photon detection efficiency, array density, and dark 

count rate (Gersbach et al., 2010; Hirvonen & Suhling, 2017). Large-format 

SPAD arrays were also used for subsurface fluorescence Light Detection and 

Ranging (LiDAR) technique to quantify concentration of fluorescent molecules 

in heavily scattering media, such as tissue, with submillimeter depth accuracy 

(Bruza et al., 2021). 

Tpx3Cam: 

 

A new technology with parallel photon detection in each pixel was 

implemented in the TimepixCam camera (Fisher-Levine & Nomerotski, 2016; 

Nomerotski, 2019). The camera is based on the XRI UNO X-ray camera (X-Ray 

Imatek S.L., Spain) with ∼10 fps continuous readout rate which is limited by the 

USB bandwidth. The novel time-stamping optical imager is fitted with a Timepix 

chip (Llopart et al., 2008) and an optimized optical sensor.  

The Timepix detector was originally developed from the Medipix1 system or 

Photon Counting Chip (PCC) developed in the 1990s. It was used to detect 

particles in high energy physics experiments (Mikulec, 2000; Mikulec et al., 

2001). The sensor had 64x64 pixels with 170x170 µm2 pixel area. The Medipix2 

with sub-micron CMOS technology had a higher number of pixels with a smaller 
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pixel size (55x55 µm2) (Bello et al., 2001; Chmeissani & Mikulec, 2001). 

Timepix is a developed extension of the Medipix 2. 

The Timepix is a time stamping readout chip with 256x256 pixel bump 

bonded to the silicon sensor. Each pixel, 55x55 µm2 in size, is connected to 

processing electronics that record the time of arrival of photon events that cross a 

preset threshold. The timecode of the detected photons is stored in 14-bit 

memory. Since pixel noise is about 100 electrons, the threshold value is set 

above 650 electrons to reduce the noise (Llopart et al., 2008). Each pixel is also 

connected to a 4-bit digital-to-analog converter that allows threshold adjustment 

using an equalization algorithm.  

The silicon sensor has a thin entrance window to allow efficient transmission 

of photons to the sensitive volume of depleted silicon. Standard p-on-n 300 µm 

thick silicon wafers were used for the sensors. In addition to the thin passivation 

layer, an anti-reflective coating optimized for 400-500 nm photons was deposited 

across the sensor. This layer improved the sensitivity by decreasing the reflection 

to 5% in uncoated silicon and was optimized for the emission spectrum of P47 

phosphor. The time resolution of the imager was 15 ns, and the quantum 

efficiency of the sensor was more than 90% in 400-900 nm wavelength range 

(Nomerotski et al., 2017).  

The camera has been used in several applications, including imaging mass 

spectrometry, quantum imaging, and optical readout of a liquid argon time-

projection chamber (Al Darwish et al., 2019; Beacham et al., 2011; Fisher-

Levine et al., 2018; Procz et al., 2019). The combination of a timepix camera 

with a photon counting image intensifier has also been demonstrated in PLIM of 

200 µm polystyrene beads stained with a long-decay fluorescent iridium 

complex. The setup was built on a Nikon Eclipse TE2000-U inverted 

microscope, and a pulsed diode laser at 485 nm was used for excitation. An 

image intensifier with a P47 phosphor screen and S20 photocathode with a peak 

quantum efficiency of 15% at 510 nm was in the image plane. Synchronized 

signals were sent to the camera and the laser at a repetition rate of 300 Hz, and 

the images were read at ~10 Hz frame rate. The instrument response was 

measured by overlaying a 1951 USAF resolution test chart on a fluorescent 

plastic slide, achieving 15 ns timing resolution and ns-scale lifetime resolution 

(Figure 1.8) (Hirvonen et al., 2017). The system operated in the visible range and 
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microscopic format, which are not optimal for biomedical applications. The main 

limitation of the camera was a slow readout, which allowed only 10 frames per 

second leading to very long image acquisition times.  

 

 

Figure 1.8: (a) PLIM of beads infused with different Ir-compounds and fluorescent plastic 

acquired with TimepixCam. (b) Phosphorescence decays for areas A1-A4 indicated in (a), with 

monoexponential fits and residuals of the fits. (Hirvonen et al., 2017) 

 

The Timepix3 chip was a successor of the Timepix that extended the 

functionality by allowing detection of time-of-arrival (TOA) and time-over-

threshold (TOT) at each pixel simultaneously. The chip had the same dimensions 

as Timepix. Recently, the next-generation camera, Tpx3Cam, has become 

available, based on the same silicon optical sensor as above and Timepix3 

readout chip (Poikela et al., 2014). Timepix3 improves the camera’s time 

resolution to 1.56 ns. It also has a fast readout rate of 80 Mpixel/s. The TOT and 

TOA of each pixel that exceed a pre-set threshold are measured and stored by the 

internal pixel circuitry. The pixel light detection threshold (non-intensified 

version) corresponds to about 600 photons, depending on the wavelength. The 

deadtime of individual pixels to process and store the information after they were 

hit is about 475 ns plus the corresponding TOT.  

The camera readout is based on the SPIDR (Speedy PIxel Detector Readout) 

system (Visser et al., 2015) and is data-driven, so only the pixels containing the 

non-zero information are transferred from Timepix3 to SPIDR and read out to 

the outside world via a 1Gbs or 10Gbs link. The SPIDR also has an internal 

time-digital-converter (TDC), which is able to time-stamp incoming digital 

pulses with 0.26 ns precision synchronously with the Timepix3 hits. This feature 
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is useful to provide an external time reference and is sometimes referred to as the 

‘trigger’ input, though it is completely independent from the Timepix3 

operations. To date, Tpx3Cam has been used in  applications like ion and 

electron imaging (Allum et al., 2021; Debrah et al., 2020; Zhao et al., 2017),  

photon imaging (Nomerotski, 2019; Zhukas, Millican, et al., 2021; Zhukas, 

Svihra, et al., 2021) and many more (D’Amen et al., 2021; Losko et al., 2021; 

Roberts et al., 2019). 

 

Figure 1.9: Schematic layout of the intensified Tpx3Cam camera (Sen, Hirvonen, et al., 2020). 

 

For applications where single photon sensitivity is essential, Tpx3Cam signal 

was amplified with a CricketTM (Nomerotski et al., 2023; Photonis Cricket:, 

n.d.). The system, integrated with an image intensifier, a power supply, and relay 

optics, projects the light flashes from the intensifier onto the optical sensor of the 

camera. The image intensifier is a vacuum device with a photocathode that 
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converts incident photons into photoelectrons. The electrons are then multiplied 

by an MCP and directed on to the P47 scintillating screen with a risetime of 7 ns 

and maximum emission at 430 nm. The screen converts these electrons into a fast 

flash of photons, focusing them onto the optical sensor inside Tpx3Cam and 

generating signals in the respective pixel front-end electronics. This is explained 

schematically in Figure 1.9. The camera can be further upgraded with the next-

generation Timepix4 chip with 200 ps time resolution (Llopart et al., 2022). 

1.7. Applications of O2 imaging and PLIM  

 

Quantitative monitoring of O2 concentration and its spatial distribution is 

important for physiological studies with cells, tissue samples, and whole 

organisms, including humans (Apreleva et al., 2006; Babilas et al., 2008; Golub 

& Pittman, 2008; Hogan, 1999; Rumsey et al., 1988). Over the years various 

phosphorescent probes and phosphorescence quenching microscopy techniques 

have been developed for such applications  

In 1987, water-soluble derivatives of porphines and fluorescein were first 

used for O2-dependent phosphorescence quenching within the physiological 

range (Vanderkooi et al., 1987). An instrument was constructed to measure the 

phosphorescence lifetime. Excitation light from a xenon flash lamp was isolated 

with a monochromator. The emission wavelength was filtered with an emission 

monochromator or Schott cut-off filter and detected with the Hamamatsu 

photomultiplier (Wilson et al., 1987). 

This methodology was restricted to in vitro studies of biological samples 

unless it was used to measure O2 distribution in intact tissue in a noninvasive 

fashion (Rumsey et al., 1988). Isolated rat livers, perfused with media containing 

palladium coproporphyrin, were used to image phosphorescence at various 

perfusion rates. The phosphorescence emission was collected with a silicon-

intensified target (SIT) video camera. Phosphorescence increased with the 

transition from a well perfused liver to anoxia. The restoration of O2 also showed 

tissue reoxygenation. The spatial resolution of the video system was 70 µm per 

pixel, which was not sufficient to determine small differences in perfusion. 

In 1992, a rather new noninvasive phosphorescence imaging method was 

described for measuring oxygen tension in the retina of a cat (Shonat et al., 
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1992). The O2-dependent Pd-porphyrin molecules were injected into the 

bloodstream and phosphorescence lifetime was measured from a series of images 

collected by an intensified CCD camera at different time delays after excitation 

with flash light. The Stern-Volmer relationship was used to convert lifetimes into 

O2 concentration. But the phosphorescence images were collected for 13-20 

seconds, which was rather slow, and the changes in the O2 concentration during 

this period produced errors. 

Similar O2 imaging applications were also reported. Phosphorescence imaging 

of O2 concentration distribution in the heart of a newborn piglet was performed 

by injecting a phosphorescent O2 probe into the blood and illuminating with 

monochromatic light. A series of images were collected with a gated-intensified 

CCD camera, and 2D O2 concentration maps were generated (Rumsey et al., 

1994). The excitation light used for the experiment was at 530 nm and 

phosphorescence occurred at 695 nm. The method measured the O2 distribution 

at the surface layer of the tissue. 

The absorption bands of the phosphor, Pd-meso-tetra-(4-carboxyphenyl)-

porphyrin, at wavelengths less than 540 nm, limited the O2 measurements to the 

surface layer of the tissue. At these wavelengths, the absorption by the 

chromophores in the tissue, especially hemoglobin, myoglobin, and 

cytochromes, is high which limits the penetration depth of the excitation light to 

1 mm or less. In contrast, the emitted phosphorescence has a maximum at 695 

nm, where the absorption by the tissue chromophores is much less and it can 

penetrate much greater thicknesses of tissue. 

Later in 1995, the synthesis of a new group of O2-sensitive phosphors, tetra-

benzoporphyrin, was reported (Vinogradov & Wilson, 1995) that showed high 

phosphorescence quantum yield. The absorption maximum was at 636 nm, and 

the phosphorescence occurred at 800 nm. The water-soluble derivative of the Pd-

tetra-benzoporphyrin was used to perform non-invasive, in vivo mapping of O2 

distribution in the vascular system of tumour-bearing mice (Vinogradov et al., 

1996). The porphyrin was injected in the tail and the tumour regions were 

imaged with a CCD camera. It allowed O2 imaging through the centimeter 

thicknesses of the tissue. But the sensitivity of the system was low and could be 

improved by 105 times with point measurements using a light guide. 
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The palladium-porphyrin compound (Vanderkooi et al., 1987) was used to 

develop a method for intracellular O2 measurement in intact isolated skeletal 

muscle using phosphorescence quenching by O2 (Hogan, 1999). Single skeletal 

muscle fibers were isolated, and a Pd-porphyrin O2 probe was injected by 

micropipette pressure injection. The phosphorescence quenching of the O2-

sensitive probe was imaged with an inverted microscope. Though the method 

produced reliable O2 measurements, the use of the porphyrin probe may lead to 

problems like the consumption of O2 by the quenching mechanism and the 

production of reactive O2 species when used at high concentrations. 

While O2 measurements in static tissues were stable, the measurements in 

microcirculation were influenced by measurement artefacts in phosphorescence 

quenching microscopy. Golub and Pittman demonstrated that large excitation 

area and high flash rate strongly reduce O2 in motionless tissue, but less in 

flowing blood due to O2 consumption. To overcome this, they proposed a 

phosphorescence quenching microscopy technique with a small excitation area 

and low flash rate. The technique produced stable and accurate microscopic O2 

measurements in tissues and fluids (Golub & Pittman, 2008). 

Real-time two-dimensional mapping of O2 and cerebral blood flow was 

performed by combining PLIM with laser speckle contrast imaging (Sakadžić et 

al., 2008). A novel imaging instrumentation was presented, where a pulsed laser 

was used to excite the phosphorescence of Oxypor R2, and a thermoelectrically 

cooled CCD camera collected the images. It produced wide-field images of O2 

distribution and cerebral blood flow with a high signal to noise ratio but poor 

temporal resolution (~4 s). 

Until now, the spatial and temporal resolutions of the O2 imaging systems 

were comparatively low. Since 2P microscopy has a high degree of spatial 

confinement and a lower risk of photodamage, the combination of this technique 

with phosphorescence quenching allowed high-resolution imaging. This was 

possible with the specially designed 2P enhanced phosphorescent nanoprobe 

platinum porphyrin-coumarin-343 (PtP-C343) (Finikova et al., 2008). PtP-C343 

belongs to a family of dendritically protected phosphorescent probes described 

by (Lebedev et al., 2009) where Pt porphyrin is encapsulated inside 

poly(arylglycine) dendrimers. This prevents the porphyrin from interacting with 

the measurement system. The coumarin-343 units, attached to the periphery of 
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the dendrimers, absorb the energy from the 2P excitation and transfer it to the 

porphyrin. The Pt-porphyrin undergoes intersystem crossing into its triplet state 

upon excitation and emits the phosphorescence, which is then quenched by O2. 

This probe was used for 2P in vivo imaging of mouse and rat brain (Sakadzić 

et al., 2010). The probe was administered by either injecting into the vasculature 

through the femoral artery or by pressure-injecting directly into the brain tissue. 

Phosphorescence was excited by gated femtosecond laser pulses and collected 

with a microscope. The system could resolve microvasculature structures down 

to the capillary level with a temporal resolution of 0.16–0.76 s per single-point 

O2 measurement. However, the raster scanning of the entire vasculature stack 

required up to 30 min. 

2P phosphorescence lifetime microscopy with the PtP-C343 probe was used 

by (Lecoq et al., 2011) to simultaneously measure O2 and blood flow in rat brain 

with higher resolution. The probe was injected intravenously into a rat, and laser 

pulses were focused in the lumen of an olfactory bulb capillary. Emitted photons 

were collected with a photomultiplier tube, and the extracted phosphorescence 

lifetimes were converted into O2 concentration using the Stern-Volmer plot. O2 

was measured with a temporal resolution of 25 µs and a lateral resolution less 

than 1 µm but the depth of measurement was limited to 300 µm. 

Though the phosphorescence imaging techniques discussed above were 

noninvasive, the O2-dependent probes were still injected into the animals. So, a 

new O2 measurement technique was proposed using a planar O2 sensor (Babilas 

et al., 2005). Platinum (II)–octaethyl–porphyrin was immobilized in a 

polystyrene matrix as a transparent film. The sensor film was attached to the 

cover glass and kept in direct contact with the surface of the tissue. A pulsed 

LED array was used to excite the sensor film, and the emission was collected 

with a fast gated CCD camera mounted to a microscope. The phosphorescence 

decay time was determined with RLD. This allowed noninvasive 2D mapping of 

surface O2. Since the sensor film is applied to the tissue surface, the distance 

between the sensor and the site of interest requires diffusion of the O2 molecules 

to the sensor. This requires more time compared to the other techniques. The fast 

data acquisition process provided temporal resolution in the millisecond range, 

which is still very low. 
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A new cell-penetrating phosphorescent O2-sensitive probe, NanO2-IR, is 

introduced to monitor O2 concentration in live tissues (Tsytsarev et al., 2013). It 

is based on polymeric nanoparticles and phosphorescent platinum (II) tetra (4-

fluorophenyl) tetrabenzoporphyrin (PtBP) dye. The probe is excitable at 615 nm 

and emits at 760 nm. It has high brightness, photostability, and optimal response 

over the physiological range of O2. The probe was topically applied to the 

exposed cortex. After staining for 30 min, the cortex was washed, and sealed 

with silicone oil and cover glass for imaging. The phosphorescence lifetime was 

collected with a simple CCD camera-based imaging system. The probe provided 

a great signal-to-noise ratio and short image acquisition times for in vivo 

applications. 

Though PtP-C343 was successfully applied in 2P phosphorescence lifetime 

microscopy of O2 measurements, its complex multichromophoric structures led 

to a few problems. Efficient energy transfer requires a small distance between the 

chromophores. This caused various intramolecular triplet state quenching 

pathways, which degraded the probe’s emissivity and imaging performance. 

Also, the emission band of the probe at 650-700 nm limited the depth of imaging 

to 300 µm. Recently a new 2P O2 probe, Oxyphor 2P, was proposed with a high 

2P absorption cross-section and high phosphorescence quantum yield (Esipova et 

al., 2019).  

Oxyphor 2P is an antenna free probe that uses platinum 

tetraarylphthalimidoporphyrins (PtTAPIP) as a single chromophore. The 

carbonyl groups of PtTAPIP are locked in a plane with the porphyrin, which 

ensures a high degree of conjugation and stabilization. The 2P absorption 

maximum of Oxyphor 2P is shifted to 960 nm. The second absorption peak is at 

1140 nm which may be useful for multiplexed excitation of Oxyphor 2P. The 

brightness of the sensor exceeds PtP-C343 by ~ 60-fold. Also, since the emission 

of Oxyphor 2P is at 758 nm, this increases the depth of imaging in tissue to 600 

µm. It has been used to measure O2 changes in arteries and veins in the cerebral 

cortex of the brain in breathing and sedated mice. Although this sensor allows 

faster imaging, 2P lifetime imaging is limited by its grid-like pattern instead of 

pixel-to-pixel imaging. So, the combination of the probe with multifocal two 

photon lifetime imaging, where different focal planes within the sample are 

imaged simultaneously with a gated intensifier and a CCD camera, will increase 
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the image acquisition speed without decreasing the temporal resolution. The 

multifocal points can be generated by using a cascade of beam splitters, or beam 

splitter connected with multiple mirrors. 

Several other phosphorescent probes, including cell-permeable or 

impermeable, small molecule, supramolecular dendrimers, nano- or micro-

particulate structures, as well as planar solid-state O2 sensors have been 

synthesized over years for phosphorescence O2 sensing (Dmitriev et al., 2014; 

Papkovsky & Dmitriev, 2018; Tsytsarev et al., 2017; X. D. Wang & Wolfbeis, 

2014). Various phosphorescence quenching microscopy techniques have also 

been developed for accurate and quantitative measurement of O2 concentrations 

in biomedical applications (Devor et al., 2012; Dmitriev & Papkovsky, 2018; 

Papkovsky & Dmitriev, 2013; X. D. Wang & Wolfbeis, 2014). A summary of O2 

imaging applications has been listed in Table 1.4. 

1.8. Conclusion 
 

 This chapter outlines the importance of measurements of tissue O2 and the 

available phosphorescent O2 sensitive materials and detection modalities used 

for O2 mapping. PLIM is a minimally invasive technique that allows accurate 

and quantitative O2 mapping. But the current PLIM systems have limitations 

with respect to the penetration depth, speed, and sensitivity of the imaging, 

image acquisition time, etc. While in TCSPC PLIM microscopy is mostly slow 

due to raster scanning, camera-based imaging systems are comparatively faster 

but based on intensity detection. As a result, the O2 measurements are 

influenced by factors like photobleaching, optical interferences, and 

measurement geometry. Moreover, most of the imaging systems are 

microscopic, and macroscopic systems are still rare. Therefore, there is a need 

for the development of new macroscopic PLIM imaging techniques for accurate 

and quantitative O2 readout. 

The new Tpx3Cam based on the silicon sensor and the new generation 

Timepix3 chip performs time resolved imaging. It is single photon sensitive and 

can detect the TOA and TOT at each pixel simultaneously with a time resolution 

of 1.6 ns and read out rate of 80 megapixels per second. The camera when 
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Table 1.4: Summary of O2 imaging applications   

Aim Probe Excitation Detection Reference 

Measurement of 

O2 concentration. 

Derivatives of 

porphines and 

fluorescein 

Xenon 

lamp 

Hamamatsu 

photomultiplier 

(Vanderkooi et 

al., 1987) 

Measuring O2 

Distribution in 

Perfused Tissue 

Pd-

coproporphyrin 

Xenon arc 

lamp 

Silicon 

intensified 

target (SIT) 

video camera 

(Rumsey et al., 

1988) 

O2 distribution in 

retina 

Pd-porphyrin Xenon 

lamp 

Microscope 

with 

intensified 

CCD 

(Shonat et al., 

1992) 

O2 distribution in 

heart 

Pd-meso-tetra-

(4-

carboxyphenyl)

-porphyrin 

Xenon 

lamp 

Microscope 

with 

intensified 

CCD 

(Rumsey et al., 

1994) 

Non-invasive in 

vivo O2 imaging 

Pd-tetra-

benzoporphyrin 

Flash lamp Intensified 

CCD camera 

(Vinogradov et 

al., 1996) 

O2 in skeletal 

muscle fiber 

Pd-porphyrin Flash lamp PMT (Hogan, 1999) 

O2 in retina of 

mouse eye 

Oxyphor G2 LED CCD (Wilson, 

Vinogradov, 

Grosul, 

Kuroki, et al., 

2005) 

O2 imaging with 

planar sensor 

Pt-OEP LED array CCD (Babilas et al., 

2005) 

Realtime 

mapping of O2 

Oxypor R2 Laser CCD (Sakadžić et 

al., 2008) 

O2 in cerebral 

vasculature and 

tissue 

PtP-C343 Ti:Sapphir

e laser 

PMT (Sakadzić et 

al., 2010) 

Simultaneous 2P 

imaging of O2 

and blood flow  

PtP-C343 Ti:Sapphir

e laser 

PMT (Lecoq et al., 

2011) 

In vivo imaging 

of brain 

PtBP Laser CCD (Tsytsarev et 

al., 2013) 

Planar 

implantable 

sensor for O2 

imaging 

PtBP Laser CCD (Tsytsarev et 

al., 2017) 

Deep tissue O2 

imaging 

Oxyphor 2P Laser PMT (Esipova et al., 

2019) 
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coupled to a photon counting image intensifier and inverted microscope 

produced PLIM of polystyrene beads in microscopic format.  

The aim of this thesis is to construct a new fast optical imager based on the 

Tpx3Cam for PLIM applications. The first objective was to integrate the camera 

with an image intensifier and other optical components and demonstrate its 

operation in macroscopic wide-filed PLIM mode. The performance and 

resolution of the imager was optimised with different image processing 

techniques. The next goal was to apply the imager to characterize different 

phosphorescent O2 sensitive materials. For this, various commercial and non-

commercial phosphorescent solid-state materials were imaged with the new 

imager and the accuracy of the lifetime measurements were analysed and 

compared with alternative O2 measurement and imaging systems. The next 

objective was to apply the imager for O2 mapping in various ex vivo tissue 

models. For this, live tissue samples isolated from animals were stained with O2 

sensitive probe and imaged to demonstrate the performance of the imager. 

Lastly, the aim was to determine the suitability of the imager for in vivo research 

with live animals and human disease models. To demonstrate its performance, 

the imager was used in a minimally invasive technique to map tissue 

oxygenation in developing grafted tumours. 

 



49 

 

2. Chapter 2: Materials and Methods 

 

2.1. Materials 

 

Polystyrene (PS), poly(methyl methacrylate) (PMMA), polyvinyl chloride 

(PVC) and poly(vinylidene chloride) (PVDC) polymers were purchased from 

Sigma-Aldrich, hydrogel D4 was from Degussa. Dulbecco's modified Eagle 

medium (DMEM), foetal bovine serum (FBS), paraformaldehyde (PFA), low 

melting point agarose, and all other chemicals were from Millipore-Sigma 

(Burlington, MA, USA). DMEM and McCoy’s 5A media, antimycin A (AntA, 

complex III inhibitor), NaN3 (complex IV inhibitor) were from Millipore-Sigma 

(Burlington, MA). CellTiter-Glo ATP Assay kit was from Promega (Madison, 

WI). Plasticware was from Sarstedt (Ireland) and Greiner Bio One 

(Frickenhausen). Pt(II)-benzoporphyrin (PtBP) and Pt(II)octaethylporphine-

ketone (PtOEPK) dyes were kindly provided by Agilent Inc (Cork, Ireland). The 

commercial O2 sensors were from Mocon (Optech® Platinum stickers) 

(MOCON, n.d.) and Pyroscience (Pyroscience, n.d.). Platinum 

octaethylporphyrin (PtOEP) and OEP-ketone (OEPK) dyes were from Frontier 

Scientific. PtOEP-SB dye was synthesized at the Institute of Biomedical 

Chemistry, Moscow, according to the published method (Erzina et al., 2019; 

Zhdanov et al., 2022). 

 

2.2. Methods 

2.2.1. Preparation of Sensors  

 

The solid-state phosphorescent sensor coatings were prepared from the 

corresponding liquid ‘cocktails’ containing 0.25 mg/ml of PtBP (unless 

otherwise stated) and 5% w/w of the corresponding polymer dissolved in 

tetrahydrofuran (THF). A P10 Gilson pipette was used to spot 1 µl aliquots of 

these cocktails onto pieces of 70 μm polyester film (Mylar®, Du Pont) or PVDF 

membrane, pore size 0.45 μm (Millipore), and allowed to dry overnight in 
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ambient air. Thus, 2-3 mm spots and patterns of the different phosphorescent 

materials were produced. The LDPE and PLA based PtBP sensors (Kelly et al., 

2020) and PtOEPK-PS sensors spotted on microporous PVDF membrane and 

filter paper  (Papkovsky et al., 2002; Smiddy et al., 2002) were prepared 

similarly as described. To produce a decreasing concentration of PtBP, standard 

cocktails were diluted with a 5% solution of pure polymer in THF and spotted in 

a similar manner. The sensor coatings were also applied on Mylar polyester films 

(Du Pont), which were mainly used for characterization. Sensors based on 

PtOEP, PtOEP/OEPK and PtOEP-SB were prepared similarly as described (Sen 

et al., 2022). 

The PtBP based nanoparticle O2 probe, NanO2-IR, was synthesized as 

described in (Fercher et al., 2011; Tsytsarev et al., 2013). Its working 

concentration (1 mg/mL) was prepared by diluting the stock of NanO2-IR (10 

mg/mL in H2O) with DMEM or McCoy’s 5A media supplemented with 10 mM 

glucose, 2 mM L-glutamine and 10 mM HEPES (pH = 7.2), immediately prior to 

use. 

McCoy's 5A media supplemented with 10% foetal bovine albumin (FBS), 2 

mM L-glutamine, 100 U/ml penicillin/100 g/ml streptomycin (P/S), and 10 mM 

HEPES (pH 7.2) were used to maintain HCT116 cells. HEK293a cells were 

maintained in DMEM supplemented with 10% FBS, P/S and 10 mM HEPES 

(complete McCoy and DMEM), both in humidified 5% CO2 / 95% air, at 37oC. 

Probe toxicity testing was performed by seeding cells on standard 96-well 

plates pre-coated with collagen IV at 2.5×104 cells/well, grown for 24 h, then 

exposed to NanO2-IR at 1 mg/ml in complete DMEM for different time periods. 

Following that, the total cellular ATP levels were measured using the CellTiter-

Glo® Kit, white 96-well plates (Greiner Bio One) and Victor 2 reader 

(PerkinElmer) under luminometry settings (Zhdanov et al., 2012). 

HCT116 cells were trypsinized, washed with DMEM, counted, and then 

placed into 0.5 ml qPCR tubes at a density of 0 to 5x106 cells per tube for the 

oxygenation studies. The cells were then gently centrifuged at 200 g to 

precipitate them to the bottom of the tubes. The old media was aspirated, and 

fresh complete DMEM with 1 mg/ml NanO2-IR was added to each tube. The 

cells were then re-suspended and precipitated as before. Tubes containing cells 

were imaged after 30 min of incubation at 37oC. 
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2.2.2. Preparation, staining and treatment of ex vivo animal tissue 

 

All animal procedures were performed under authorizations issued by the 

Health Products Regulatory Authority (HPRA, Ireland), in accordance with the 

European Communities Council Directive (2010/63/EU) and approved by the 

Animal Experimentation Ethics Committee of the University College Cork. 

Fresh tissue samples were isolated from four-week-old female mice (Envigo, 

UK).  

On the day of the experiment, mice were euthanized by 

decapitation and immediately dissected to extract their whole brain, lungs, 

fragments of small intestine and colon (large intestine), tail and front paws. 

These samples (8 - 10 mm in size) were immediately submerged in DMEM 

media equilibrated at 37°C. The excised tissues samples were cleaned in PBS 

and placed back into 2 ml DMEM at 37oC. Then the brain tissue was dissected 

into cortical tissue slices (10x10 mm, 1 mm thick). After excision, the entire 

preparation procedure took <15 minutes.  

For surface staining, the brain, lung, and cortical tissue slices were placed in 

mini-dishes, with 2 ml of DMEM containing 1 mg/ml NanO2-IR, and incubated 

for 30 min at 37oC. The serosal surface side of the intestines (1 mg/ml probe, 15 

min) was stained using the similar protocol. For intraluminal intestine staining, 

the excess of DMEM was wiped away with filter paper and then, 1 µl of DMEM 

containing 1 mg/ml of NanO2-IR was injected into the lumen with a Hamilton 

syringe, and the samples were incubated in Petri dishes for 15 min - 4 h. For the 

intra-tissue injection, pieces of mouse tail or paws were pre-incubated for 30 min 

at 37oC, then injected with 5 µl aliquots of DMEM containing 1 mg/ml NanO2-

IR using a Hamilton syringe and imaged after 15 min incubation.  

For the imaging, samples were placed on a clean and dry Petri dish and any 

liquid was removed with a filter paper. Except for intra-tissue injection, each 

staining method was repeated three times on three different sets of samples on 

different days. All the experiments were completed within 2 h from excision of 

tissue samples.  
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After the imaging, stained tissue samples were transferred to Petri dishes with 

DMEM containing 10 µM AntA and 0.1% NaN3 and incubated for 15 min at 

37oC to inhibit cell respiration and then imaged again. These imaging 

experiments were carried out within one hour from the start of staining. 

2.2.3. Induction of tumours stained with phosphorescent probe in mice 

 

Murine colorectal carcinoma CT26 cells (the American Collections of Cell 

Cultures) were maintained in high glucose DMEM supplemented with 10% FBS, 

2 mM L-glutamine, 100 U/ml penicillin /100 μg/ml streptomycin, and 10 mM 

HEPES, pH 7.2 (complete DMEM), in a humidified atmosphere of 95% air and 

5% CO2 at 37°C.  

For staining, 8x105 cells were sown into the wells of a 6-well plate (Sarstedt, 

Ireland) and allowed to grow for 24 hours in complete DMEM. Cells were then 

washed with serum-free DMEM and incubated for 18–20 hours with various 

concentrations of NanO2-IR in serum-free DMEM. Cells were then washed 

sequentially with serum-free DMEM, complete DMEM and PBS, trypsinised, 

transferred into serum-free DMEM and prepared for injection in animals. 

Total ATP levels in CT26 cells were measured as a viability reporter using the 

CellTiter-Glo® assay kit (Promega), according to the manufacturer's instructions. 

In short, the cells were first incubated with different concentrations of NanO2-IR 

(in 100 µl of FBS-free DMEM) for 18 h in a CO2 incubator and then lysed with 

100 µl of CellTiterGlo® reagent. After intensive shaking for 2 min at 37°C, the 

samples (200 µl) were incubated for 4 min, transferred into wells of white 96-

well plates (Greiner Bio One) and analysed on a Victor 2 plate reader under 

standard luminescence settings.  

All animal procedures were carried out in accordance with the HPRA national 

ethical standards and were authorized under project number AE19130/I285. 

Throughout the experiment, the health of every mouse was checked daily. Mice 

were humanely euthanized by cervical dislocation after tumours reached the size 

of 1.5×1.5 cm in diameter. 

Mice were kept in a conventional animal unit at constant room temperature 

(22˚C) with natural day/night light cycle.  Standard laboratory food and water 

were provided ad libitum.  The mice were given an adjustment time of at least 
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seven days prior to the experiments. The experiments were performed on 6-8 

weeks old, healthy, female Balb/C (CT26 models, Envigo, UK) mice that 

weighed between 16-22 g. For routine tumour induction, 200 μl of serum-free 

culture media containing a minimum tumourigenic dosage of cells (1x105 non-

stained CT26 cells or a mixture of 1x105 non-stained and 1x105 stained with 

NanO2-IR cells, unless otherwise stated) was injected into the right flank. 

Tumours were allowed to grow and were monitored daily. The formula used to 

measure and calculate tumour volume is V = (L×W2)/2, where L is the tumour's 

longest diameter (length), and W is the longest diameter (width) perpendicular to 

diameter L. 

For the measurement of NanO2-IR distribution in tissue, tumours were 

removed after post-mortem animal imaging and fixed in 4% paraformaldehyde in 

PBS for 30 min at room temperature. The samples were then washed in PBS, 

embedded in low melting point agarose (4% in PBS), and sectioned on a Leica 

VT1000s vibratome (Leica Biosystems, Wetzlar, Germany) to produce slices that 

were about ~500 µm thick. The phosphorescence lifetime signals were recorded 

in air-saturated conditions, and after chemical deoxygenation with the addition of 

5 mg/ml Na2SO3 and 5 mg/ml K2HPO4. 

 

2.3. Imaging on Tpx3Cam 

2.3.1. Design of µs PLIM macro imager 

 

The Tpx3Cam camera (Amsterdam Scientific Instruments) was coupled via a 

C-mount connector to the Cricket adaptor (Photonis) which housed an image 

intensifier with a fast decay P47 phosphor (Photonis) and a 25 mm 760±50 nm or 

648±50 nm emission filter (Edmund Optics). The other side of the Cricket 

adaptor was connected to the Navitar NMV-50M11" 50 mm lens by another C-

mount connector. A super-bright 5 mm LED with a central wavelength of 627 

nm (12,000 mcd, 8° angle, Parts Express) or 390 nm LED (40 mW, 5 mm, Parts 

Express) was used to excite the sample. The optical and electronic components 

of the setup are shown in Figure 2.1.  
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Figure 2.1: Components used to build the new wide-field Tpx3Cam imager. (a) Tpx3Cam coupled 

to Cricket, filter and lens; (b) Cricket adapter; (c) Lens; (d) C-mount and ring connectors, (d) 

LED; Imager setup covered in black box; Electronic connections of pulse generators, oscilloscope 

and power supply; (d) PC for collection of raw data. 

The Photonis PP0360EF intensifier has an S25 photocathode with an 18 mm 

diameter, 8% quantum efficiency at 780 nm, and a 40 kHz total dark count rate at 

room temperature. The intensifier was connected to a standard power supply 

(Thundar, 72-10495) with one channel providing the power and the other 

regulating the intensifier gain. Synchronized pulses were sent to the camera and 

the LED with two channels of a fast pulse generator (Tenma, TGP110). As 

illustrated in Figure 2.2, the synchronization pulse was preceding the LED pulse 

by 10 μs. The Tpx3Cam imager was primarily used in the upright orientation. 

The samples were placed on a Thorlabs stage, which allowed for X, Y, and Z 

axis movement and focusing. For the best focus, the distance to the object was 

about 8 cm. The system was protected from ambient light by a 525x375x300 mm 

black box (Thorlabs, XE25C9/M), which reduced the unwanted background 

noise. The imager can be rotated to image samples either from the top or from 

the side.   
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Figure 2.2: Pulsing scheme of the imager. The LED is pulsed every 100 μs with 50 ns duration of 

the pulse. Tpx3Cam is provided with a synchronous pulse 10 μs before the LED, which is time-

stamped and included into the data stream. The camera records the photon hits for 100 μs until 

the next LED pulse (Sen, Hirvonen, et al., 2020). 

 

 2.3.2. Image acquisition and data analysis 

 

The operational parameters, focusing, and alignment were adjusted online 

using the SophyTM software provided by Amsterdam Scientific Instruments. 

The Tpx3Cam raw data was collected in binary format, and post-processed using 

a custom-designed software. The post-processing algorithm time-orders the hit 

pixels and trigger signals, and provides output in ASCII format listing the 

parameters for each hit pixel: excitation trigger time, pixel X and Y coordinates, 

TOA (time of arrival = pixel time since start of experiment), TOT (time over 

threshold = amplitude), and (TOA - trigger time) = pixel time since the 

beginning of the current excitation period. 

A dedicated program written in C-language by Liisa M. Hirvonen 

(https://github.com/lmhirvonen/timepix3cam) was used to analyse the post-

processed data. All hit pixels were added to the final image to create sum images. 

Clusters of hit pixels between 3 and 15 pixels in size were found for each 

excitation period in centroided images, and the centroid pixel of each cluster was 

https://github.com/lmhirvonen/timepix3cam
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calculated from the TOT using centre-of-mass centroiding (unless otherwise 

stated). This centroided position was noted for each cluster in the centroided 

image. All photons were then placed into an XYt data cube, and the data was 

written into an .ics image file to generate the lifetime images. Tri2 software was 

used to fit the phosphorescence decay in each individual pixel of the image using 

a two-exponential function I(t) = A1exp(-t/τ1) + A2exp(-t/τ2). The average 

lifetime τ = (α1τ1
2+α2τ2

2)/(α1τ1+α2τ2) obtained from this fit was encoded in a 

pseudocolor scale (blue for short lifetimes and red for long lifetimes) to generate 

phosphorescence lifetime image. A phosphorescence intensity image was 

obtained by summing all photons together. Software like ImageJ, Adobe 

Photoshop, and Illustrator were used to assemble the figures together. 

2.3.3. Statistics  

 

For the statistical analysis of the sensor images, mean values ± standard 

deviation (S.D.) for the selected regions of interest (ROIs) were calculated. Line 

profiles were also plotted and analyzed. ImageJ (Schneider et al., 2012) software 

was used to analyse the imaging data for cell and tissue samples. The R (v3.6.3) 

and Rstudio (v1.2.5033) software were used to perform a statistical analysis of 

lifetime values obtained from whole PLIM images and derived O2 values. 

According to the calibration equation for NanO2-IR, lifetime values between 19-

45 µs were examined (see Results). The tools ggplot2 and patchwork were used 

to produce the figures. Based on experimental treatment, measurements were 

aggregated, and the Mann-Whitney U test was used to assess statistical 

differences (W- and p-values were produced). Differences in the modes (Δ-

mode, µs) was deemed the most acceptable metric to represent differences 

between treatments due to the non-normal nature of the data and their unimodal 

distribution in all groups. The distribution of the data set was shown using: 1) the 

box plot, which shows the median and interquartile range for each batch of 

observations; 2) the violin plot, which shows the relative density of all 

observations in a data set and its wideness; and 3) the semi-transparent density 

plot that shows the total relative density of all observations of the same type; 4)  

BoxPlotR was used to generate 'boxes-and-whiskers' graphs of the intensity and 

lifetime variability (http://shiny.chemgrid.org/boxplotr/). Variability of the 

http://shiny.chemgrid.org/boxplotr/
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intensity signals and lifetime values was assessed using the common average 

deviation equation, AveDev=1/n Σx-(x/v). For that, all data points along three 

typical lines in the brain samples were normalized to the average values, which 

were set as 1 a.u. For in vivo imaging of the O2 levels in grafted tumours, 

repeated measures ANOVA test was performed on the lifetime values recorded 

on the different days of the experiments. 

2.4. Imaging on confocal PLIM microscope 

 

The solid-state sensor film and the NanO2-IR probe were examined on 

the confocal FLIM/PLIM microscope system (Becker&Hickl, Germany), based 

on an upright Axio Examiner Z1 microscope with a 5x air objective and stage 

with motorized Z-axis control. The DCS-120 confocal scanner (B&H), a 

picosecond 405 nm laser (B&H) and an R10467U-40 photon counting 

detector (Hamamatsu Photonics) were used to detect the emission. 

MicroToolBox software (Carl Zeiss) was used to control the microscope, and 

SPCImage software (B&H)  - for image acquisition and processing (Dmitriev et 

al., 2013).  

The sensor film was imaged at 21 kPa O2 and room temperature. The live 

cells were imaged at 37°C for using a 20x/1.0 W-Plan Apochromat dipping 

objective and the tissue slices were imaged at 22°C using a 5x/0.25 FLUAR 

objective. The lifetime values were calculated from the PLIM data using 

SPCImage software, version 8.4 (B&H). Microsoft Excel was used to export 

numerical figures for lifetime distribution histograms and PLIM colour images.  

2.5. Calibration of sensor materials  

 

A sensor film or liquid NanO2-IR probe in DMEM was placed in a 20 mL 

transparent polystyrene vial, which was sequentially flushed with O2-N2 gas 

mixtures of known composition produced by a precision gas mixer (Champagne, 

Switzerland), while being submerged in a water bath set at 37 °C (Julabo, 

Germany). The O2 concentration was gradually increased from 0% to 21% O2 

(equivalent to 0-210 M dissolved O2). A portable reader Optech® (Mocon) 

(MOCON, n.d.) was used to measure sensor lifetime signal. Lifetime readings 
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were obtained at least five times to ensure stable and reliable lifetime results 

after 20-min equilibration of O2 concentration and temperature in the sample. 

Lifetime values were plotted and analyzed at various O2 concentrations. 
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3. Chapter 3: Design and Characterisation of the new 

Tpx3Cam based PLIM/FLIM macro-imager 

 

FLIM based probes and detection modes are actively used in applications like 

biomedicine, material science, chemistry, cell biology, etc (Becker, 2012; 

Korczyński & Włodarczyk, 2009; Marcu, 2012). Being independent of the 

fluorophore concentration, photobleaching, fluctuations in excitation intensity, 

detector sensitivity, optical properties of the sample and measurement geometry, 

it has internal referencing capabilities and allows quantitative, accurate and 

calibration-free measurements of key biochemical and environmental parameters, 

such as pH, Ca2+, glucose dynamics, etc (Agronskaia et al., 2004; Lakowicz, 

Szmacinski, Nowaczyk, & Johnson, 1992; Orte et al., 2013; Veetil et al., 2012; 

Zheng et al., 2018). While FLIM measures nanosecond lifetimes of short-lived 

fluorophores, PLIM (Chelushkin & Tunik, 2019) measures longer lifetimes in 

the µs-ms range.  

PLIM based detection is particularly advantageous for quenched-

phosphorescent sensing and imaging of O2 in various chemical and biological 

samples. With the development of the novel phosphorescence-based materials 

and applications, interest in PLIM has risen significantly in  recent years 

(Banerjee et al., 2015; Banerjee, Arzhakova, et al., 2016; Papkovsky, 2004; 

Tsytsarev et al., 2017). It is frequently used in biology to assess oxygenation and 

O2 consumption in living tissue samples (Dmitriev & Papkovsky, 2012; Fercher 

et al., 2011; Jenkins et al., 2015; Zhdanov et al., 2017). Traditional detection 

techniques like confocal Time Correlated Single Photon Counting (TCSPC) and 

wide-field PLIM using fast gated CCD/CMOS cameras are either slow due to 

long pixel dwell times or are less accurate and sensitive (Becker, 2012, 2018; 

Hirvonen et al., 2014, 2015; Hirvonen & Suhling, 2017; Petrášek & Suhling, 

2010; Phillips & Christensen, 1985; Sparks et al., 2017; Wei et al., 2017). 

Moreover, PLIM is rarely used for macroscopic applications. Macroscopic 

luminescence imaging is in demand in biomedical and life sciences, where 

intensity-based imagers currently dominate  (Zarychta-Wiśniewska et al., 2017), 

but they lack accuracy and quantitative optical readout.  
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Therefore, in this chapter we construct and investigate the properties of a new 

fast optical imager Tpx3Cam for macroscopic widefield PLIM applications. It 

was characterized using a planar phosphorescent O2 sensor and a resolution plate 

mask. Several acquisition and image processing algorithms were also evaluated 

to optimize system resolution and performance. 

3.1. Design and Characterization of imager  

 

 Figure 3.1: Experimental setup of the PLIM macro-imager based on Tpx3Cam (Sen, Hirvonen, 

et al., 2020). 

The experimental set-up of the Tpx3Cam imager is shown in Figure 3.1. The 

Cricket is a plug-and-play electro-optical adapter that holds and aligns the 

important optoelectronic components of the PLIM system, improving the quality 

of intensified images and allowing flexibility so that it may be rotated 360 

degrees and adjusted geometrically for analysis of different samples. The spatial 

resolution of the camera was determined with a USAF resolution test target 

(Thorlabs) (Figure 3.2a). A planar phosphorescent O2-sensor, which comprised 

of a 15 μm thick solid-state coating comprising 1% w/w of PtBP dye (Luxcel 

Biosciences) in RL-100 polymer (Degussa), deposited on an 80 μm thick 

polyester film (Mylar, DuPont) by spin-coating method (Tsytsarev et al., 2017), 

was used to characterize the imager.  



61 

 

 

Figure 3.2:  Samples used to characterize the imager: (a) USAF resolution test target; (b) Planar 

PtBP-RL100 based O2 sensor film and (c) its absorption spectrum; (d) PtBP-RL100 sensor spots 

on PVDF membrane, (e) Sensor film with PtBP and aza-Bodipy dyes in RL100, and (f) its 

absorption spectrum. Spectra were measured on an 8453UV-Visible spectrophotometer (Agilent). 

Adapted from (Sen, Hirvonen, et al., 2020).  

 

The photograph and UV-Vis absorption spectrum of the sensor are shown in 

Figure 3.2b, c. 7-10 mm sized sensor dots (Figure 3.2d) were produced by 

spotting the same sensor cocktail on a microporous PVDF membrane 

(Millipore). The instrument response function was measured using another planar 

sensor containing PtBP and an additional aza-Bodipy dye (4,4-difluoro-1,3,5,7-

tetraphenyl-4-bora-3a,4a, 8-triaza-s-indacene) with excitation maximum at 650 

nm (Figure 3.2e, f) and fluorescence at around 672 nm (Jokic et al., 2012; Lu et 

al., 2014).  

3.1.1. Single photon events 

 

Figure 3.3 shows the images of single photon events observed with the 

Tpx3Cam. They were approximately round, with a typical diameter of ~3 pixels. 

As expected, the pixels have higher TOT in the center of the event (Figure 3.3a). 

Figure 3.3b shows the time stamps for photons arriving at random times, where 

the events are clearly distinguished by their arrival time. However, the events 

themselves have a time distribution, where the center of the photon event with 

the highest flux has the earliest time stamp, and the time stamps of the 

surrounding pixels are delayed (Figure 3.3c-e). This effect, known as “timewalk” 
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effect, is due to the lower flux in the surrounding pixels as the corresponding 

pulses have a slower rise time and, therefore, cross the threshold slightly later 

(Tsigaridas et al., 2019; Zhao et al., 2017). As each cluster represents a single 

photon which has only one arrival time, we have tested the effect of centroiding 

on the spatial and temporal resolution. 

 

Figure 3.3:  Single photon events detected with the Tpx3Cam setup. (a) TOT, i.e., intensity, (b) 

arrival time, (c-e) Re-scaled arrival time for individual photon events showing the “timewalk” 

effect (Sen, Hirvonen, et al., 2020). 

3.1.2. Spatial resolution and centroiding methods 

 

To measure the spatial resolution of the PLIM system, the 1951 USAF 

resolution test target (Figure 3.2a) was placed on top of the planar O2 sensor foil 

(Figure 3.2b) and imaged with Tpx3Cam. The 627 nm LED was set at 8 V power 

and 500 ns pulse width to excite the sample (Figure 3.4a). Data was collected for 

60 seconds with the 760 ± 50 nm filter. A total of 612,072 “frames” (excitation 

periods) with 131 million triggered pixels were acquired at a pixel readout rate of 

2.2 MHz. In this data, 26 million photon events were found in the size range of 

3-15 pixels, with 2.4 million undersize (<3 pixels) and 1.9 million oversize (>15 

pixels) events discarded. This corresponds to accepted photon event count rate of 

~0.43 MHz. 
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Figure 3.4: Images of 1951 USAF resolution test target overlaid on top of a phosphorescent O2 

sensor foil. (a) Sum image showing the PLIM imager field of view. (b-e) images of the area 

indicated in (a) centroided with different methods: (b) sum, (c) brightest pixel (BP), (d) earliest 

timecode, (e) center-of-mass with 1/5-pixel accuracy (CoM 5). (f) Cross-sections of the bars in 

the area indicated in (e), where the sub-pixel centroiding can still resolve lines with ~40 μm 

spacing, that cannot be resolved with the other centroiding methods (Sen, Hirvonen, et al., 2020). 

The data was processed with different centroiding methods to compare their 

effect on the spatial resolution. Figure 3.4a shows the whole 17.7 x 17.7 mm 

field of view (FoV) of the PLIM macro imager system. A noticeable gradient in 

the intensity is due to the non-uniformity of the illumination system made of a 

single LED. Figure 3.4b-e show the central area of the FoV processed with 

different centroiding methods. As expected, the sum image (Figure 3.4b), where 

all hit pixels are summed for the final image, shows worst resolution, since the 

photon events cover a large area and smear the image. Brightest pixel centroiding 

(Figure 3.4c) and timecode centroiding (Figure 3.4d), where the photon event 

center is assigned to the pixel with highest TOT or the earliest timecode, 

respectively, provided some improvement of resolution. Best resolution was 

achieved with sub-pixel centroiding (Figure 3.4e). Here each pixel is divided into 

sub-pixels (5x5 sub-pixels) and the photon coordinates are found by centre-of-

mass calculation using the TOT information. Figure 3.4f shows cross-sections of 

bars indicated in Figure 3.4e, where the bars are easily resolved with the sub-

pixel centroiding method but cannot be resolved in the other images. This 

centroiding technique provided a resolving power of 12.7 lp/mm with line width 

39.4 µm. 

3.1.3. Instrument response 
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To measure the instrument response function (IRF), the sensing film, which 

contained a short-lived aza-Bodipy dye, was imaged with the Tpx3Cam imager. 

This dye is excitable with the same red LED (Figure 3.2f) as used for all 

measurements here showing fluorescence at 650 nm with lifetime in the low ns 

range (Jokic et al., 2012). The LED bias voltage was set to 4 V and the pulse 

duration to 50 ns, a minimum providing stable lifetime signal in Tpx3Cam. 

 

Figure 3.5:  Instrument Response Function (IRF) position in the measurement time interval is 

shown for all hit pixels and for the centroided pixels. In both cases the distributions are shown 

before and after the TOT correction. Gaussian fit of the centroided and TOT corrected 

distribution corresponds to the IRF FWHM of 30.6 ns. Background was described with a 

constant in the fit (Sen, Hirvonen, et al., 2020). 

 

Figure 3.5 shows several distributions of the photon arrival time with respect 

to the synchronous pulse received by the camera. Variation of this time provides 

information about the IRF. The time distributions for all hit pixels and for the 

centroided pixels are shown before and after the TOT correction. For the most 

inclusive measurement, all hit pixels were included, whereas for the centroided 

data only the earliest timecode for each photon hit was included, which explains 

different population of the histograms. The Gaussian fit of the centroided, TOT 

corrected distribution has FWHM of 30.6 ns. The background was accounted for 

as a constant in the fit. 

As expected, the centroiding significantly improves the temporal resolution of 

the Tpx3Cam imager by effectively selecting pixels with higher TOT which 
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substantially reduces the timewalk effect. To account for the timewalk and to 

further improve the time resolution we apply the TOT correction by shifting the 

pixel TOA by an amount determined through a special calibration procedure 

(Tsigaridas et al., 2019). 

 

Figure 3.6:  Two-dimensional distributions of time, in microseconds, versus TOT, in 

nanoseconds, for four cases: (a) all hit pixels; (b) all hit pixels with TOT correction applied; (c) 

centroided pixels; (d) centroided pixels with TOT correction applied (Sen, Hirvonen, et al., 

2020). 

Figure 3.6 further illustrates the effects of centroiding and TOT correction on 

the achievable timing resolution, by presenting the two-dimensional distributions 

of measured time versus TOT for four cases: (a) all hit pixels; (b) all hit pixels 

with TOT correction applied; (c) centroided pixels; (d) centroided pixels with 

TOT correction applied. The non-centroided distribution is most affected by the 

timewalk as it contains many pixels with small signal. After the TOT correction 

the distributions are vertically oriented minimizing the time spread. 

Note that time resolution for this setup is determined by the timing properties 

of the LED flash, which has a finite rise time and considerable 50 ns duration 

and, thus, cannot be considered instantaneous. The FWHM resolution, 30.6 ns, 

achieved in the measurements is, therefore, limited by the LED and can be 

improved with more sophisticated illumination schemes. The time resolution for 

single photons measured in the experiments employing pairs of simultaneously 
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produced entangled photons was measured to be better than FWHM 5.0 ns 

(Ianzano et al., 2018).  

3.2. Conclusion 

 

The spatial resolution of the Tpx3Cam imager was assessed and optimised 

using different algorithms of centroiding of photon hit events. The centroiding 

and TOT corrections significantly improved the temporal resolution of the 

Tpx3Cam imager. Despite not exploiting fully the Tpx3Cam time resolution 

which is limited by the properties of the LED flash, the current IRF is adequate 

for PLIM applications with decay times in excess of 100 ns and will not limit the 

precision of lifetime measurements in this study. System performance can be 

further improved and extended by replacing the LED with a fast laser source, 

which can also enable the nanosecond FLIM mode. 

Overall, the new system promises good performance in PLIM mode, and is 

much faster than the other similar devices available in the market. It can image 

objects upto several centimeters in size with high spatial resolution and flexible 

optical alignment (e.g., vertical or horizontal configuration). In its present form, 

the imager is well-suited for various applications based on wide-field PLIM.  
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4. Chapter 4: Characterization of the chemical 

samples (oxygen sensors and probes) with the 

imager 

 

O2 sensors based on luminescent quenching are used in many applications in 

different forms and variations (Liebsch et al., 2000; Papkovsky, 2004; 

Schäferling, 2012). They are popular due to their stable, robust, disposable and 

easy-to-use design which is not susceptible to electrical interferences (X. D. 

Wang & Wolfbeis, 2014). Luminescent sensors are therefore regarded as an 

alternative option to destructive O2 sensing techniques (Quaranta et al., 2012) as 

they can measure O2 in a non-invasive and contactless method. 

A significant group of O2 sensors includes thin film solid-state coatings 

prepared on various substrates, such as membranes, dots, adhesive stickers, 

fibreoptic micro-sensors, and coated vessels (Banerjee, Arzhakova, et al., 2016; 

Kelly et al., 2014; Toncelli et al., 2014; Tsytsarev et al., 2017). The heterogeneity 

of such materials is a serious problem as it can result in sensor-to-sensor and 

batch-to-batch variability, unfavourable O2 quenching behaviour, and poor 

analytical performance (Degraff & Demas, 2007). The non-uniform colouring of 

a sensor can also be used to visually identify sensor macro-heterogeneity. Micro-

heterogeneity may result from the heterogeneity of the polymeric matrix, mixed 

polymer phases formed at the coating-support interface, mechanical stress 

imposed on the material during sensor production, local aggregation of dye 

molecules (Banerjee, Arzhakova, et al., 2016; Kneas et al., 2000). On the other 

hand, heterogeneity of the sensor environment and gradients of temperature 

might lead to inhomogeneous sensing properties. In this case, the sensor can be 

used to map O2 concentration in biological and chemical samples (Dmitriev et 

al., 2013; Okkelman et al., 2016). 

In this chapter we further investigate the fast macroscopic wide-field PLIM 

imager and show how it can be used to characterize various O2 sensors. For that, 

we imaged a panel of different handmade, commercial and non-commercial 

phosphorescent solid-state materials designed for the lifetime-based sensing of 
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O2. The performance and accuracy of the PLIM and lifetime measurements were 

analysed and compared with alternative O2 measurement and imaging systems. 

4.1. Imaging of the different sensor materials 

 

First, arrays of phosphorescent coatings prepared in the different polymers 

(Figure 4.1a) were prepared by spotting the corresponding sensor cocktails on 

transparent mylar films and drying. These spotted sensors were imaged under 

ambient air conditions (22 °C, 20.86 % O2) at LED power 4 V, pulse width 50 ns 

and integration time 20 s (627 nm LED, 760±50 nm filter). Corresponding 

intensity and lifetime images are shown in Figure 4.2a, b respectively. The 

intensity images (Figure 4.2a) show a large signal variability in each spot, and 

does not allow reliable distinction between the various polymer-based 

phosphorescent materials (e.g., high vs moderate vs low O2 quenching). PLIM 

images, in contrast, show high colour contrast between the different materials 

and reveal good uniformity of lifetime values across each individual spot (Figure 

4.2b). The comparison of the contrast and uniformity of the lifetime and intensity 

signals within the imaged spots is shown in the line-profile plots in Figure 4.3a, b 

respectively. Emission decays for the ROIs marked in Figure 4.2b and their 

double-exponential fits are shown in Figure 4.3c, which reflect the poly-

exponential nature of the decay and low scattering of the photons closely packed 

around the fit. The PVDC sensors showed the longest lifetime (55.2 ± 1.2 μs), 

followed by PVC (41.7 ± 0.3 μs), PMMA (41.2 ± 0.3 μs), Hydrogel (20.5 ± 0.3 

μs), and polystyrene (15.2 ± 0.2 μs). These results are well in line with O2 

permeability values for these polymers (Ann & Kelly, 2017; X. D. Wang & 

Wolfbeis, 2014), which in turn determine the efficiency of quenching of PtBP 

molecules by O2 (Borisov, 2018; X. D. Wang & Wolfbeis, 2014). 

Next, changes in phosphorescence characteristics of the sensor materials 

under varying macro-environment and its effects on the PLIM images were 

studied. Temperature is known to have a strong effect on the dynamic quenching 

by O2 (Grewer & Brauer, 1993), and when the samples were heated to 40 °C on a 

temperature-controlled stage, PLIM showed decreases in phosphorescence 

lifetime, which can be verified by the colour changes in Figure 4.2c. While 

Hydrogel showed the largest change in the lifetime (∼9 μs), PVDC sensor 
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showed the smallest change (∼0.5 μs). Changing temperature also affected the 

sensor intensity signals, in a similar manner as lifetimes, as shown in Figure 4.4.  

 

Figure 4.1: Exemplary photographs of arrays of the phosphorescent coatings with 250 ng of 

PtBP dye in the different polymers (a) and with decreasing PtBP concentration in one polymer 

(seven serial 1:3 dilutions) (b), spotted on planar solid support. Spot size is 2-3 mm across (Sen, 

Zhdanov, Hirvonen, et al., 2020b). 

 

Figure 4.2: Images of the different phosphorescent coatings spotted on polyester film. (a) Grey 

scale intensity images; (b) PLIM images at room temperature; (c) PLIM images of the sensors 

obtained at 40 °C; (d) PLIM images of the sensors obtained under zero O2 condition at room 

temperature (Sen, Zhdanov, Hirvonen, et al., 2020b). Images were acquired for 20 seconds with 

LED at 4V with pulse width of 50 ns. 
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Figure 4.3: Graphs representing (a) line profile across the sensor spots for the PLIM images 

shown in Figure 4.2b; (b) line profile across the sensor spots for the intensity images shown in 

Figure 4.2a; (c) Phosphorescence decays with bi-exponential fits for the different ROIs marked 

in Figure 4.2b (Sen, Zhdanov, Hirvonen, et al., 2020b). 
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Figure 4.4: Images of the polymeric phosphorescent coatings on polyester support taken on the 

Tpx3Cam imager at 20oC (a) and at 40oC (b) and presented in lifetime (left) and Intensity (right) 

scale; (c) Normalised phosphorescence decays for the Hydrogel sensor at different temperatures 

(Sen, Zhdanov, Hirvonen, et al., 2020b). 

The sensitivity of the different sensor materials to O2 was assessed by 

calculating and comparing their ‘apparent’ Stern-Volmer constants Ksv 
app by 

rearranging eq (1.2): 

Ksv 
app = (τo/τ – 1)/20.86                                          eq (4.1) 

Here τo and τ are lifetime values at zero and 20.86 kPa (ambient air) O2 

(Lakowicz, 2006; X. D. Wang & Wolfbeis, 2014). In this case, the higher the Ksv 

app, the higher is the sensitivity of the sensor, and vice versa. The values are listed 

in Table 4.1, where the polystyrene sensor shows the highest sensitivity, while 

the PVDC sensor - the lowest, the difference in sensitivity being approximately 

100-fold. Also, O2 quenching and sensor sensitivity increases at higher 

temperature (40 °C) (seen as lower Ksv 
app values).  

Table 4.1: Comparison of the Ksv app values for the different sensor materials and temperatures. 

PtBP in LT  (22 °C) µs Ksv (22 °C) kPa−1 LT  (40 °C) µs Ksv (40 °C) kPa−1 

Polystyrene 15.2 ± 0.2 0.114 13.3 ± 0.1 0.137 

PVC 41.7 ± 0.3 0.004 37.8 ± 0.4 0.009 

PVDC 57.5 ± 1.4 0.001 57.0 ± 1.4 0.001 

PMMA 41.2 ± 0.3 0.009 33.1 ± 0.4 0.023 

Hydrogel 29.4 ± 0.5 0.043 17.5 ± 6.3 0.097 
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Note that complete multi-point O2 calibrations are necessary for the 

identification of "true" Ksv values and accurate comparison of sensor sensitivity. 

Unfortunately, this was not possible with our lab’s current PLIM imaging and O2 

calibration setups (separated in space). As a result, the above simplified approach 

was employed which is frequently used by researchers (X. D. Wang & Wolfbeis, 

2014).   

The sensor film was also soaked in deoxygenating solution (phosphate-sulfite 

buffer) and imaged. In this deoxygenated state (Figure 4.2d), the lifetime signals 

of all the sensors approached ~50 μs, which corresponds to the unquenched 

lifetime of PtBP (Hutter et al., 2014). The dramatic lifetime contrast between the 

sensors observed in the oxygenated state (Figure 4.2b) almost disappeared. Small 

differences between the spots are due to PtBP quenching by the polymer itself. 

Several other commercial and non-commercial sensors based on PtBP dye 

were also imaged under normal conditions, using the similar LED power and 

integration time as before. Figure 4.5a shows photographic images of the 

different sensors, while Figure 4.5b shows their PLIM images. The PVDF 

membrane (12.9±0.9 μs), bead sensor (13.3±0.4 μs) and the sensor from 

Pyroscience (13.5±0.6 μs) all showed similar lifetime values and variability 

(S.D.), whereas higher lifetime values were noted for the Optech® sensor 

(15.4±0.4 μs) and for the membrane sheet (19.9±0.07 μs). The extruded LDPE 

and PLA sensor pellets and films based on the PtBP phosphor (Figure 4.5c) were 

also analysed, under the same optical settings. The PLIM images of the sensors 

are shown in Figure 4.5d. The PLA pellet and film in Figure 4.5d cannot be 

differentiated due to thresholding limits. The lifetime values for the PLA sensors 

(36.5±0.4 μs) was significantly higher than for the LDPE sensors (13.7±0.1 μs), 

in agreement with the reported data (Kelly et al., 2020).  

The PtOEPK-PS based O2 sensors (Papkovsky et al., 1995), which are 

spectrally compatible with the Tpx3Cam imager set-up, were also imaged. Their 

photographic and PLIM images are shown in Figure 4.5e, f, respectively. The 

two different sensor types (spots on filter paper and PVDF membrane support) 

produced similar mean lifetimes and standard deviation of 15.8±0.2 μs and 
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15.4±0.15 μs respectively. These results are also consistent with other reported 

data (Papkovsky et al., 2002; Smiddy et al., 2002). 

 

Figure 4.5: Sets of commercial and custom-made O2 sensors imaged with the Tpx3Cam imager. 

(a) Photograph and (b) PLIM image of the PtBP based sensors in various forms; (c) Photograph 
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and (d) PLIM image of LDPE-PLA based PtBP sensors and (e) Photograph and (f) PLIM image 

of the two PtOPEK based sensors (Sen, Zhdanov, Hirvonen, et al., 2020a). 

PtOEP, PtOEP/OEPK and PtOEP-SB sensors were also measured with the 

Tpx3Cam imager. The 627 nm LED and 760±50 nm filter was replaced with 390 

nm LED and 648±50 nm bandpass emission filter. The prepared sensors were 

submerged in PBS and lifetime signals were recorded for air-saturated conditions 

and after chemical deoxygenation by the addition of 5 mg/ml Na2SO3 and 5 

mg/ml K2HPO4. The width and amplitude of the LED pulse was optimised and 

lifetime images were acquired at LED power 4 V, pulse width 500 ns and 

integration time 20 s. The parameters for decay fitting were also optimised. 

Initially, all the photons in the decay were fitted with a biexponential function, 

but this produced an uneven distribution of the residual and very high counts at 

the start of the decay (photons enclosed in the dotted box in Figure 4.6b). These 

high initial signals, which affected the lifetime measurements (long exposure 

time), were attributed to background emission of sensor support materials (Mylar 

film, cuvette, Petri dish, etc.). To reduce these effects, fitting parameters were 

optimised by shifting the start point of the fit to 25 μs. This produced more even 

distributions of the residual and stable PLT values. All the sensors imaged on the 

Tpx3Cam imager produced two distinct lifetime components - τ1 (short) and τ2 

(long), which increased their values in deoxygenated state. Since only the value 

of the τ2 component was close to the reported lifetime values [16], in this study τ2 

was considered as true lifetime value of the sensor dye. The cumulative 

distribution histograms for all the sensors in oxygenated and deoxygenated state, 

are shown in Figure 4.6c, d, e and corresponding PLT values are reported in 

Table 4.3. 
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Figure 4.6: The PLT data for Sensors 1–3* generated on the Tpx3cam imager under oxygenated 

and deoxygenated conditions. (a) shows the intensity and PLIM images of sensor 1–3 in their 

oxygenated and deoxygenated state. (b) shows the decay fittings for sensor 1 in its oxygenated 

and deoxygenated state. c, d and e represent the cumulative distribution histograms for sensors 

1–3 in oxygenated (21% O2) and deoxygenated (~0% O2) conditions (Sen et al., 2022). *Sensor 

1: PtOEP, Sensor 2: PtOEP + OEPK, Sensor 3:  PtOEP-SB 

 

4.2. Comparison of the different sensor materials and lifetime 

detection platforms 

 

Reference measurements were also carried out with identical samples on a 

confocal TCSPC-PLIM microscope under high magnification (5x air objective), 

to evaluate the precision of lifetime measurements on the Tpx3Cam imager and 

compare the results. The corresponding confocal PLIM images are shown in 

Figure 4.7.   
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Comparison was also made between the commercial sensors from 

PyroScience and Mocon (both are based on PtBP dye (Kelly et al., 2018a)) and 

our hand-made sensor materials. Table 4.2  shows mean lifetime values and 

standard deviations for the various sensors measured on the two platforms. Note 

that lifetimes were determined at room temperature and 21% O2, using the best 

signal acquisition parameters for each detection platform. The signal acquisition 

time was 20 s (all pixels were recorded simultaneously) for the Tpx3cam imager, 

while the confocal PLIM microscope's signal acquisition time was 219.2 µs/pixel 

(recorded one at a time with a total acquisition of 60 s). 

Table 4.2: Comparison of phosphorescence lifetime measurements on the Tpx3Cam imager and 

confocal PLIM microscope. 

Sensor 

21oC 

Tpx3Cam lifetime 

(µs) 
 

Confocal lifetime  

(µs) 
 

Polystyrene 15.2 ± 0.16 20 ± 5.9 

PVC 41.7 ± 0.26 40 ± 11.7 

PVDC 55.2 ± 1.2 50 ± 5.9 

PMMA 41.2 ± 0.27 40 ± 11.7 

Hydrogel 20.5 ± 0.25 20 ± 5.9 

Optech (Mocon) 15.4 ± 0.11 17.6 ± 13.2 

Pyroscience 13.5 ± 0.07 15.8 ± 4.4 

 

According to Table 4.2, commercial sensors from Mocon and PyroScience 

have lowest variability (S.D. = 0.11 µs and 0.07 µs, Relative Standard Deviation 

(RSD) = 0.71% and 0.52%, respectively), followed by the home-made PVC and 

PMMA sensors (S.D. of 0.26 µs and 0.27 µs, and RSD 0.62% and 0.65%, 

respectively). The home-made PVDC sensor shows the highest variability 

(S.D.=1.2 µs, RSD=2.17%).  

Overall, lifetime measurements were consistent on both the platforms. Greater 

variability was seen in the lifetime values measured on the confocal microscope. 

We attribute this to the high micro-heterogeneity of the sensors (not visible on 

the macroscopic imager), harder Z focusing of the confocal system onto the 
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sensor coating, and pixel-by-pixel scanning. It should be noted that the two sets 

of imaging data were conducted on different days and without active control of 

the sensor environment. As a result, changes in ambient temperature and 

barometric pressure may have influenced the recorded lifetime signals from the 

sensors.  

 

Figure 4.7: Intensity (top) and lifetime (bottom) Images for the different phosphorescent coatings 

on polyester support, measured on the confocal PLIM microscope at room temperature (Sen, 

Zhdanov, Hirvonen, et al., 2020b). 

PtOEP, PtOEP/OEPK and PtOEP-SB sensors were also measured on the 

confocal FLIM system. The following imaging parameters were optimised: laser 

power, pinhole aperture, image collection time, the number of imaging cycles for 

each pixel, time range for decay recording and laser-on time for generating the 

phosphorescence signal (% of the total time range). High resolution PLIM 

images with 0.5-1 × 104 counts per pixel were obtained with a 2 mm pinhole and 

at 30–50% laser power. Fitting accuracy of decay tails having different length 

was compared and the 250 μs time range was found optimal. 10.26% laser-on 

time was chosen for systematic imaging of the sensors in oxygenated and 

deoxygenated states. While optimising data processing, the τm and τ2 values 

produced via mono- and bi-exponential fitting (20.6 μs and 20.4 μs, respectively 

for PtOEP in oxygenated state) and the corresponding χ2 values were almost 

identical. And τ1 component was not observed for at 0% oxygen. Therefore, the 

data processing was simplified to mono-exponential fitting for all the sensors and 

conditions. Using the algorithm described in (Zhdanov et al., 2017), the 

phosphorescence lifetimes of the sensors were measured and the result are listed 

in Table 4.3. Both imaging platforms revealed the bi-exponential nature of 
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PtOEP decay, but due to the different hardware, software and fitting algorithms, 

the PLT values produced by the Tpx3cam and the FLIM microscope did not 

match, although good convergence of the results was observed for PtOEP-SB 

(Table 4.3). 

Table 4.3: PLT measured* on the two imaging platforms. The lifetime values (µs) were obtained 

from the lifetime histograms. 

Sensors 

and 

O2 levels 

Confocal Tpx3Cam 

25th quartile Median 75th quartile 25th quartile Median 75th quartile 

P
tO

E
P

 21

% 

18.8±0.3 20.4±0.0 21.9±0.3 25.3±1.7 26.9±1.8 29.1±1.7 

~0

% 

51.3±2.2 57.2±1.7 61.9±2.1 44.9±5.5 46.6±6.1 48.4±6.7 

P
tO

E
P

 +
 

O
E

P
K

 21

% 

10.1±0.30 10.8±0.2 11.6±0.2 13.5±1.3 14.7±1.3 15.9±1.3 

~0

% 

19.9±0.2 21.1±0.4 22.8±0.9 26.1±3.2 27.04±3.5 28.3±3.8 

P
tO

E
P

-S
B

 21

% 

22.0±0.3 23.7±0.2 25.6±0.6 20.7±2.7 22.3±1.9 23.9±2.1 

~0

% 

33.4±0.3 35.6±0.4 37.0±0.8 38.9±2.7 39.7±2.8 40.7±2.8 

* Measured at 37°C in PBS (21% O2) or PBS with added sulphite (~0% O2).  

 

Polystyrene and PVDC based sensor coatings with PtBP dye were also 

measured with a handheld lifetime reader Optech® Platinum (Mocon) at different 

O2 concentrations. Figure 4.8 shows the corresponding O2 calibrations in dry gas 

at 25oC. One can see, that the polystyrene coating showed a significant change in 

the lifetime values, so it can act as an efficient sensor for the physiological O2 

range (0 - 21 kPa or 0 - 21% in air). O2 calibration of the hand-made polystyrene 

coating was similar to commercial Mocon sensors (Kelly et al., 2020).  

The PVDC coating, in contrast, produced only minute lifetime changes at 

increasing O2 concentration (from zero to 21 kPa). Due to inadequate O2 

permeability of PVDC (>200-times lower than polystyrene (Brandrup et al., 

2003)), such sensors are not suitable for the same applications. However, they 

can be used at high kPa settings, e.g., in pressurized samples.  
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Figure 4.8: Lifetime response to O2 partial pressure for the polystyrene, PVDC and Optech 

(Mocon) sensors/coatings at 25 °C (Sen, Zhdanov, Hirvonen, et al., 2020b). 

4.3. Sensitivity of the PLIM macro-imager and stability of lifetime 

measurements. 

  

The sensitivity and stability of PLIM on the Tpx3Cam system was evaluated 

by imaging an array of phosphorescent coatings with different PtBP content. 

Figure 4.9 shows the lifetime and intensity images of the sensor palettes in five 

different polymers in pseudo-colour and grey scale respectively. On each panel, 

the top left spot corresponds to undiluted cocktail, followed by six spots with 1:3 

serial dilutions. The amounts of the dye per spot were 250 ng, 83 ng, 28 ng, 9.2 

ng, 3.1 ng, 1.0 ng and 0.34 ng, respectively. 

The PLIM images show constant lifetime signal for the first 4-5 spots, i.e., 

down to about 3 ng of the dye per spot. After this, lifetime values start to change, 

due to low photon counts and large errors in decay fits. The stable lifetime 

measurements are reflected by the constant colour for the PLIM images. Among 

these sensors, Hydrogel D4 spots showed the most stable mean lifetime: 21.9 ± 

0.4 µs. For the others, lifetime variations were between 1 and 3 µs.  
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Figure 4.9: PLIM (top row) and intensity (bottom row) images of the sensor palettes prepared 

using the cocktails with 1:3 serial dilutions of PtBP dye in: (a) Polystyrene, (b) PVC, (c) PVDC, 

(d) PMMA and (e) Hydrogel D4 (Sen, Zhdanov, Hirvonen, et al., 2020b). 

In comparison, the corresponding intensity images showed gradual reduction 

in sensor intensity signals after first 1-4 dilutions. Figure 4.10 represents the 

variation in the intensity and lifetime recorded for these spots. While there was a 

variation in the intensity, the lifetime remained stable at decreasing 

concentrations. At higher dilutions (starting from the 5th spot) the spotting areas 

were not clearly visible, since the counts of the emitted photons were comparable 

with background noise. It is worth noting, that the sensor patterns in Figure 4.9 

were produced under the imaging settings optimized for high dye concentrations. 

The quality of PLIM and intensity images for the spots with low dye content can 

be significantly improved by increasing excitation energy (pulse width) and 

integration time. This will increase the sensitivity and stability of PLIM 

measurements on the Tpx3Cam imager for weakly emitting samples. However, 

in this case, strongly emitting spots cannot be visualized reliably, due to overload 

of photons and detector saturation in the corresponding pixels. 

4.4. Conclusions 

 

Several phosphorescent coatings based on PtBP dye were prepared and tested 

with the Tpx3Cam imager. Despite the crude fabrication procedure (manual 

spotting of the polymeric ‘cocktails’) and prominent heterogeneity in intensity 

signals, in the PLIM mode these materials exhibited good uniformity, contrast 
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and lifetime response to changing environmental conditions, particularly 

temperature and deoxygenation. Among the different phosphorescence materials, 

polystyrene sensors showed the highest sensitivity to the changing macro 

environments, whereas PVDC sensors showed the lowest. Although upon 

deoxygenation, the lifetime signals of all the sensors reached ~50 µs, which 

corresponds to the unquenched lifetime of PtBP. Analytical performance of  

 

Figure 4.10: Variation of the intensity and lifetime for Polystyrene based PtBP dye with 

increasing dilutions (Sen, Zhdanov, Hirvonen, et al., 2020a). 

these handmade O2 sensors was comparable to the commercial sensors currently 

in use. For this type of samples, the Tpx3Cam imager produces more accurate 

lifetime readings, better quality PLIM images, at superior speed and sensitivity 

than the state-of-the-art confocal TCSPC-PLIM microscope. The results also 

reveal a significant number of factors that may lead to measurement artefacts and 

inaccuracies in the determination of lifetime values under UV excitation. Strong 

fluorescence in the same range as phosphorescence may ‘blind’ the detector and 

decrease the sensitivity of measurements. By carefully eliminating the factors 

that may lead to measurement artefacts and inaccuracies, the Tpx3Cam imager 

can be used for fine characterisation of solid-state O2 sensors, studies and 

optimisation of their homogeneity and operational performance. 
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5. Chapter 5: Mapping O2 in biological samples with 

Tpx3Cam Imager  

 

O2 imaging in biological samples by means of phosphorescent probes and 

live cell optical microscopy is widely being used in biomedical research (Devor 

et al., 2012; X. D. Wang & Wolfbeis, 2014). The lifetime and intensity of 

phosphorescent probes used to stain tissue samples are reversibly changed in 

response to the local O2 concentration (Borisov, 2018; Papkovsky & Dmitriev, 

2018). Low lifetime values indicate high O2 concentrations (for example, 210 

µM in an air-saturated aqueous solution at 37 °C) and low respiratory activity of 

the sample. High lifetime values, on the other hand, imply depleted O2. 

Phosphorescence intensity signal is influenced by the distribution of the probe 

within the cells or tissue sample, staining efficiency, photobleaching, imaging 

geometry, and other elements. As a result, it is extremely difficult to obtain good 

quantitative imaging of O2 concentration in intensity mode. However, these 

restrictions are essentially absent from phosphorescence lifetime-based O2 

sensing, which is why it is recognized as the preferred technique for O2 imaging 

(Dmitriev & Papkovsky, 2018). 

The family of cell-permeable nanoparticulate O2 sensing probes (Fercher et 

al., 2011; Kondrashina et al., 2012) includes the NanO2-IR probe. The 

nanoparticles formed by RL-100 polymer help to maintain the hydrophobic 

molecules of the phosphorescent dye, provide an ideal microenvironment for 

their quenching by O2 molecules, and shield against undesirable interferences. 

The polymer permits stable and accurate O2 calibration, effective staining of cells 

and tissues, and solubility of the probe in aqueous solutions. The high brightness, 

near-infrared spectral properties of PtBP dye (excitable at 620 nm, emits at 760 

nm (Tsytsarev et al., 2013)) enable the detection of minute amounts of NanO2-IR 

and its use in high-resolution O2 imaging applications. 

In this study, we used NanO2-IR probe and Tpx3Cam imager to measure O2 

levels in various biological samples, including mammalian cell suspensions, ex 

vivo samples of live animal tissue, and whole organs extracted from sacrificed 
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animals. The objective was to test the sensitivity of the imager, evaluate and 

optimize conditions for tissue staining and PLIM imaging, intensity signals, and 

lifetime determination, and produce accurate data on O2 concentration and 

distribution in various samples. Additionally, we aimed to determine the imager's 

suitability for in vivo research with live animals and human disease models. 

5.1. Imaging of ex-vivo tissue samples  

 

Several types of samples, including cultured cells, tissue, and organs 

extracted from sacrificed mice, were stained with the NanO2-IR probe under 

different conditions and then imaged on the imager at 37°C to evaluate 

oxygenation state and O2 gradients, which reflect cell respiration activity. The 

staining (time, temperature, probe quantity) and imaging (LED and intensifier 

power, sample distance, signal collection time) protocols were optimized for 

each tissue model.  

5.1.1. Imaging of respiring cells 

 

Cultured cells are usually stained with nanoprobes based on RL-100 polymer 

at concentrations 5-50 µg/mL for 3-24 hours incubation times at 37ºC (Fercher et 

al., 2011; Kondrashina et al., 2012). Probe cytotoxicity is undetectable in these 

circumstances. Ex vivo tissue samples, on the other hand, are unstable and 

demand faster staining (Tsytsarev et al., 2013), which can be achieved with 

higher probe concentrations but may have severe cytotoxic effects. The 

cytotoxicity of NanO2-IR at a concentration of 1 mg/ml in the medium was  

investigated using two most commonly used cell lines, HCT116 and HEK293a. 

Total ATP analysis during a 4 hour exposure period showed no significant 

changes in cell viability in the first hour or so, and a sharp decline in viability 

from 2 hours onwards (Figure 5.1a). Based on these findings, we aimed to 

perform imaging tests on live cells and tissues within 1 hour after the start of 

their staining. 
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Figure 5.1: PLIM of dissolved O2 distribution in media containing cultured cells. (a) Effects of 

NanO2-IR on viability of HCT116 and HEK293a cells. Total ATP levels were measured with 

CellTiter-Glo ATP assay after incubating the cells with the probe (1 mg/mL) for indicated time; 

all values are normalised to ATP levels in untreated cells. N = 3, mean ± SD are shown. (b, c) 

PLIM images of the probe (1 mg/mL) evenly distributed in growth medium containing no cells 

(b), and 1 × 106 or 5 × 106 of respiring HCT116 cells precipitated at the bottom; (c) photographs 

of 0.5 mL qPCR tubes with cell pellets. False colour images show increased lifetime values (μs), 

or decreased O2 in and near the cells. (d) line profile analysis (along the dotted lines in (b) and 

(c)) quantifies this effect (Sen, Zhdanov, Bastiaanssen, et al., 2020). 

Next, different number of live mammalian cells in growth media containing 1 

mg/ml NanO2-IR were placed in 0.5 mL Eppendorf tubes and gently centrifuged 

to form a pellet at the bottom of the tube. The sample was incubated 30 min at 

37°C to create O2 gradients in the surrounding liquid, and then imaged. Before 

centrifugation, the NanO2-IR probe was added at a final concentration of 1 

mg/ml, and it stayed both in the medium and within the cell pellet. Figure 5.1b, c 

show PLIM images of the tubes containing 0, 1x106, and 5 x106 respiring 

HCT116 cells. As seen in Figure 5.1b, the sample free of cells exhibits a constant 
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color and lifetime values, which are consistent with air-saturated conditions (210 

µM O2) throughout the tube. The narrow bottom portion of the tube, which was 

equilibrated at 37oC and placed on the imager stage, cooled down more quickly 

than the middle and top, leading to the small increase in lifetime (color gradient). 

On the other hand, samples with 1x106 and 5x106 cells had strong O2 gradients 

(Figure 5.1c), which increased with cell number. The significantly higher 

lifetime values within the pellets at the bottom of the tube reflect O2 depletion 

caused by cell respiration. The lifetime values in the middle and top parts of the 

tubes are low and do not vary much due to air saturation in the medium layer, 

which serves as a barrier for O2 transport to the cells. Yet, minute changes in 

temperature can cause the lifetime variability observed in these parts of the 

samples. 

 

Figure 5.2: O2 calibration of NanO2-IR probe under physiological conditions. Lifetime values 

were measured with a handheld reader Optech (Mocon, USA) in liquid samples (DMEM media) 

equilibrated with 0%, 2.0%, 5.0%, 10.0%, 12.0%, 15.0%, 17.0%, 20.0% and 21.0% O2 gas 

standards produced on a gas mixer, at 37 °C. Exponential fitting was performed using https 

://mycur vefit .com/ (Sen, Zhdanov, Bastiaanssen, et al., 2020). 

O2 calibration of NanO2-IR (1 mg/mL in DMEM) was performed at 37oC 

using the handheld Optech® reader, by measuring the phosphorescence lifetime 

of the sample equilibrated with known gas mixtures (O2 balanced with N2). The 

calibration data points and their fitting are shown in Figure 5.2, which give the 
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following analytical equation for O2 calibration: O2 [µM] = -86.16+770.35e-

0.049xLT. It can be used to convert the measured lifetime values (LT [µs]) and 

PLIM images into O2 concentrations and O2 maps, respectively. 

Based on these findings, it was concluded that the bright phosphorescent 

probe NanO2-IR and the novel Tpx3Cam-based PLIM imager can be used to 

accurately measure O2 in live tissue samples isolated from sacrificed animals 

using the once-off calibration function described above. 

5.1.2. Imaging of mouse brain and lung tissue surface-stained with NanO2-

IR probe 

 

Due to the ethical and technical constraints associated with the use of live 

animals, in this study we used tissue samples freshly isolated from sacrificed 

animals. The cells in the isolated tissues were still alive and respiring, though 

stressed as their normal supply of O2 through vasculature was interrupted. In the 

ex vivo setting, O2 passively diffuses to the tissue samples from an air-saturated 

medium or ambient air, which could impose additional hypoxic stress to the 

inner tissue areas. O2 solubility, quenching efficiency of NanO2-IR, and 

respiration activity of cells are strongly influenced by temperature (Borisov, 

2018; Papkovsky & Dmitriev, 2018), therefore temperature of the sample stage 

was maintained at 37°C during the experiment. With the above limitations, these 

tissue models are not ideal for physiological studies, however they were 

considered appropriate to assess the analytical performance and suitability of the 

PLIM imager for in vivo applications. 

We imaged different types of animal tissue stained by topical application of 

NanO2-IR probe. Firstly, three specimens of whole brain cortex and lung were 

stained with NanO2-IR and analyzed with PLIM. The following staining and 

imaging protocols were used for both the tissue type. Sample 1 was stained for 

30 min and then imaged. Samples 2 and 3 were stained for 15 min, imaged, then 

treated with respiration inhibitors for 30 min and imaged again under the same 

settings. Sample 1 was imaged again as an untreated control to trace possible 

changes in tissue oxygenation over the time of the experiment. The settings for 

acquiring PLIM images of these and other tissue types are given in Table 5.1. 
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Table 5.1: Exemplary/typical PLIM acquisition parameters used for the different tissue types and 

staining methods. 

Tissue 

(staining 

method)  

Treatm-

ent  

Imaging 

time 

(sec) 

Total 

frame 

number 

Triggered 

pixels 

number 

Readout 

rate 

(MHz) 

Photon 

events 

number 

Event 

size 

range  

Undersize 

events 

number 

Oversize 

count 

rate 

(MHz) 

Photon 

count 

rate 

(MHz)  

Cortex 

(outer 

surface)  

No  20  99210  52803332  2.6  9364458  3-15  704703  1066970  0.5  

AntA / 

NaN3 

20 99923 38134789 1.9 7196821 3-15 489437 628022 0.4 

Lungs 

(outer 

surface)  

No  20  99453  22779858  1.1  4425511  3-15  355928  336448  0.2  

AntA / 

NaN3 

20  100014  25072928  1.3  4938119  3-15  404726  361494  0.2  

Large 

intestine 

(intralu

mi-nal)  

No  20  100120  28378586  1.4  4713630  3-15  365106  572190  0.2  

AntA / 

NaN3 

20  100185  24924614  1.2  4226943  3-15  355015  479318  0.2  

 Small 

intestine 

(intralu

mi-nal)  

No  20  100028  23500000  1.2  4052414  3-15  347450  433438  0.2  

AntA / 

NaN3 

20  100141  37126634  1.9  6044806  3-15  476891  797582  0.3  
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Figure 5.3: PLIM of O2 in the surface-stained mouse brain and lung tissue samples. (a) 

Photograph and phosphorescence intensity image of cortex tissue samples stained with NanO2-

IR (1 mg/mL in DMEM, 30 min). (b) Corresponding PLIM images of the untreated control (C1-

C3) and AntA/NaN3-treated samples (T1, T2). (c) Photograph and phosphorescence intensity 

image and (d) PLIM images of untreated control (C1–C3) and AntA/NaN3-treated lung tissue 

samples (T1, T2). (e, f) Lifetime frequency histograms for the brain and lung tissue with normal 

and inhibited mitochondrial respiration. Violin plots show: on the Y-axis—the distribution of 

lifetime values; on the X-axis—sample names and relative frequencies, with which lifetime values 

were recorded. Box-plot partition of the violin plots represent the median (circle) and 

interquartile ranges. Dashed horizontal lines represent the aggregated modes per tissue type and 

treatment. On the right side, semi-transparent colour-matched aggregated lifetime distributions 

are shown. Colours correspond to the predominant spectrum in the PLIM images. (g, h) Line 
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profile analysis of the variability and interdependence of the intensity and lifetime values across 

the brain tissue samples (exemplified by a red dotted line in (a)); three-line profiles in three brain 

samples were analysed in total. In (h), all measured values are shown as single data points 

normalised to the mean; average deviations (in a.u.) were: for intensity signals—0.287, 0.076 

and 0.159; for lifetime values-0.097, 0.057 and 0.124. (i) Tissue photograph, phosphorescence 

intensity of the probe and PLIM images of cortex slices are shown. Scale bars show object 

dimensions. Rainbow false colours in (b, d, i) are used to visualise the range of lifetime values 

(Sen, Zhdanov, Bastiaanssen, et al., 2020). 

The phosphorescence intensity and PLIM images in Figure 5.3a-d reveal 

efficient surface staining with NanO2-IR for the two tissues. The colors clearly 

reflect the difference in lifetime values for the two tissue types and, hence, their 

different oxygenation, which is driven by respiratory activity. The overall 

variability of lifetime signals in the lung tissue was higher than in the brain due 

to the elevated values in sample 1, which has no conclusive explanation. 

As expected, treatment of  the brain tissue with AntA/NaN3 caused a 

reduction in NanO2-IR lifetime (Δ-mode = 3.48 µs), indicating change in tissue 

oxygenation from ~150 to 200 µM upon the dual inhibition of mitochondrial 

cytochrome c reductase and oxidase (Figure 5.3b and e, Figure 5.4a). Similar 

inhibition of mitochondrial respiration in lung tissue had little effect on lifetime 

values (Δ-mode = 1.46 µs, Figure 5.3d and f). We attribute this to the 

intrinsically low respiratory activity of the lungs: the initial O2 levels in resting 

tissue were close to air-saturated and could not be further increased by inhibitory 

treatments. The porous structure of the lung tissue has higher area of gas 

exchange, thus also contributing to increased tissue oxygenation. 

PLIM of different surface-stained samples of the same tissue (e.g. samples 1, 

2, and 3 of the brain, Figure 5.3e) or the same sample at different time points 

(sample 1 of the brain, not shown) produced consistent lifetime values with 

moderate variability, which was lower than the variability of intensity signals, as 

demonstrated by analyzing line profiles across the sample (Figure 5.3g, h). We 

observed no correlation between intensity signals and lifetime by superimposing 

the data obtained from all of the intensity and PLIM images (Figure 5.4b). The 

higher uniformity of lifetime values and their independence from the measured 

phosphorescence signals indicate that lifetime was not affected by the variability 

in tissue staining efficiency (Suhling et al., 2015). Based on these results, we 
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conducted PLIM of freshly dissected brain cortex slices (~1 cm2, ~1 mm thick), 

surface-stained with NanO2-IR (Figure 5.3i). The observed lifetime values 

(ranging from ~20-25 µs) suggested that differences in local oxygenation are 

driven mainly by the respiratory activity of particular areas of the tissue. 

 

Figure 5.4: (a) Imaging of oxygenation in ex-vivo samples of mouse tissue: effects of tissue type, 

treatment and O2 availability. O2 levels in the normally respiring brain tissue surface-stained 

with NanO2-IR, and in the tissue with inhibited mitochondrial respiration (AntA/NaN3). O2 levels 

are calculated from lifetime values shown it Figure 5.3e. Violin plots show: on the Y-axis – the 

distribution of O2 values; on the X-axis – relative frequencies of given O2 values. Colours 

correspond to the predominant spectrum in the PLIM images. Box-plot partition of the violin 

plots represents the median and interquartile ranges. Dashed horizontal lines represent the 

aggregated modes for the different tissue type, treatment or staining method. On the right side, 

semi-transparent colour-matched aggregated distributions are shown. (b) Dependence of the 

calculated lifetime values on measured phosphorescence intensity signals. Pearson correlation 
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analysis of the PLIM and intensity images of a surface-stained brain sample (Sen, Zhdanov, 

Bastiaanssen, et al., 2020). 

The results concluded that the surface staining of the two tissue types with 

NanO2-IR works reasonably well and the PLIM imager enables fast visualization 

of O2 levels at tissue/media interface. As expected, the O2 concentrations were 

close to ambient O2 levels, with the interquartile range ~125-175 µM in the brain 

and ~170-200 µM in the lung (Figure 5.4a). The magnitude of responses to 

mitochondrial modulators was proportional to respiratory activity of the tissue. 

5.1.3. Deep tissue staining and imaging using NanO2-IR probe 

 

To probe O2 levels deeper inside tissue, we injected 1 µl of NanO2-IR (1 µg 

of the probe) into the lumen of excised samples of large and small mouse 

intestine (Figure 5.5). In this case, the probe was shielded from the detector by 

0.2-0.25 mm thick intestinal wall (Abdelrahman et al., 2012). It was contained 

inside the intestine and reported on O2 levels in the lumen and at the surface of 

mucosa. A separate series of intestinal samples were also surface-stained and 

imaged as described before. 

Comparison of the PLIM images recorded from the mucosal and serosal sides 

of the small and large intestine revealed pronounced differences. For 

intraluminally stained samples, the lifetime distribution histogram markedly 

shifted towards larger values compared to the surface-stained tissue (for the 

colon, Δ-mode = 10.45 s, Figure 5.5i, Table 5.2). This indicated a 

lower oxygenation of the inner areas of the intestine (Figure 5.6). The 

intraluminally stained samples with inhibited mitochondrial respiration showed 

largely reduced lifetime values, compared to the untreated samples  (Δ-mode = 

4.45 µs and 3.93 µs for the small and large intestine, respectively; Figure 5.5c, e; 

Table 5.2). Still, lifetime signals were not uniform and did not correspond to a 

fully oxygenated state (refer to calibration in Figure 5.2), most likely because 

respiration in the surrounding tissue was not fully inhibited by the slowly 

diffusing drugs. Non-mitochondrial, AntA/NaN3-independent respiration could 

also contribute to the residual tissue deoxygenation (Pircalabioru et al., 2016). 

Detailed oxygenation maps of the colonic tissue samples are shown in 



92 

 

supplementary Figure S.0.1. Also, a comparison between the non-treated 

intraluminally stained samples from the two anatomically distinct regions of the 

intestine showed larger lifetime values for the colon compared to the small 

intestine, suggesting deeper colonic deoxygenation (Δ -mode = 10.13 µs, Figure 

5.5c, e, g, h). 

 

Figure 5.5: PLIM of O2 in the intraluminally stained mouse intestine samples. Photographs and 

phosphorescence intensity images of the small (a) and large (d) intestine stained for 15 min with 

NanO2-IR by intraluminal injection (1 mg/ml, 1 μl) as shown in (b); a separate set of samples 

was surface-stained in parallel. Typical PLIM images of the small (c) and large (e) intestine in 

the respiring state (left) and upon mitochondrial inhibition for 15 min by 10 μM AntA and 0.1% 

NaN3 (right). In (e), selected localised O2 concentrations (in μM) are shown in italic (see also 

Figs. S1 and S3). (f) PLIM images of the colon sample (e), collected 2 h and 4 h after the NanO2-
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IR injection. Lifetime frequency histograms in samples of the small (g) and large intestine (h) 

with normal and inhibited mitochondrial respiration. (i) Comparative analysis of lifetime 

frequencies in the colon samples stained with NanO2-IR intraluminally and topically on the 

serosal side. (j) Lifetime frequency histograms corresponding to the colon sample are shown in 

(e, f): lifetime images are taken 15 min, 2 h and 4 h post injection. PLIM images are prepared 

using rainbow false colours. In (g–j), violin plots show the distribution of lifetime values along 

the Y-axis against relative frequencies, with which these values were recorded in individual 

samples (X-axis). Box-plot partition of the violin plots demonstrates the median (circle) and 

interquartile ranges. Dashed horizontal lines show the aggregated modes per tissue type / 

staining protocol / treatment. On the right side, semi-transparent colour-matched aggregated 

lifetime distributions are shown. Colours correspond to the predominant spectrum in the PLIM 

images (Sen, Zhdanov, Bastiaanssen, et al., 2020). 

Aiming to examine the stability of lifetime signals and respiratory activity of 

the intestinal tissue, we also conducted time-lapse PLIM analysis of 

intraluminally stained colon samples over 4 hours. We observed a significant 

increase in lifetime values between 15 minutes and 2 hours of incubation (Δ-

mode = 6.09 µs), which reflected the reduction in O2 levels in the luminal part of 

the intestine. No further changes in lifetime values / oxygenation occurred 

between 2 and 4 hours of incubation. The mode value of ~43 µs corresponded to 

almost complete deoxygenation (~1 µM O2), with Δ-O2 = ~140 µM between the 

serosal and mucosal sides. We think that the lower lifetime values at 15 minutes 

reflect the partial reoxygenated lumen during NanO2-IR injection with a 

Hamilton needle (Ф = 0.72 mm), which transiently enabled O2 access to the 

lumen (Figure 5.5b, e, f, j). Since O2 levels remained very low for at least 4 

hours, we also conclude that tissue sustained respiration over the whole period of 

manipulation, including the dissection, preparation, staining, incubation and 

imaging procedures.  

The NanO2-IR probe was also subcutaneously injected into intact tissue of 

freshly sacrificed mice. The selected areas of the tail and paw were thicker (~0.5 

mm (Liakath-Ali et al., 2014; Press et al., 2017)) and less light-permeable than 

intestinal wall. So, the first attempt with 1 µl injection of NanO2-IR failed to 

produce enough signals under the same imaging setting as above. However, 

when the injection volume was raised to 5 µl (5 µg of the probe), NanO2-IR was 

successfully imaged and PLIM produced high lifetime values both in the tail and 

the paw (Figure 5.7, Table 5.2). These PLIM findings are in agreement with the 
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current knowledge about deep or even complete deoxygenation of tissues with 

interrupted O2 supply, as exemplified by the brain tissue after clinical death 

(Smith et al., 2007).  

 

 

Figure 5.6: Imaging of oxygenation in ex-vivo samples of mouse tissue: effects of tissue type, 

treatment and O2 availability. O2 levels on the outer, serosal side of the colon (surface-stained) 

and inside the lumen or on the inner, mucosal surface. O2 levels are calculated from lifetime 

values shown it Figure 5.5i. Violin plots show: on the Y-axis - the distribution of O2 values; on 

the X-axis - relative frequencies of given O2 values. Colours correspond to the predominant 

spectrum in the PLIM images. Box-plot partition of the violin plots represents the median and 

interquartile ranges. Dashed horizontal lines represent the aggregated modes for the different 

tissue type, treatment or staining method. On the right side, semi-transparent colour-matched 

aggregated distributions are shown (Sen, Zhdanov, Bastiaanssen, et al., 2020). 
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Figure 5.7: PLIM of O2 in the subcutaneously stained tail (a) and paw (b) of a mouse (post 

mortem). On the left, photographs and PLIM images are shown. Rainbow false colours 

demonstrate the range of lifetime values. (c) Lifetime frequency distribution calculated from (a) 

and (b); violin plots show the distribution of lifetime values along the Y-axis, and relative 

frequencies, with which these values were obtained (X-axis). Box-plot partition of the violin plots 

demonstrates the median (circle) and interquartile ranges. Dashed horizontal lines show the 

aggregated modes for each tissue type. On the right side, semi-transparent colour-matched 

aggregated lifetime distributions are shown (Sen, Zhdanov, Bastiaanssen, et al., 2020). 
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Table 5.2: Characteristics of lifetime values measured ex vivo in mouse tissues 

 

5.2. In-vivo imaging of live and sacrificed animals 

 

The novel Tpx3Cam imager was used in a minimally invasive method to 

track tissue oxygenation in developing grafted tumours. CT26 cells stained with 

NanO2-IR probe were injected to mice to generate grafted tumours with 

phosphorescence characteristic. The tumours were allowed to develop for 3, 7, 

10 and 17 days, with O2 imaging experiments performed on live and euthanised 

animals at different time points. After the in vivo and post mortem O2 imaging 

with animals, tumours were excised, fixed, sliced on a vibratome and then 
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examined on a confocal PLIM microscope for the presence and distribution of 

the probe. 

5.2.1. Optimisation of NanO2-IR probe delivery and tumour growth 

 

First, we optimized the conditions for delivery of the NanO2-IR probe in 

mice and its incorporation in the tumours produced by the subcutaneous injection 

of CT26 cells. For that, we examined cell staining and toxicity effects of the 

probe on cultured cells, and optimised conditions for producing grafted tumours 

stained with NanO2-IR. This allowed us to choose the staining concentration 

of NanO2-IR for cell staining that produce measurable phosphorescence during 

tumour growth, which was monitored for up to 17 days. 

The CellTiterGlo® cytotoxicity assays did not show major effects on cells of 

the NanO2-IR probe used at concentrations 0-200 µg/ml and incubation time 18 

hours (Figure 5.8a). However, microscopy analysis showed some long-term 

effects of NanO2-IR. The cells treated with >50 µg/ml probe for 20 hours did not 

proliferate and died within 20–30 hours of the staining (Figure S.0.2A). Even at 

50 µg/ml, the probe strongly reduced cell proliferation rate, which gradually 

increased with decreasing NanO2-IR concentrations. 

These in vitro results suggested that development of tumours from cells pre-

stained with NanO2-IR at >50 µg/ml, or even lower concentrations, could be 

problematic. Therefore, we tested proliferation of 1:1 mixtures of non-stained 

and stained cells at different NanO2-IR concentrations. This method markedly 

improved cell proliferation in vivo. Even in the presence of cells stained with 200 

µg/ml NanO2-IR, the non-stained cells grew and formed tumours (Figure 

S.0.2B). So, the injection of a mixture of stained and non-stained cells produced 

efficient tumour growth and adequate amount of probe in the tumour tissue. 

Alternatively, non-stained cells combined with NanO2-IR were also 

administered just before the injection. 

Next, the efficiency of cell staining at different NanO2-IR concentrations 

were examined. When analysing phosphorescence of NanO2-IR in the stained 

CT26 cells on a confocal PLIM microscope, we noticed that intensity signals do 

not increase proportionally with probe concentration used for the staining. Thus, 
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when NanO2-IR levels in the medium increased from 25 µg/ml to 200 µg/ml, 

signals produced by cells increased by less than 50% (Figure 5.8b, c). 

When used at concentrations of 25–200 µg/ml, NanO2-IR produced constant 

lifetime values and strong and sustained intensity signals in cells which were 

useful for the analysis of tissue oxygenation in mice on the PLIM macro-imager 

(Figure 5.8d). To prove this, we injected the cells with the probe in the right 

flank of freshly sacrificed animals, and then imaged the areas. Three different 

methods were used to deliver the NanO2-IR probe into animal tissue at three 

different concentrations (25, 50, and 100 µg/ml): i) non-stained cells mixed with 

the probe; ii) cells stained with the probe; and iii) 1:1 mixture of the non-stained 

and stained cells. For the first two methods, post-mortem animals were injected 

and images were taken within 20 minutes. For the third technique, live animals 

were injected and images were taken on days 4, 7, and 10 of the tumour growth. 

Figure 5.8e shows PLIM images for the different methods of delivery at three 

different concentrations of NanO2-IR probe. Figure 5.8f shows the 

corresponding lifetime values, and that the 1:1 mixture of non-stained and 

stained cells produced the most stable lifetime signals at all three concentrations. 

Based on the results of cell staining, analysis of proliferation, and post-mortem 

animal imaging, injection of 1:1 mixture of stained cells (stained with 50 µg/ml 

probe) and non-stained cells were chosen for the in vivo imaging experiments 

(Figure 5.9a). 
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Figure 5.8: Optimisation of NanO2-IR delivery to grafted tumours in mice. (a) Effects of the 

different concentrations of NanO2-IR probe (indicated, incubation time 18 h) on the viability of 

cultured CT26 cells.  Analysed with a CellTiter-Glo® kit which measures total cellular ATP 

levels. (b, c) Confocal microscopy analysis of staining efficiency of CT26 cell at different 

concentrations of NanO2-IR (18 h). (d) Distribution histogram of lifetime values, calculated for 

the cells stained with different concentrations of NanO2-IR (as in b, c). (e) PLIM images of 

tumour tissue produced by different means of NanO2-IR delivery. (f) Bar charts comparing probe 

lifetime values for the different trials.  

 

5.2.2. In vivo and post-mortem analysis of O2 levels in tumours 

 

The O2 imaging analysis in live animals was performed on days 3, 7, 10, and 

17 of the tumour growth (Figure 5.9a). Grafted tumours stained with NanO2-IR 

were seen to grow two times slower than those produced with unstained CT26 

cells (Figure 5.9b). This is in agreement with the toxic effects of the probe. By 

day 17, tumour size reached to 0.12 cm3, compared to 0.23 cm3 for the control 

group. Figure 5.9c shows that the tumour regions were easily visible on the 

intensity images at all stages of tumour growth, enabling accurate calculation of 

phosphorescence lifetime values. The lifetime values ranged between 44-52 µs 

on the different days of tumour growth (Figure 5.9d). However, analysis of the 
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PLIM data (Figure 5.9d) did not show any significant trends in tumour growth: 

lifetime values in living animals ranged from ~44 µs (days 3 and 17) to ~46 

µs (days 7 and 10). Also, the repeated measures ANOVA test did not show 

significant difference in lifetime values between PLIM images of live and post-

mortem tumour tissue taken during each day of tumour growth. The ANOVA 

test also showed a trend toward higher lifetime values in euthanized animals 

compared to live animals (see statistical details in Figure 5.9). The trend was 

stronger for day 17, with p = 0.131 for live vs dead mice. It is understood that 

when blood circulation stops shortly after death, tissue O2 rapidly depletes. Little 

difference in NanO2-IR lifetime values between the live and euthanized animals 

revealed that tissue oxygenation was relatively low at all stages of tumour 

progression, including the initial 3 to 7 days when tumours were not palpable 

(Figure 5.9b). This early-stage effect can be caused by local inflammation, which 

is known to induce tissue hypoxia.  

 

Figure 5.9: Imaging analysis of tumour oxygenation. (a) The scheme of in vivo and post-mortem 

O2 imaging of tumour tissue of mice. CT26 cells stained with NanO2-IR (50 mg/ml, 18 h) were 

mixed with non-stained CT26 cells (1:1) and injected in mice subcutaneously (right flanks); 

tumours were allowed to grow for up to 17 days, and then were analysed on the Tpx3Cam PLIM 



101 

 

imager on days 3, 7, 10 and 17 in vivo and immediately after animal death. After this NanO2-IR 

distribution was analysed in fixed tumour tissues on the confocal PLIM microscope. Animals in 

control group (tumour size and phosphorescence background controls) were injected with non-

stained CT26 cells. N=6 in all animal groups. (b) Comparison of the growth rate of the control 

and stained tumours. (c) Intensity and PLIM images of the live and euthanised animals on 

different days of tumour growth. (d) The LT values in tumour regions of live and euthanised 

animals, taken with 6 min intervals on the different days of tumour growth (N=3 in each group). 

 

Statistical analysis 

The repeated measures ANOVA test was performed on the lifetime values recorded on the 

different days (shown in Figure 5.9d), which shows:  

a) On day 3, for different imaging time F(1.05, 2.1) = 1.89, p = 0.301, with a mean of 43.7 µs for 

0 min, 48.9 µs for 6 min, 50.59 µs for 12 min, 50.7 µs for 18 min, 51.38 µs for 24 min. F = 5.2, p 

= 0.3857 for 0 min vs 6 min; F = 6.889, p = 0.2672 for 0 min vs 12 min; F = 6.999, p = 0.3215 

for 0 min vs 18 min; F = 7.684, p = 0.2839 for 0 min vs 24 min.  

b) On day 7, for different imaging time, F(1.45, 2.89) = 2.44, p = 0.232, with a mean of 45.8 µs 

for 0 min, 50.1 µs for 6 min, 48.3 µs for 12 min, 48.1 µs for 18 min, 48.6 µs for 24 min. F = 

4.274, p = 0.2143 for 0 min vs 6 min; F = 2.515, p = 0.1808 for 0 min vs 12 min; F = 2.298, p = 

0.165 for 0 min vs 18 min; F = 2.783, p = 0.2031 for 0 min vs 24 min.  

c) On day 10, for different imaging time F(4, 8) = 2.24, p = 0.154, with a mean of 46.5 µs for 0 

min, 47.4 µs for 6 min, 50.3 µs for 12 min, 49.4 µs for 18 min, 47.2 µs for 24 min. F = 0.951, p = 

0.2469 for 0 min vs 6 min; F = 3.8277, p = 0.144 for 0 min vs 12 min; F = 2.928, p = 0.2507 for 

0 min vs 18 min; F = 0.7453, p = 0.5331 for 0 min vs 24 min. 

d) On day 17, for different imaging time, F(1.8, 3.59) = 3.79, p = 0.131, with a mean of 43.8 µs 

for 0 min, 46.7 µs for 6 min, 45.3 µs for 12 min, 45.2 µs for 18 min, 46.0 µs for 24 min. F = 2.85, 

p = 0.0746 for 0 min vs 6 min; F = 1.5387, p = 0.0214 for 0 min vs 12 min; F = 1.4177, p = 

0.1182 for 0 min vs 18 min; F = 2.2347, p = 0.1981 for 0 min vs 24 min. 

 

5.2.3. Analysis of NanO2-IR distribution in tumour tissue 

 

The localization of NanO2-IR in tumour tissue was also studied. For this, the 

tumour slices were examined on a confocal PLIM microscope for the presence 

and distribution of the probe. Tissue regions containing NanO2-IR probes could 

be detected visually as dark spots (Figure 5.10a). Further analysis confirmed the 

presence of NanO2-IR in these "isles", surrounded mostly by non-stained tissue 

or tissue with low concentrations of the probe dispersed diffusely. This uneven 

distribution of the probe suggested that stained CT26 cells died soon after 
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injection, and their debris forms these 1-3 mm-sized "isles" of NanO2-IR probe. 

These "isles" were surrounded by non-stained cells which actively proliferated 

and produced tumours similar in size of the control (non-stained) tumours. 

The lifetime signals across the stained "isles" were also examined using 3D 

image reconstructions. The results showed that they were unaffected by the probe 

concentration and aggregation (Figure 5.10b, c). The size and average 

intensity signals from the NanO2-IR "isles" were unaffected by the tumour 

growth and were similar to the tumour samples collected on days 10 and 

17 (Figure 5.10d, Figure S.0.3). The median lifetime values in the tissues at 

different stages of tumour growth were between 22–24 µs and did not vary. After 

chemical deoxygenation, the lifetimes increased to >40 µs. This confirms the 

accuracy of the phosphorescent signals recorded from the probe, which were 

unaffected by sample preparation, including fixation with paraformaldehyde 

(Figure 5.10e). 

 

Figure 5.10: Analysis of NanO2-IR localisation in tumour tissue. (a) Representative image of 

tumour tissue with NanO2-IR ‘isle’ positioned in the middle (left). The corresponding 

phosphorescence intensity image obtained by confocal PLIM microscopy (right, 5x 

magnification). (b, c) Typical span of the phosphorescence intensity signals across the NanO2-IR 

‘isle’ (B) and the corresponding lifetime values (c). (d) Analysis of the intensity signal of NanO2-
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IR residing in tumour tissue at different stages of tumour development. (e) Response of NanO2-IR 

‘isle’ to chemical deoxygenation of the tissue by sulphite. Right panel shows the typical shift of 

the distribution of lifetime values in response to decreased O2 levels. Images represent stacks of 

six (a-c) or three (e) focal planes taken in 5 µm step.     

5.3. Conclusions 

 

The Tpx3Cam imager demonstrated fast, high-resolution O2 imaging in 

sizable biological samples, including liquid samples with respiring cells, live 

post-mortem animal tissue, and complete organs, passively stained with NanO2-

IR probe on the surface or microinjected in tissue depth. To prevent adverse 

effects of the NanO2-IR probe on the live tissue samples within 1 hour of 

imaging, tissue staining and PLIM techniques were optimized. Tissues also 

maintained respiratory activity for at least 4 hours following isolation. The 

imager allowed accurate lifetime measurements of the probe and generated 

detailed O2 concentration maps for tissue surface/interface and deeper areas, the 

latter imaged through 0.2-0.5 mm thick tissue layers. The ability of the imager to 

measure the changes in lifetime signal upon mitochondrial inhibition (decrease in 

lifetime) or after moving deeper into tissue (increase in lifetime), supported its 

potential use in physiological studies with in vivo models (live or anesthetized 

animals). 

The imager and the probe were used to demonstrate their performance in rapid 

quantitative imaging of tissue hypoxia in animal models with grafted tumours. 

The NanO2-IR staining conditions in animals were optimized to minimise the 

negative effects of the probe on grafted tumours and enable long-term retention 

of the probe in grafts. The imager produced accurate lifetime maps that showed 

hypoxic conditions in tumour regions, both in living and euthanized animals. The 

lifetime values measured in live animals from day 3 to day 17 of tumour growth 

were in line with previous studies demonstrating profound hypoxia in the tumour 

tissue. Confocal PLIM microscopy of tissues samples excised on days 3–17 

showed the distribution of the NanO2-IR probe in the tumours and its lifetime 

signal in oxygenated and deoxygenated conditions. Compared to the other O2 

sensitive phosphorescent probes intended for intravital use, NanO2-IR was seen 

to be the most long-lasting probe, which produces stable and easily detectable 
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intensity and lifetime signals for at least 17 days, little affected by tissue 

environment and tumour growth. Overall, the study showed that the new PLIM 

macro-imager can successfully be used in fast, high resolution, quantitative, 

minimally invasive method of PLIM imaging in physiological in vivo studies. 
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Chapter 6: Final Discussion 
 

The novel fast optical imager, Tpx3Cam, designed for macroscopic wide-

field PLIM applications, was constructed and integrated. By means of an opto-

mechanical adapter, Cricket (Photonis) with standard C-mount connectors on 

both sides, the Tpx3Cam camera was coupled to an image intensifier, a 760 nm 

emission filter and a 50 mm lens, to allow imaging of 18 x 18 mm sample area. 

A super-bright LED provided pulsed excitation of the sample area and 

subsequent PLIM. The main working module of the resulting macro-imager had 

a compact size, rigid design, and flexible architecture. The Cricket adapter 

provided rigid optical alignment to the main components so that the imager can 

be rotated 360° and tuned geometrically for the analysis of different samples. 

The imager was mainly used in the upright orientation for all the experiments, 

but can also be used in inverted and side orientation. 

The imager was initially characterised using planar phosphorescent O2 

sensors and a resolution plate mask. Several acquisition and image processing 

algorithms were evaluated and compared to optimise system resolution and 

performance for the wide-field PLIM. With centroiding and TOT corrections, the 

resolving power was found to be 12.7 lp/mm, and line width - 39.4 μm and the 

IRF gave a temporal resolution of 30.6 ns (FWHM). The imager temporal 

resolution was limited by the LED, so it can be improved by using a ps laser. 

Next, we imaged a set of phosphorescent materials on the macro-imager. The 

near-infrared emitting O2-sensitive PtBP dye was embedded into five polymers 

having different permeability for O2 and applied as solid-state coatings on a 

polyester film support. These sensor materials were placed on a temperature-

controlled stage and imaged under pulsed excitation with a 627 nm LED and 760 

nm emission filter which are optimal for PtBP dye. The resulting PLIM images 

showed good uniformity, accuracy, and contrast of the lifetime values for the 

different phosphorescent materials. The lifetime values also changed with altered 

temperature or oxygenation conditions, proving the dynamic mechanism of 

quenching by O2. In agreement with the literature data and our expectations, the 

polystyrene and PtBP based sensors showed the highest sensitivity to the 

changing macro-environment, whereas the lowest sensitivity was observed in the 
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PVDC sensors. Several other commercial and non-commercial O2 sensors based 

on PtBP and PtOEPK dyes were also imaged and their imaging results were 

consistent with previously published data. 

A series of PtOEP based O2 sensors were also measured. In this case, the 

LED and emission filter were replaced with a 390 nm LED and a 648 nm 

bandpass emission filter and the LED parameters were optimised. For these 

sensor materials, high background signals from the support material and 

afterglow or autofluorescence under UV excitation resulted in inaccurate lifetime 

values. To overcome this, the decay fitting parameters were further optimised to 

minimise these measurement artefacts.  

Lifetime measurements on the new imager were also compared with those 

performed on the confocal TCSPC-PLIM microscope. PtBP based commercial 

and handmade sensors showed generally consistent lifetime values on both the 

platforms. Although a greater variability in the lifetime signals was seen on the 

confocal system due to its raster scanning, the Tpx3Cam imager produced more 

accurate lifetime readings at a superior speed and with better quality PLIM 

images. But lifetime values produced by the PtOEP and PtOEP/OEPK sensors 

did not match, although good convergence of the results was observed for 

PtOEP-SB.  Therefore, platform-specific calibration for each particular sensor is 

important for accurate analysis of sample oxygenation. 

PLIM of the sensor spots with increasing dilutions showed constant lifetime 

signals and decreasing intensity signals which demonstrated high sensitivity and 

stability of the PLIM mode. Thus, we examined how variations in imaged 

objects, namely brightness, hosting media/LT range, environmental conditions 

and their changes can influence the results of the PLIM imaging and mapping of 

LT values and O2 concentration. 

Next, the Tpx3Cam imager was used to map O2 concentration in various live 

tissue samples stained with a nanoparticle-based NanO2-IR probe. The tissues 

were carefully chosen to demonstrate the performance of the imager when 

comparing oxygenation between: 1) tissues with high and low O2 consumption 

(such as brain vs. lung, or, resting vs. inhibited tissue); 2) inner and outer areas of 

hollow organs exposed to air (intestine); and 3) subcutaneous tissue areas imaged 

through a thick skin layer (tail and paws). The cytotoxic effect of the probe at 1 

mg/ml was tested on cultured cells which showed no effects in the first hour of 
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experiment. So, all the imaging experiments on live tissues were completed 

within 1 hour of staining. Robust phosphorescence intensity and lifetime signals 

were produced by passive staining of the mouse brain, lung or intestinal tissue 

surface with 2 ml of NanO2-IR or by microinjecting the probe into the lumen of 

small or large intestine fragments, which allowed O2 mapping in the tissue within 

20 s. Inhibition of tissue respiration or limitation of O2 diffusion to tissue 

produced the anticipated increase or decrease in O2 levels, respectively. 

Furthermore, subcutaneous injection of 5 μl of the probe in intact paw and tail of 

sacrificed mice enabled efficient O2 imaging at tissue depths of up to 0.5 mm. 

Overall, the imager was able to reveal an adequate span of measurable O2 levels 

(0–210 μM) in ex vivo tissue samples with higher (e.g. the lungs or brain surface) 

and lower (e.g. colonic lumen or inner areas of the paw and tail) O2 levels. 

Lastly, the imager was used in a minimally invasive technique for the 

monitoring of tissue oxygenation in developing grafted tumours. First the probe 

delivery conditions were optimized. Based on the results, 1:1 mixture of CT26 

cells stained with 50 µg/ml of NanO2-IR probe and non-stained cells were 

injected into mice to produce grafted tumours with characteristic 

phosphorescence. The tumours were allowed to develop for 3, 7, 10 and 17 days, 

with O2 imaging experiments were performed on live and euthanised animals at 

different time points. Despite a marked trend towards decreased O2 in dead 

animals, their tumour areas produced phosphorescence lifetime values between 

44-47 µs, which corresponded to deeply hypoxic tissue. After the O2 imaging in 

animals, confocal PLIM was conducted to examine the distribution of NanO2-IR 

probe in the tumour slices. The probe remained visible as bright and discrete 

‘islands’ embedded in the tumour tissue until day 17 of tumour growth. 

In conclusion, the new Tpx3Cam macro-imager demonstrated good 

functionality and operational performance for wide-field PLIM applications. It 

can image objects of several centimetres in size with high spatial resolution 

within 20 seconds. Along with single photon sensitivity and quantitative lifetime 

imaging, advantages of the platform also include flexibility, transportability, high 

level of technology integration and relatively low cost (< 30% of the price of a 

standard PLIM system). In its present form, the imager is limited to applications 

based on wide-field PLIM. Other limitations of the imager include the large size 

of its data sets (~ 2 Gb) and complex data analysis. The performance of the 



108 

 

imager can be improved further with the next generation Timepix4 readout chip 

with timing resolution of 200 ps (Llopart et al., 2022). The system performance 

can be further improved and extended to nanosecond FLIM mode by replacing 

the LED with a fast laser source. 
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Appendix  

 

Figure S.0.1: Mapping O2 in the lumen of mouse colon ex vivo. (a) From bottom to top, the 

lifetime (LT) image, O2 image and detailed O2 map of the lumen of mouse colon stained as 

described for Figure 5.5e. (b) Similar to (a) data set obtained using mouse colon treated for 15 

min with AntA and NaN3. Right panel in (b) also shows the LT map and magnified fragments of 

LT and O2 maps that show the conversion of LT values (µs) into O2 concentrations (µM) using 

the indicated analytical equation. 
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Figure S.0.2: Effects of NanO2-IR on CT26 cell proliferation capacity. A. Cells were stained for 

~20 h with the probe at the indicated concentrations (top panel), washed, re-plated and grown 

for further 28 h (bottom panel). B. Cells stained as in (A) with 200 µg/ml probe were mixed with 

non-stained cells (1:1), re-plated and grown for 28 h (right panel); non-stained cells (left) and 

stained cells (middle) only are shown as controls for maximal and minimal proliferation, 

respectively. Bars indicate ~100 µm scale. Images were taken using a light microscope and 

iPhone camera. 
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Figure S.0.3: Analysis of NanO2-IR phosphorescence intensity in tumour tissue at different 

stages of tumour development. Images in (A) were collected using confocal PLIM microscope 

with 5x magnification. B. Quantitative analysis of NanO2-IR signals in tumour tissue (N=16, 

including days 10, 14 and 17); tissue with no NanO2-IR was used as background control. 
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semi-transparent colour-matched aggregated lifetime distributions are shown. 

Colours correspond to the predominant spectrum in the PLIM images (Sen, 

Zhdanov, Bastiaanssen, et al., 2020). ......................................................................... 92 

Figure 5.6: Imaging of oxygenation in ex-vivo samples of mouse tissue: effects of 

tissue type, treatment and O2 availability. O2 levels on the outer, serosal side of the 

colon (surface-stained) and inside the lumen or on the inner, mucosal surface. O2 

levels are calculated from lifetime values shown it Figure 5.5i. Violin plots show: on 

the Y-axis - the distribution of O2 values; on the X-axis - relative frequencies of 

given O2 values. Colours correspond to the predominant spectrum in the PLIM 

images. Box-plot partition of the violin plots represents the median and interquartile 

ranges. Dashed horizontal lines represent the aggregated modes for the different 

tissue type, treatment or staining method. On the right side, semi-transparent colour-

matched aggregated distributions are shown (Sen, Zhdanov, Bastiaanssen, et al., 

2020). ......................................................................................................................... 94 

Figure 5.7: PLIM of O2 in the subcutaneously stained tail (a) and paw (b) of a mouse 

(post mortem). On the left, photographs and PLIM images are shown. Rainbow false 

colours demonstrate the range of lifetime values. (c) Lifetime frequency distribution 

calculated from (a) and (b); violin plots show the distribution of lifetime values 

along the Y-axis, and relative frequencies, with which these values were obtained 

(X-axis). Box-plot partition of the violin plots demonstrates the median (circle) and 

interquartile ranges. Dashed horizontal lines show the aggregated modes for each 

tissue type. On the right side, semi-transparent colour-matched aggregated lifetime 

distributions are shown (Sen, Zhdanov, Bastiaanssen, et al., 2020). ......................... 95 

Figure 5.8: Optimisation of NanO2-IR delivery to grafted tumours in mice. (a) 

Effects of the different concentrations of NanO2-IR probe (indicated, incubation 
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time 18 h) on the viability of cultured CT26 cells.  Analysed with a CellTiter-Glo® 

kit which measures total cellular ATP levels. (b, c) Confocal microscopy analysis of 

staining efficiency of CT26 cell at different concentrations of NanO2-IR (18 h). (d) 

Distribution histogram of lifetime values, calculated for the cells stained with 

different concentrations of NanO2-IR (as in b, c). (e) PLIM images of tumour tissue 

produced by different means of NanO2-IR delivery. (f) Bar charts comparing probe 

lifetime values for the different trials. ........................................................................ 99 

Figure 5.9: Imaging analysis of tumour oxygenation. (a) The scheme of in vivo and 

post-mortem O2 imaging of tumour tissue of mice. CT26 cells stained with NanO2-

IR (50 mg/ml, 18 h) were mixed with non-stained CT26 cells (1:1) and injected in 

mice subcutaneously (right flanks); tumours were allowed to grow for up to 17 days, 

and then were analysed on the Tpx3Cam PLIM imager on days 3, 7, 10 and 17 in 

vivo and immediately after animal death. After this NanO2-IR distribution was 

analysed in fixed tumour tissues on the confocal PLIM microscope. Animals in 

control group (tumour size and phosphorescence background controls) were injected 

with non-stained CT26 cells. N=6 in all animal groups. (b) Comparison of the 

growth rate of the control and stained tumours. (c) Intensity and PLIM images of the 

live and euthanised animals on different days of tumour growth. (d) The LT values 

in tumour regions of live and euthanised animals, taken with 6 min intervals on the 

different days of tumour growth (N=3 in each group). ............................................ 100 

Figure 5.10: Analysis of NanO2-IR localisation in tumour tissue. (a) Representative 

image of tumour tissue with NanO2-IR ‘isle’ positioned in the middle (left). The 

corresponding phosphorescence intensity image obtained by confocal PLIM 

microscopy (right, 5x magnification). (b, c) Typical span of the phosphorescence 

intensity signals across the NanO2-IR ‘isle’ (B) and the corresponding lifetime 

values (c). (d) Analysis of the intensity signal of NanO2-IR residing in tumour tissue 

at different stages of tumour development. (e) Response of NanO2-IR ‘isle’ to 

chemical deoxygenation of the tissue by sulphite. Right panel shows the typical shift 

of the distribution of lifetime values in response to decreased O2 levels. Images 

represent stacks of six (a-c) or three (e) focal planes taken in 5 µm step. ............... 102 

Figure S.0.1: Mapping O2 in the lumen of mouse colon ex vivo. (a) From bottom to 

top, the lifetime (LT) image, O2 image and detailed O2 map of the lumen of mouse 

colon stained as described for Figure 5.5e. (b) Similar to (a) data set obtained using 

mouse colon treated for 15 min with AntA and NaN3. Right panel in (b) also shows 

the LT map and magnified fragments of LT and O2 maps that show the conversion of 

LT values (µs) into O2 concentrations (µM) using the indicated analytical equation.

 .................................................................................................................................. 109 

Figure S.0.2: Effects of NanO2-IR on CT26 cell proliferation capacity. A. Cells were 

stained for ~20 h with the probe at the indicated concentrations (top panel), washed, 

re-plated and grown for further 28 h (bottom panel). B. Cells stained as in (A) with 

200 µg/ml probe were mixed with non-stained cells (1:1), re-plated and grown for 28 

h (right panel); non-stained cells (left) and stained cells (middle) only are shown as 
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controls for maximal and minimal proliferation, respectively. Bars indicate ~100 µm 

scale. Images were taken using a light microscope and iPhone camera. ................. 110 

Figure S.0.3: Analysis of NanO2-IR phosphorescence intensity in tumour tissue at 

different stages of tumour development. Images in (A) were collected using confocal 

PLIM microscope with 5x magnification. B. Quantitative analysis of NanO2-IR 

signals in tumour tissue (N=16, including days 10, 14 and 17); tissue with no 

NanO2-IR was used as background control. ............................................................ 111 
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