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4.1 Background

Due to the central role of oxygen in several physiological and pathological
conditions, different strategies have been developed over the years to enable the
quantitative or semi-quantitative measurement of oxygen in the blood and tissues.
These strategies include approaches such as electron paramagnetic resonance (EPR),
nitroimidazole (e.g., pimonidazole) adduct staining, microelectrodes, and optical
sensors [5—7]. Although EPR has provided some signs of progress towards measur-
ing free radicals and oxygen in biological systems, its usage in human subjects is
challenging due to complex instrumentation (e.g., the need for magnets with a large
air gap and adequate homogeneity in the magnetic-field), probe administration
(placing an exogenous probe in the desired location), and regulatory issues for
human applications (e.g., obtaining approval for indefinite embedding of the probes
in the tissue) [8—11]. Nitroimidazoles can be used to determine whether cells have
been in hypoxia (below ~10 mmHg), but they provide an indirect measurement of
hypoxia and can only be used for a single timepoint measurement due to the
destructive biopsy required for tissue preparation and measurement [12—-14]. Alter-
natively, Clark-type electrodes, devised by Leland Clark in 1953, can provide robust
and quantitative oxygen tension measurements in the whole blood and tissue
[15]. As an electrochemical sensor, Clark-type electrodes have shown several
advantages over other sensors such as good stability and high reproducibility, but
they can also suffer from limitations like oxygen consumption and needle
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sensor-induced damage to the tissue [16—18]. Optical techniques, such as phospho-
rescence lifetime quenching microscopy, can provide fast, quantitative oxygen
sensing non-invasively in living biological samples without oxygen consumption,
making it an optimal alternative to the methods described above [18]. Furthermore,
phosphorescence lifetime quenching measurements do not show the luminophore
concentration-dependency associated with intensity measurements. This is espe-
cially important in the context of measuring oxygen tension inside tissues and
cells with heterogeneous distributions of probes and depth-dependent signal loss
that can invalidate intensity-based measurements. 2PLM is a relatively new version
of phosphorescence lifetime quenching microscopy for non-invasive sensing of the
partial pressure of oxygen (pO,) with high spatial and temporal resolution.

Historically, “optical sensing” of oxygen was initiated with the Kautsky and
Hirsch work in the 1930s in which they reported the quenching of phosphorescence
in traces of oxygen. In this experiment, they monitored room temperature phospho-
rescence of dyes immobilized on silica gel and observed light emission only when
there was no oxygen present [19]. This method was later used by Pringsheim et al.
[20] to measure oxygen production as low as 5 x 10~% cm?® at atmospheric pressure
per minute [20]. In 1968, Bergman introduced a prototype of a complete optical
system that comprised all the components of the modern optical sensor, including a
miniature UV emitting glow lamp, a UV transmitting filter, a fluoranthene disk, a
UV absorbing filter, and a cadmium sulfide photoconductive cell responded to
nitrogen [21].

Peterson et al. [22] proposed an oxygen flow visualization (imaging) technique by
spraying and then imaging the oxygen stream on a silica gel thin-layer chromatog-
raphy plate covered by absorbing dyes. They introduced this technique as a new
method to study the oxygen flow over airfoil shapes or the behavior of fluidic
devices [22].

A breakthrough was realized when the group of David Wilson reported a new
phosphorescence lifetime technique for measuring oxygen tension in biological
samples based on oxygen-dependent quenching of metalloporphyrin probes
[23]. This technique can be thought of as the single-photon analog to 2PLM and
serves as the foundation for it. The Wilson group and other groups used this
technique to measure pO, in perfused tissues [24], tumors [25], single capillaries
[26], and many other applications uncovering new details about how oxygen
delivery and consumption occurs in vivo. Most of this work was performed before
two-photon excitation techniques were widely available, however.

The theoretical basis for two-photon excitation was first presented about 90 years
ago in 1931 by Maria Goppert-Mayer [27]. In her doctoral dissertation she rightly
predicted the phenomenon of two-photon absorption, but it was not until 1990 that
two-photon excited microscopy became a reality. Denk et al. [28] reported the
seminal work on two-photon excited fluorescence for laser scanning microscopy
(LSM) with ultrafast pulsed lasers and opened a new window for nonlinear micros-
copy in biological samples [28, 29]. In the mid-2000s, two-photon excitation was
finally applied successfully to phosphorescence lifetime measurement of oxygen
in vivo [30]. 2PLM benefits from the use of near-infrared (NIR) excitation
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wavelengths for two-photon excitation, where optical scattering and absorption is
reduced in biological samples. Use of this NIR “optical window” typically leads to
reduced photodamage and higher depth of penetration compared to single-photon
excitation at visible wavelengths [31]. The possibility of widespread use of 2PLM
gained traction later in 2008 when Finikova et al. reported an antenna-core probe to
address the very low two-photon absorption (2PA) cross sections in the early
generations of oxygen probes built around Pt or Pd metalloporphyrins [32]. Their
technique, which they called two-photon laser scanning microscopy, made it possi-
ble to reliably image microvasculature and tissue oxygenation with high spatial
resolution in live animals. Today, researchers are still designing novel high-
performance 2PA phosphorescent probes to broaden the range of possible biomedi-
cal applications [33].

The patent from the Webb group and the publication in the journal Science in
1990 provided the first proof to the biological community that multiphoton excita-
tion microscopy was a viable option for the imaging of biological systems
[28]. 2PLM, as a new branch of this technique, facilitates direct insight into the
tissue microenvironment by mapping oxygenation. The application of 2PLM to
biomedical imaging and sensing has resulted in many critical experimental findings,
especially on the role of oxygen in several physiological and pathological
conditions.

4.2 Fundamentals of 2PLM

Developing optical imaging techniques like 2PLM that feature high spatial resolu-
tion while providing quantitative information about key microenvironmental factors
such as oxygen can provide answers to some of the most important and challenging
biomedical questions. To effectively apply 2PLM for biological studies, however, it
is crucial to understand the components, mechanisms, and recent instrumentation
development enabling this method.

4.2.1 Molecular Underpinnings of Phosphorescence Quenching

When electronic excitation of a molecule occurs from the absorption of a photon, the
energy can dissipate via several mechanisms (Fig. 4.1). For many luminophores used
in biological samples, the electronic transition from the ground state (Sg) to the
singlet excited state (S;) can occur via one- or two-photon absorption (Fig. 4.1)
[34]. Two-photon excitation occurs from the simultaneous absorption of two lower-
energy, higher-frequency photons, with a combined energy that matches the S, to S;
energy differential (Fig. 4.1) [35]. Upon excitation to Sy, energy can be immediately
lost through non-radiative vibrational relaxation to the lowest mode of S;. From S;,
two major deactivation pathways are possible that result in emission: fluorescence in
which energy is released directly from S, in the form of a photon while the molecule
returns to Sy, and phosphorescence in which the molecule undergoes intersystem
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Fig. 4.1 Jablonski energy diagram highlighting some of the potential radiative and non-radiative
deactivation pathways following light absorption by a model phosphor. Single-photon and
two-photon excitation are shown as blue (UV-Visible wavelengths) and red (NIR wavelengths)
arrows, respectively. Quenching of the triplet state (T;) by bimolecular oxygen (O, Ty) results in the
production of singlet oxygen (O, S;) and the regeneration of the ground state phosphor (Sy)

crossing (via a change in electron spin from paired to unpaired) to the triplet excited
state (T ) before releasing energy in the form of a photon as the molecule returns to
So [34, 36]. Collisional quenching of T; by neighboring molecules or molecular
structures can cause the T, to Sy transition without emission of a photon. The effect
of phosphorescence quenching by a single quencher [Q] results in a decrease in
phosphorescence intensity and lifetime following the Stern—Volmer relationship:

Io/I:TQ/Tzl—FKqXT()X[Q}, (41)

where I and 7 are the intensity and lifetime of phosphorescence emission in the
absence of quencher, respectively, I and 7 are the intensity and lifetime at a specific
concentration of quencher [Q], respectively, and K is the quenching constant [37-
39]. Bimolecular oxygen (O,) is one of the most potent dynamic quenchers in
physiologically relevant conditions resulting in very efficient quenching of most
phosphors [19]. This dynamic quenching can be exploited to quantitatively measure
pO, since the average lifetime of phosphorescent emission depends directly on the
pO, in the environment surrounding an excited phosphor according to Eq. (4.1).
When quenching occurs, energy is transferred from T, to triplet biomolecular
oxygen converting it to highly reactive singlet oxygen (Fig. 4.1) [19, 40]. Singlet
oxygen, as a by-product of the quenching process, and its derivatives (reactive
oxygen species or ROS) are highly reactive molecules that can efficiently react
with nearby biological molecules resulting in undesirable phototoxicity as a potential
side-effect of 2PLM [34, 41]. Advantageously, the inherent two-photon absorption
mechanism of 2PLM prevents singlet oxygen production outside of the focus,
thereby minimizing the total singlet oxygen typically produced by several orders
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of magnitude compared to single-photon phosphorescence lifetime microscopy.
Nevertheless, singlet oxygen production via triplet state quenching can be used
constructively as in the case of photodynamic therapy, a promising antitumor
strategy in mainstream cancer treatment [42, 43].

4.2.2 Experimental Setup of 2PLM for Oxygen Sensing

Many of the modern 2PLM systems are composed of semi-independent imaging and
sensing arms or sequentially acquired imaging and sensing modes that share the
same optical path [33, 44-47]. The imaging mode provides the user with a way to
visualize the area of interest based on fluorescence emission with a high frame rate.
This fast imaging approach is beneficial for many in vivo experiments since the
region of interest must be identified in a relatively short time (e.g., while the animal
is under anesthesia). The sensing mode provides excitation/emission cycles for
phosphorescence lifetime measurement typically on a pixel by pixel basis and is
often very slow (~10% to 10° slower) relative to the imaging mode [48—50]. This
slow speed can be attributed to the difference in natural lifetimes of fluorescence
(typically ~1-10 ns) and phosphorescence (typically ~1-100ps) and the low quan-
tum yield of phosphorescence (often <0.1 at physiological oxygen tension) com-
pared to fluorescence (often >0.2). The phosphorescence emission is typically too
slow and too dim to be useful for image formation in intravital measurements.

For certain oxygen sensing probes (e.g., Pt meso-tetraarylporphyrin-coumarin-
343 [PtP-C343]), two-photon absorption occurs via two-photon antenna
chromophores embedded in the molecule that can then transfer the energy via
fluorescence resonance energy transfer (FRET) to the core metalloporphyrin for
oxygen quenching [32]. In this type of probe, the contrast for imaging and lifetime
sensing can originate from the same molecule [32]. The drawback of such a dual-
purpose probe is that the fluorescence emission overlaps with blue-green
wavelengths often reserved for molecular reporters based on fluorescent proteins
(e.g., CFP/GFP/YFP). We encountered this issue when using PtP-C343 for oxygen
measurements in the bone marrow of knock-in mice with GFP-labeled endogenous
hematopoietic stem cells (HSCs) [51]. The relatively weak GFP-HSC reporter was
overshadowed by the strong fluorescence emission of the PtP-C343. We overcame
this challenge by switching to a two-photon excitable probe (Pt-G4), generously
provided by Dr. Sergei Vinogradov, that gave no detectable background fluores-
cence in the GFP emission band.

As observed in Fig. 4.2, 2PLM images are generated by x-y raster scanning of a
femtosecond pulsed laser (e.g., titanium sapphire laser) using fast-scanning mirror
combinations (e.g., polygon/galvanometer or dual galvanometer scanners) that pro-
vide lateral focal-point positioning. Dichroic mirrors (for cases where the imaging
excitation wavelength and lifetime measurement excitation wavelength are different)
and polarizing beam splitters are commonly used for splitting and/or combining the
imaging and sensing arms of a 2PLM system (Fig. 4.2). Phosphorescence lifetime
measurements are typically acquired in the time domain whereby an excitation gate



68 N. Abbasizadeh and J. A. Spencer

Sensing Arm Imaging Arm
Beam Splitter Fast S_calll!ing
Ti:Sa Laser Mirrors
Light
Modulator

Slow Scanning
Mirrors

Fig. 4.2 Generalized microscope setup for 2PLM. For imaging, light from a Titanium Sapphire
laser (Ti:Sa) is scanned by fast-scanning mirrors and focused onto the sample by an objective lens
(Obj). For phosphorescence sensing, the light is gated by a light modulator and directed by a slow-
scanning mirror through the objective lens onto the sample. The fluorescence is collected by a
standard photo-multiplier tube (PMT) while the phosphorescence is captured by a photon-counting
PMT module to be saved for later processing

consisting of tens to hundreds of individual laser pulses is created by passing the
laser through an electro-optic modulator (EOM) or an acoustic-optic modulator
(AOM). The modulated beam is directed laterally by slow-scanning mirrors and
focused by an objective lens to excite the sample. The resulting phosphorescence
emission decay is collected by a very sensitive detector (usually a photon-counting
Photo-Multiplier Tube [PMT]) and synchronized to the excitation gate so that the
photon arrival times can be measured relative to the excitation gate. Due to very low
signal, hundreds to sometimes thousands of excitation/emission cycles are collected
for each focal point in the sample, and a histogram of arrival times is generated until
an acceptable (~20-25) signal-to-noise ratio (SNR) is achieved [32]. To determine
the phosphorescence lifetime, the phosphorescence intensity decay histogram is
fitted with an exponential decay function to calculate the phosphorescence lifetime.
This lifetime is then compared against a calibration plot obtained from independent
in vitro oxygen titration experiments to convert the lifetime value to pO, [32].

For a relatively low-light level technique such as 2PLM, considerations need to
be made about how to handle the collected photon signal in a manner that maximizes
SNR. This is especially important when considering that the accuracy of the
calculated lifetime (and subsequent measurement of oxygen tension) is directly
dependent on the SNR of the collected signal. The most common method of choice



N

Two-Photon Phosphorescence Lifetime Microscopy 69

Signal (mV)

Time (ns)

Noise

Detector Output Discriminator Photon Counting Output

Fig. 4.3 Single-Photon Counting (SPC) diagram. The raw detector electronic output is filtered by a
discriminator that rejects electronic peaks below an empirically defined threshold and converts
peaks above the threshold to individual TTL outputs for recording by a computer

in 2PLM is single-photon counting (SPC). SPC can refer to several different
techniques that have in common the goal of recognizing true photonic signal while
rejecting electronic noise [52, 53]. Conceptually, SPC can be thought of as an
electronic filtering technique based on an empirically defined threshold (Fig. 4.3).
PMTs used for 2PLM are capable of detecting a single photon but they suffer from
significant dark current (or dark counts) from the dynode amplification process. SPC
enables much of this noise to be filtered out since noise peaks originating from
dynodes within the PMT are typically weaker than what is generated by a photon
striking the photocathode. In SPC, the raw detector output is filtered through a
discriminator with an adjustable threshold that is preselected empirically based on
the peak SNR of the specific detector (Fig. 4.3) [52]. Electronic peaks above the
threshold are considered “true” photon peaks and are digitized with transistor-
transistor logic (TTL) (or similar digital logic with high noise immunity) and
recorded by a computer with a data acquisition card. Any peaks below the threshold
are rejected which includes most of the dark current (Fig. 4.3). SPC does not reject
background signal from ambient light or endogenous luminescence of the sample, so
care should be taken in eliminating signal from those sources separately.

4.2.3 Improvements for 2PLM

4.2.3.1 Time Acquisition and Lifetime Improvement

Although 2PLM systems have brought a lot of benefits for oxygen sensing in tissue,
due to long triplet lifetimes and low photon count rates relative to 2-photon excited
fluorescence, the temporal function of conventional 2PLMs is limited, especially
when considering fast-moving cells (e.g., activated T cells) or motion artifacts (e.g.,
breathing and heart beat) in live animals [54]. In principle, frame rates in phospho-
rescence lifetime microscopy can be enhanced by implementing gated cameras, or
frequency-domain spatial multiplexing, although these techniques can suffer from
poor depth resolution [55, 56]. S. S. Howard et al. [56] experimentally demonstrated
a parallel-excitation/parallel-collection MPM-PLIM system [56]. In their adaptive
optics system, multiphoton laser scanning microscopy was integrated with custom
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reflection-based spatial light modulators as an adaptive beam shaping technique to
form a linear array of point sources that are modulated by different frequencies
[56]. They reported that in comparison with conventional configurations, the
designed microscopy improves the pixel rate by 100 times while simultaneously
acquiring intensity images and phosphorescence lifetime at depth [56]. In 2019,
M. Rytelewski et al. developed a “Fast” Scanning Two-photon Phosphorescence
Lifetime Imaging Microscope (FaST-PLIM) that differs from the conventional
2PLM in the signal accumulation approach and also unitary acquisition design
[54]. Each pixel in FaST-PLIM receives only one excitation/emission cycle gate
before the next pixel is excited. They decreased the decay measurement period for
each cycle since full recovery of the phosphor to ground state is not required for
accurate measurement with this unitary acquisition regime. With this increased
acquisition speed, they succeeded to directly observe and investigate the relationship
between fast-moving T-lymphocytes and local oxygen concentration in tumors
[54]. They found that T-lymphocyte motility was significantly decreased in regions
of hypoxia within the mouse bone marrow [54].

4.2.3.2 Saturation Effects

In two-photon excited microscopy, the probability of TPA depends on the square of
the excitation intensity and is limited to the diffraction limited focal volume [57]. At
very high excitation intensities, however, due to saturation effects of the excited state
the quadratic dependence is lost. When this occurs, a fraction of neighboring
molecules outside of the laser focus enter S;, expanding the excitation volume and
thus degrading the resolution and efficiency of excitation [58]. For biomedical
researchers using fluorescence microscopy, saturation effects are rarely observed
since high excitation powers are usually avoided due to negative biological effects.

When considering two-photon excited phosphorescence, however, saturation is
common since the lifetime of T; can be >10* times longer lived than S;. Each
subsequent pulse of an ultrafast optical oscillator (e.g., Ti:Sa laser) operating at
80 MHz repetition rate can pump an increasing number of Sy molecules into the T
state before a significant fraction of them can relax to Sy resulting in a population
inversion. When saturation occurs, the efficiency of each subsequent laser pulses
decreases, and the spatial resolution of the measurement degrades. In order to obtain
a detectable phosphorescent signal, working in the saturation regime is often
unavoidable for in vivo 2PLM. Popular metalloporphyrin probes used for 2PLM
are known to have very low two-photon absorption cross sections and very low
quantum yields of phosphorescence [59].

One obvious solution to avoid saturation effects is to minimize the average
excitation power. A multiple foci approach can be employed, where power is
distributed over several foci to minimize the saturation effects of any individual
focal volume [60]. Another option to minimize saturation effects is focus shaping.
We previously employed a focus shaping technique where the laser beam was
scanned across a 100pm slit that was conjugated to the focus in the sample
(Fig. 4.4a) [44]. This elegant technique generates an excitation gate while also
scanning the focused beam in the sample by a few micrometers laterally during
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Fig. 4.4 (a) Schematic setup of the scanned slit and its excitation pulse graph indicating how the
galvanometer scans the focused beam across a slit to form the excitation gate. In experiment mode,
the photodiode is removed so that the light can pass through the rest of the system to illuminate the
sample (not shown). (b) Comparison of scanning across a slit vs. a stationary focused beam. The
focal volume increases and resolution decreases with each subsequent excitation pulse during the
excitation gate [61]

the ~10—40pm excitation gate (Fig. 4.4a) [44, 61]. Unlike stationary beams which
increase the focal volume and decrease resolution (especially in the z-axis) with each
subsequent laser pulse of the excitation gate, scanning across a slit minimizes
saturation effects, leading to more efficient use of laser power and better retention
of axial resolution (Fig. 4.4b).

4.2.3.3 Phosphorescent Probe Design

Optimizing the phosphorescent probe design by selecting molecules with a high
quantum yield of phosphorescence and a strong 2PA cross section are key to
improving the SNR in 2PLM and increasing the acquisition speed [62]. To date,
metalloporphyrin molecules have been considered as the best phosphorescent oxy-
gen sensitive probes [32, 63]. What distinguishes these molecules from other probes
is their high sensitivity to the physiological range of pO,, high stability at room
temperature or 37 °C, their potential to be chemically modified to diminish the effect
of external factors like pH or protein binding, and above all, relatively good
phosphorescent quantum yields [63—-65]. Originally, three main groups of
metalloporphyrins were created for phosphorescence lifetime measurement: unmod-
ified metalloporphyrins, polyglutamate dendrimer metalloporphyrins, and
polyarylglycine dendrimer metalloporphyrins surrounded by long polyethylene gly-
col (PEG) residues [64, 65]. One of the main limitations of the first two groups is the
dependency on albumin binding for sensitivity in the physiological range of pO,.
Since the albumin concentration is ~600pM in blood, some fraction of molecules
remain unbound making the interpretation inaccurate and unreliable [63—66]. Deco-
ration of the third generation of probes with PEG prevents binding to biological
molecules such as albumin, thereby making them more reliable even in the presence
of biomacromolecules [32, 63]. Furthermore, the lack of binding to biomolecules
makes them good candidates for extravascular measurement if they can be delivered
to the interstitial space [65]. Most oxygen sensor probes synthesized since then have
been designed with a similar architecture to the third-generation probes. Among
proposed oxygen probes [67], PtP-C343 was the first practical two-photon absorbing
oxygen probe to have been widely applied in different biological applications
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Fig.4.5 Schematic and energy diagram of 2PA antennae probes. Two-photon energy (Red arrows)
is absorbed by several 2P-antenna chromophores (Yellow ovals) and transferred to the
metalloporphyrin-core (Green oval) via FRET. When the excited phosphorescent probes are
exposed to oxygen (Blue arrow), energy from the triplet state (T;) is quenched by triplet oxygen

[44, 45, 59]. Due to the very low two-photon absorption cross section of the core
metalloporphyrin, PtP-C343 relies on coumarin-343 moieties to act as two-photon
antennae that transfer the absorbed energy to the core metalloporphyrin via FRET
[32]. The generalized schematic of 2PA antennae oxygen probes like PtP-C343 is
shown in Fig. 4.5 [24].

2PA antennae probes have complex chemical structures and require strict fine
tuning of the distance between the antenna chromophores and the core porphyrin.
Small deviation in the distance can significantly reduce the probe’s emissivity and
degrade imaging performance. Recently, scientists in the group of Dr. Sergei
Vinogradov reported Oxyphor 2P as a new direct two-photon excitable oxygen
probe. The single chromophore has intrinsically high quantum yield and 2PA
cross section rendering it 50-60 times brighter than previous metalloporphyrin
oxygen sensors [30]. Because Oxyphor 2P is not an antennae probe, it overcomes
limitations associated with core-antenna 2PA probes. Breakthroughs in design, such
as the 50-60x increase in signal, open up new possibilities for faster oxygen sensing
techniques and potentially 3D oxygen mapping at a reasonable frame rate [33].

4.3 Oxygen Measurement by 2PLM

In humans, the brain is responsible for ~25% and 20% of the glucose-derived energy
consumption and net oxygen consumption, respectively, while it comprises just 2%
of the body weight [68]. Providing a sufficient oxygen supply through a highly
specialized vascular system is essential for maintenance of healthy brain function.
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Table 4.1 An overview of in vivo 2PLM pO, measurements

Probe
location Probe name Application References
Brain of PtP-C343 Mapping of pO, in blood vessels and [32, 45,
anesthetized tissue at steady state and during various | 59, 72-77]
animals stimulations or occlusions to understand
oxygen delivery and consumption.
Oxyphor 2P Synthesis of Oxyphor 2P as a new 2PA | [33]
probe for cortical oxygen measurement
Brain of PtP-C343, Oxyphor Mapping of pO, in awake animals to [46, 47,
awake 2P study brain oxygenation within the 78-82]
animals cortex.
Bone PtP-C343, PtTCHP- Direct in vivo measurements of pO, in [44, 54,
marrow C307, Pt-G4 the bone marrow and hematopoietic 55, 67, 83]
stem cell niche in normal and diseased
states.
Retina Pt(I) tetra In vivo depth-resolved imaging of pO, [84]
phthalimidoporphyrin | in the retinal capillary plexus.
Tumor PtP-C343 FaST-PLIM system to investigate the [54, 83]
(Bone dependency of T-lymphocyte motility
marrow) on oxygen distribution in tumors.

Today a growing list of human disorders including Alzheimer’s disease (AD) [69],
Parkinson’s disease (PD) [70], and Huntington’s disease (HD) [71] are found to be
associated with deficiencies in tissue oxygen or cerebrovascular dysfunctions. For
this reason, there has been an increased focus on studying the dynamics of cerebral
oxygen delivery and consumption to better understand the role that oxygen plays in
normal and diseased states of the brain.

The introduction of PtP-C343 as the first practical two-photon phosphorescent
nanoprobe by the Vinogradov team in 2008 serves as a milestone for oxygen
mapping via 2PLM and has led to an interest in applying 2PLM to understand the
fundamental role of oxygen in a variety of tissues and contexts in vivo (Table 4.1)
[32]. PtP-C343 provides a significant improvement over previous probes in terms of
2PA cross section, measurement depth in tissue, and the minimization of singlet
oxygen production [30]. Using PtP-C343 for the first time, Finikova et al. reported a
combination of phosphorescence quenching with two-photon laser scanning micros-
copy (2PLSM) that enable them to record high-resolution images of oxygen
distributions in heterogeneously oxygenated glass pipettes and cells [32]. Following
PtP-C343 synthesis, Sakadzic et al. used the 2PLLM technique to demonstrate in vivo
two-photon pO, measurements with high resolution, depth of penetration up to
250pm, and low probe concentration in living rodent cortical tissue and
microvasculature [59].

In 2011, Devor et al. reported the dependence of cerebral tissue oxygen changes
on the baseline pO, level and stimulus duration when evoked by sensory stimulation.
They found that in tissue sites that are at the low baseline pO,, constant stimulation
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won’t overshoot the oxygen tension from the baseline to a high pO, level. In
contrast, during stimulus-evoked activation, transient decreases occur during the
“initial dip” and “poststimulus undershoot.” Their results suggest the elevated pO, in
blood during the hemodynamic response functions to maintain the oxygen tension at
normal levels for tissue sites far from the blood vessels [72]. Parpaleix et al. [73] then
showed the initial dip in pO, at the level of capillaries during odor stimulation and
reported that oxygen dynamics in cerebral capillaries reflects neuronal activity. They
also investigated the range to which erythrocyte-associated transients (EATs) reflect
the neuronal activity. Based on their results, at rest the pO, between two EAT is
closer to the real physiological pO, in the neuropil relative to reported pO, from
EAT peaks [73]. In another related experiment, the Lecoq group [74] mapped
oxygen in various vascular compartments and showed the existence of diffusion-
based arterio-venous shunts. Their study also showed that at the site of synaptic
transmission, odor evokes a pO, increase in vasculature which is preceded by an
initial dip in the neuropil [74].

Sakadzi¢ et al. [75] incorporated a two-photon microscopy (TPM) and Doppler
optical coherence tomography (OCT) imaging setup and demonstrated that
precapillary arterioles and low-branching-order capillaries are responsible for sup-
plying most of the oxygen to the cortical tissue at baseline, while high-branching-
order capillaries serve as a buffer to secure enough oxygen, especially during high
oxygen consumption or low blood flow conditions [75]. The results of their study
provide valuable information for the interpretation of fMRI data and may help
inform the development of improved fMRI techniques. In another project, using
TPM and Doppler OCT, Moeini et al. (2020) quantified the cerebral pO, and blood
flow in awake mice during forced treadmill exercise to investigate the relationship
between cerebral tissue oxygenation, capillary flow, and exercise intensity. Their
study showed that compared to rest, cerebral pO, and perfusion increase during
running at 5 m/min. At faster speeds (10 and 15 m/min), however, arteriolar and
capillary blood flow decreases while tissue oxygenation remains unchanged likely
due to autoregulation and an increase in RBC linear density [81].

Using 2PLM, SakadZi¢ et al. [45] succeeded to map the periarteriolar tissue pO,
in the brain and fit the changes of oxygen tension with the Krogh cylinder model of
oxygen diffusion to estimate the cerebral metabolic rate of oxygen (CMRO,)
[45]. Estimation of CMRO; is a valuable but challenging task that requires complex
multimodal imaging and mathematical modeling. CMRO, interpretations are used
for analysis of brain function and diagnosis of cortical pathological conditions, so the
invention of new approaches for simplifying its calculations may lead to a better
understanding of the metabolic rate of oxygen in the brain under various conditions.

Lyons et al. [78] used awake mice to study the cortical oxygenation with 2PLM
and PtP-C343. They reported that isoflurane enhances the capillary RBC flow and
thus leads to positive error in brain oxygenation measurements. To reduce the
anesthetic effect, they studied the cerebral pO, for the first time in an unstressed,
awake mouse through a cranial window and reported accurate values of pO, close to
the physiological conditions in the vasculature and interstitium of mouse cerebral
grey matter. Since accurate measurement of the oxygen tension is critical for
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investigating neural interactions and diseases associated with them, their work can
provide standard values for other researchers to investigate neural processes and
model brain metabolism [78]. The same group also reported that imaging through a
cranial window with a water immersion objective at room temperature lowers the
brain temperature, decreases cerebral blood flow, and can invalidate pO,
measurements based on phosphorescence lifetime. They demonstrated that although
postsurgical decrease of brain temperature returns to normal after a couple of days,
imaging with a water immersion objective reduces the temperature again by 2-3 °C.
To eliminate this effect, they found that a dry objective or heated water immersion
objective can diminish the temperature fluctuation and produced more accurate
results [79]. In aged awake mice, Moeini et al. [46] studied age-associated
alternations in brain oxygenation within the barrel cortex. Using awake mice was
key for this experiment since anesthesia might affect physiological and hemody-
namic parameters correlated with aging leading to a false interpretation of the results.
They reported that aging is accompanied by lower pO, in cerebral arterioles and
venules, lower cerebral tissue pO,, and more spatial heterogeneities in the distribu-
tion of oxygen in tissue. The detection of hypoxic micro-pockets and a significant
decrease in brain oxygenation with aging is an important finding that has important
implications for neurodegenerative diseases and cognition decline in elderly
people [46].

Kazmi et al. [76] designed an experiment in which they mapped changes in
intravascular oxygen tension of the brain before and after occlusion by exploiting
real-time Laser Speckle Contrast Imaging (LSCI) to guide the occlusion process and
2PLM techniques to measure the pO,. This study helped to underline the role of
vascular networking on pre- and post-occlusion oxygenation [76].

Using 2PLM, K. Kisler et al. [77] confirmed the key role of pericytes in the
regulation of cerebral blood flow (CBF) in response to stimuli [77]. They reported
that in pericyte-deficient mice, following neuronal stimuli there was a decrease in
CBF that, in turn, caused neurovascular uncoupling and reduced oxygen supply to
the brain. Given that pericytes are degraded in Alzheimer’s disease, knowing the
mechanism for how the dysfunction of these cells affects the brain may help lead to
the development of better diagnosis and treatment of neurologic disorders.

On a different note, Q. Zhang et al. [80] took advantage of polarography,
spectroscopy, and 2PLM techniques to measure oxygen levels in the cortex of
awake mice during locomotion and found that locomotion considerably enhances
brain oxygenation, specifically in the olfactory bulb, frontal cortex sites and regions
that are more engaged in locomotion [80].

Recently, significant progress was made on probe design for 2PLM oxygen
sensing. In 2019, Esipova et al. [33] introduced a new two-photon oxygen probe,
Oxyphor 2P, with 50-60 times brighter signal than all previous metalloporphyrin
probes used for oxygen sensing. To validate its performance for longitudinal mea-
surement and quantitative imaging of pathological states, they measured tissue
oxygenation for 4 days after induction of a single-capillary micro-stroke in the
cortex [33]. Due to its high signal, Oxyphor 2P has the potential of being employed
with 2PLM to determine the tissue metabolic states in a variety of biomedical
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contexts. In 2020, Kritchenkov et al. synthesized new oxygen probes based on
iridium (Ir) complexes with high quantum yields around 13-15%. They found
these probes had relatively short lifetimes in the range of 1-2.5 ps which is
advantageous for fast data acquisition during real-time oxygen sensing [85]. Com-
bining advances in applying 2PLM to awake animals with the advances in Oxyphor
2P synthesis, Li et al. [47] measured the absolute intravascular pO, in an large
number of arterioles, venules, and capillaries (6544 vascular segments vs. <100
capillaries in Lyons et al. study), as well as RBC-pO,, InterRBC-pO,, EAT, and
RBC flow properties in capillaries across layers I-V (Max depth 600 mm vs. ~410 mm
from Lyons et al. [78]). Their results revealed that the intracapillary resistance to
oxygen delivery, the RBC flux, and oxygenation heterogeneity are higher in upper
cortical layers compared to the deeper regions while in Layer IV, where oxygen
consumption is the maximum, the oxygen extraction fraction is enhanced
[47]. These detailed findings provide deep insights into layer-dependent oxygen
delivery and consumption in the brain. Consistent with this study, Sencan et al.
(2020) used Oxyphor 2P to show that in response to sensory stimulation, alterations
in intravascular pO, are conserved across cortical layers I-IV. In contrast to the
previous reports performed in anesthetized animals they showed that there is no
“initial dip” of intravascular oxygen tension in awake mice following sensory
stimulation. In addition, they found O, saturation increases more in the venules
compared to arteries [82].

While 2PLM oxygen sensing in the brain is an extremely important avenue of
investigation, there remains significant opportunities for applying 2PLM to under-
stand the role of oxygen in other biological contexts. For example, we performed the
first direct in vivo measurements of local oxygen tension in the bone marrow and
hematopoietic stem cell niche of live mice using PtP-C343 and Pt-G4 [44, 51]. We
uncovered heterogeneities in local pO,, with the lowest pO, found in deeper peri-
sinusoidal regions and less hypoxic areas closer to the endosteal region [44]. We
found that endogenous hematopoietic stem and progenitor cells do not reside in the
most hypoxic regions of the bone marrow at steady state [S1]. When the bone
marrow was altered by radiation and chemotherapy, however, we discovered a
significant increase in pO,, pointing to the role of stress in altering the stem cell
metabolic microenvironment [44].

In collaboration with the Vinogradov lab in 2014, we presented a new probe,
PtTCHP-C307, which was designed to overcome limitations of PtP-C343 by
providing improvements in phosphorescence quantum yield, efficiency of the
antenna-core energy transfer, improved signal dynamic range, and minimized
quenching of the phosphorescence by electron transfer [67]. PtTCHP-C307 perfor-
mance was validated in vivo by acquiring pO, measurement through the intact
mouse skull into the bone marrow as previously described but with minor improve-
ment in signal intensity [44, 67]. In another bone marrow study, Rytelewski et al.
[54] developed a novel imaging regimen (FaST-PLIM) which is able to map tissue
oxygenation in vivo at cellular resolution while enabling the capture of cellular
dynamics. In this study they established FaST-PLIM to directly visualize the rela-
tionship between local oxygen concentrations and T-lymphocyte (T cell) motility in
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tumors and found the motility of T cells depends on the local oxygen concentration.
This study introduced the FaST-PLIM system as a potentially valuable tool for
oxygen sensing in a wide range of biological studies where acquisition time is
important [54]. In 2020, using this new optical system they studied extracellular
oxygen concentrations in a model of leukemia. They used intracellular hypoxia
measurement with pimonidazole in combination with 2PLM to couple the extracel-
lular oxygen levels to intracellular hypoxia at different stages of the B-cell acute
lymphocytic leukemia (B-ALL). They discovered that during the initial and inter-
mediate disease stages due to expansion of vascular network, pO, increases exter-
nally while intracellular hypoxic is still present. In end stage disease, they observed
that high cellularity and metabolic demands of the tumor cells led to increased
intracellular hypoxia and a shift in the external hyperoxia to a noticeable pO,
reduction [83].

2PLM oxygen sensing has also been applied in other contexts. For example,
Schilling et al. [86] developed an implantable polymeric mesh including PtP-C343
which was capable of supporting bone marrow stromal cell growth and differentia-
tion. Designed electrospun fibers were applied to report oxygen levels with high
spatial resolution during bone regeneration in real time. Their new carriage system
for probe delivery showed promise for overcoming the common limitations like
accumulation in the interstitial space over time due to leaky vasculature or the lack of
distribution in tissues that have not yet been vascularized [86]. 2PLM oxygen
sensing has also been applied for the first time to the retina in vivo. Sencan et al.
[84] reported absolute pO, measurements in the superficial, intermediate, and deep
retinal microvascular plexus under both normoxia and hyperoxia [84]. The authors
hope that implementing 2PLM for pO, measurement in retinal microvasculature will
lay a foundation for additional studies on the physiology of retinal disorders.

4.4 Conclusion

2-photon phosphorescence lifetime microscopy (2PLM), as a robust nonlinear
optical microscopy technique, has received a lot of attention recently due to its
potential for quantitative pO, imaging in tissue with high spatial resolution. In this
chapter, we provided background on the development of 2PLM, discussed the most
common oxygen sensing measurement methods and concepts, and explained the
general principles and optical configurations of a 2PLM system. We discussed the
key characteristics and strategies for improvement of the technique and presented an
overview of how 2PLM has been used for oxygen sensing in biological applications
to improve our understanding of the basic biology underlying several areas of human
health.

2PLM has the potential to help answer some of the most challenging and
important questions related to the role of oxygen in biology and medicine. Even
though 2PLM has become the premier tool for studying oxygen in vivo, it is still
relegated to a small subset of specialists due to the cost and expertise required to
build a 2PLM system and the expertise required to synthesize the phosphor probes.
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Therefore, significant hurdles remain to the widespread availability of this technique
for the broader scientific community. Nevertheless, with new developments in both
the instrumentation and the phosphor probe design, there is hope that even these
hurdles will be overcome.
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