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SUMMARY

Quantitative imaging of oxygen distributions in tissue
can provide invaluable information aboutmetabolism
in normal anddiseasedstates. Two-photonphospho-
rescence lifetimemicroscopy (2PLM) hasbeendevel-
oped to performmeasurements of oxygen in vivowith
micron-scale resolution in 3D; however, themethod’s
potential has not yet been fully realized due to the lim-
itations of current phosphorescent probe technology.
Here, we report a new sensor, Oxyphor 2P, that
enables oxygen microscopy twice as deep (up to
600 mm below the tissue surface) and with �60 times
higher speed than previously possible. Oxyphor 2P
allows longitudinal oxygen measurements without
having to inject the probe directly into the imaged
region. As proof of principle, we monitored oxygen
dynamics for days following micro-stroke induced
by occlusion of a single capillary in the mouse brain.
Oxyphor 2P opens up new possibilities for studies
of tissuemetabolic states using 2PLM in awide range
of biomedical research areas.

INTRODUCTION

Molecular oxygen plays a unique role in cellular energy meta-

bolism by serving as the terminal electron acceptor in the mito-

chondrial respiratory chain. Consumption of oxygen is tightly

coupled to the production of cellular energy, while physiological

levels of partial pressure of oxygen (pO2) vary considerably de-

pending on the tissue type and metabolic load (Ereci�nska and

Silver, 2001; Tsai et al., 2003). Low pO2 levels ultimately cause

a decrease in the cellular energy state (Wilson, 2015), triggering

a vast transcriptional cascade regulating multiple genes (Rat-

cliffe, 2013) and, inmany cases, indicating an onset of pathology.
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However, quantitative links between oxygen levels and tissue

pathologic states are still poorly understood in part because of

technical challenges associated with quantification of endoge-

nous molecules and metabolites in vivo. To this end, methods

for dynamic imaging of oxygen in tissues with high spatial and

temporal resolution are invaluable for many areas of biomedical

research, including biology of cancer (Ratcliffe, 2013), hypoxic-

ischemic injury in stroke (Ham and Raju, 2017), and macular

degeneration (Kurihara et al., 2016) as well as for fundamental

studies of tissue metabolism.

In its ground electronic state, an oxygen molecule has triplet

spin multiplicity. This property not only has major implications

for all nature’s oxygen-involving reactions, but also provides an

opportunity to optically measure oxygen concentrations in tis-

sue. Rapidly diffusing oxygen molecules quench emissions orig-

inating from triplet states of other molecular species, known as

phosphorescence. If a phosphorescent dye (below referred to

as a ‘‘probe’’) is dissolved in a biological medium and excited

by a pulse of light, its triplet decay time, or phosphorescence

lifetime, becomes a quantitative reporter of the local oxygen

concentration. The related approach, known as the ‘‘phospho-

rescence quenching method’’ (Vanderkooi et al., 1987), allows

minimally invasive optical quantification of oxygen in vivo under

unperturbed physiological conditions (Rumsey et al., 1988).

Two-photon phosphorescence lifetime microscopy (2PLM) of

oxygen, which is a combination of phosphorescence quenching

and two-photon (2P) laser scanning microscopy, enables imag-

ing of oxygen distributions and concentration gradients in 3D

with micron-scale resolution (Finikova et al., 2008). Phosphores-

cence is emitted on the microsecond time-scale, i.e., 3–4 orders

of magnitude slower than more commonly used fluorescence.

The long lifetimes make phosphorescence exquisitely sensitive

to oxygen but subsequently limit the speed at which the lifetimes

can bemeasured. The time needed to collect all the phosphores-

cent photons after a single excitation pulse is typically in the

range of hundreds of microseconds (e.g., 200–1,000 ms). De-

pending on the number of photons that are emitted and acquired

per pulse, the actual decaymeasurement can take from fractions
.
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of a second to many seconds. Therefore, the emission quantum

yield and excitation efficiency of the probe are especially impor-

tant, as they ultimately define the pixel dwell time and the ability

to image oxygen dynamically.

The original probes for 2PLM (e.g., PtP-C343) were complex

multichromophoric constructs built around phosphorescent

metalloporphyrins (Briñas et al., 2005; Finikova et al., 2008). Por-

phyrins have vanishingly small two-photon absorption (2PA)

cross-sections (see below), and in order to improve excitation

efficiency, multiple two-photon-absorbing chromophores were

included in the probe molecule, forming a two-photon antenna

array for capturing the excitation energy and funneling it to the

porphyrin via intramolecular energy transfer. Both the antenna

and the porphyrin were parts of the same dendritic macromole-

cule, whereby the dendrimer played the role of a scaffold, simulta-

neously helping to fine-tune oxygen sensitivity of the probe.

Multiple polyethyleneglycol residues, attached to the dendrimer

termini, solubilized the construct and prevented unwanted

interactions of the probewith biologicalmacromolecules. The first

two-photonoxygenprobeswereverysuccessful indemonstrating

the method’s potential, providing valuable information for neuro-

science (Devor et al., 2011; Kazmi et al., 2013; Lecoq et al.,

2011; Lyons et al., 2016; Parpaleix et al., 2013; Sakad�zi�c et al.,

2014; Sakadzi�c et al., 2010) and stem cell biology (Spencer

et al., 2014). However, their complex multichromophoric struc-

turescaused a number of problems. For example, close distances

between the chromophores, required for efficient energy transfer,

opened up various intramolecular triplet state quenching path-

ways (Finikova et al., 2007), lowering the probe’s emissivity and

degrading imaging performance. In addition, emission bands of

the original probes were in the red part of the spectrum, near

650–700 nm, limiting imaging to no deeper than �300 mm below

the tissue surface (Lecoq et al., 2011). Subsequent attempts to

optimize the multichromophoric design led only to moderate im-

provements (Roussakis et al., 2014), while approaches based on

various types of nanoparticles (Choi et al., 2012; Khan et al.,

2017; Lemon et al., 2015) rendered either sensors with poor oxy-

gen sensitivity, low quantum yields, or both.

Here, we report a new two-photon oxygen probe, which does

not use antennae but instead relies on a single chromophore that

combines intrinsically high 2PA cross-section and unprecedent-

edly high phosphorescence quantum yield. The new sensor,

termed Oxyphor 2P, enables oxygen imaging at speeds and

depths far exceeding those accessible previously. Due to its

exceptional brightness, Oxyphor 2P also makes it possible to

implement a new superior probe delivery method to the brain

extravascular space, eliminating the necessity of direct injection

of the probe into the imaged area and thus minimizing tissue

damage. As a demonstration of performance, we used the new

method to measure tissue oxygenation during several days

following induction of a single-capillary micro-stroke, exempli-

fying the potential of the probe for quantitative imaging of path-

ological states.

RESULTS AND DISCUSSION

Probe Development
From both the synthetic and photophysical points of view, a

phosphorescent sensor based on a single chromophore with
optical transitions in the tissue transparency window (700–

1,000 nm), large 2PA cross-section and high emission quantum

yield would offer many advantages compared to multichromo-

phoric molecules. Pt or Pd porphyrins are the chromophores of

choice for the construction of biological oxygen probes (Quar-

anta et al., 2012); however, their centrosymmetric structures

make them highly inefficient as 2P absorbers. In centrosym-

metric molecules selection rules forbid 2P transitions to one-

photon (1P)-allowed ungerade states, such as low lying Q- and

B-states in porphyrins (Figure 1A). At the same time, 2P-active

gerade states (g-states) in porphyrins lie at such high energies

that their 2P excitation becomes overshadowed by 1P absorp-

tion to the low-lying singlet or even triplet states (Figure 1A).

The latter process (T1)S0) is strictly spin-forbidden, but in Pt

and Pd porphyrins the forbiddance is partially lifted due to the

very strong spin-orbit coupling (Finikova et al., 2007).

A break-through has become possible due to our recent

finding that the modification of benzoporphyrins with carbonyl-

containing functional groups dramatically increases 2PA near

their B states (Esipova et al., 2016). Quantum chemistry calcula-

tions attributed this effect to the stabilization of g-states, and

particularly strong stabilization was predicted for porphyrins

with pyrrolic units fused with phthalimide residues, e.g., tetraar-

ylphthalimidoporphyrins (TAPIP) (Figure 1A). Experimental

studies fully verified this prediction (Esipova et al., 2017).

Based on the above results we chose to construct a new an-

tenna-free probe, Oxyphor 2P, using PtTAPIP as a single chro-

mophore (Figure 1B). In PtTAPIP, eight carbonyl groups (shown

in red) are locked in-plane with the porphyrin, ensuring a high

degree of conjugation and maximal stabilization of the 2P-active

g-state. Indeed, the 2PA maximum of Oxyphor 2P is shifted

even below the B-state level (lmax = 960 nm; Figure 1C). Com-

bined with a large 2PA cross-section (s(2) � 650 GM), this

unique feature enables efficient 2P excitation while fully avoid-

ing overlap with the triplet vibronic sublevels. The second small

2PA maximum at 1,140 nm (s(2) � 30 GM; Figure 1D) may be

useful for multiplexed excitation of Oxyphor 2P along with fluo-

rophores that do not possess 2PA in the far red regions. Having

nomeso-substituents, the macrocycle of PtTAPIP is completely

planar (Figure S1A), which is a prerequisite of high emissivity

(Lebedev et al., 2008). The phosphorescence quantum yield of

PtTAPIP reaches as high as 0.45 in dimethylformamide (22�C)
(Esipova et al., 2017) and decreases to 0.23 in water, which is

a common trend for phosphorescent porphyrins (Finikova

et al., 2008; Roussakis et al., 2014). Nevertheless, the two-

photon brightness of Oxyphor 2P (i.e., the product of 2PA

cross-section and emission quantum yield) exceeds that of

the established probe PtP-C343 (Finikova et al., 2008) by

�60-fold. An additional advantage comes from the fact that

the emission maximum of Oxyphor 2P (lmax = 758 nm) (Fig-

ure 1D) is red-shifted by �100 nm relative to that of PtP-C343

(Finikova et al., 2008), i.e., well into the tissue near-infrared win-

dow. It is this feature that is responsible for a major increase in

tissue depths accessible by 2PLM (see below). Noteworthy,

Oxyphor 2P also exhibits an exceptionally large linear molar

extinction coefficient (lmax = 630 nm, 3� 275,000 M�1cm�1),

which in combination with high emissivity makes it the

brightest phosphorescent probe for oxygen sensing applica-

tions known today.
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Figure 1. Structure and Properties of Oxyphor 2P

(A) Energy diagram showing low-lying electronic ungerade states (u-states) Q and B (Soret) in regular porphyrins (left) and in tetraarylphthalimidoporphyrins

(TAPIP, right). In TAPIP, a 2P-active grade state (g-state) is stabilized below the B state level allowing for efficient 2P-excitation without overlapping with lower

vibronic sublevels of the triplet state (T1).

(B) Structure of probe Oxyphor 2P, which is composed of PtTAPIP core, mixed glutamate-arylglycine dendrons, and multiple peripheral PEG groups (see

Methods S1 for synthesis and characterization). In PtTAPIP, eight carbonyl groups (shown in red) are locked in plane with the porphyrin, ensuring high degree of

conjugation with the macrocycle and maximal stabilization of the g-state.

(C) Calculated structure (molecular mechanics, AMBER force field) of the probe molecule in water (modeled as dielectric continuum): core porphyrin (colored by

atom), dendritic branches (blue), PEG chains (green). The average diameter of the semi-globular molecule is �7 nm.

(D) 1P (black) and 2P (blue) absorption and phosphorescence emission (red) spectra of Oxyphor 2P in water. The 2PA spectrum shows two maxima: 960 nm

(656 GM) and 1,140 nm (30 GM).

(E) Stern-Volmer oxygen quenching plots of Oxyphor 2P in phosphate buffered saline (pH 7.1) and in rat blood plasma (T = 36.7oC).

(F) Stern-Volmer oxygen quenching plots of the probe at different pH levels.

(G) The quenching plots (pO2 versus t) were fit to a modified Stern-Volmer equation, pO2(t) = 1/(a3kq3tp)+1/(kq3t0), where t0=38 ms (phosphorescence lifetime

in the absence of oxygen) and empirical parameters a = 14.8 and p = �1.26 are constants, while the oxygen quenching constant kq changes linearly with

temperature (Methods S1).
In order to protect the core of the probe from interactions

with endogenous biological molecules and to simultaneously

fine-tune the rate of phosphorescence quenching for optimal

oxygen sensitivity, we employed our earlier developed den-

dritic protection strategy (Lebedev et al., 2009; Vinogradov

and Wilson, 2012). The phthalimide nitrogens on PtTAPIP

were extended by 2,6-substituted aryl groups (Figure 1D) to

prevent intermolecular p-p stacking of otherwise completely

planar structures (Figure S1A). The linkers, appended to

the 2,6-positions, were thus directed above and below the

macrocycle plane facilitating attachment of the bulky den-

drons. The dendrimer was constructed from arylglycine-gluta-

mic acid fragments and modified on the periphery with

polyethyleneglycol (PEG)-amine residues (Av. MW 1,000).

According to molecular mechanics simulations (AMBER force

field), in a folded state the probe is �7 nm in diameter (Fig-

ure 1C). As a result of the extensive PEGylation, Oxyphor

2P exhibits nearly unlimited aqueous solubility and shows

no signs of aggregation even at concentrations >100-fold

exceeding those required for imaging (typically �5 mM). The
738 Cell Metabolism 29, 736–744, March 5, 2019
phosphorescence lifetime of the probe changes from �9 ms

in air to �38 ms under fully anaerobic conditions (36.7oC).

The dependence of the calibration plot on temperature could

be modeled using a ‘‘modified’’ Stern-Volmer equation,

pO2(t)=1/(a3kq3tp)+1/(kq3t0), where only one parameter,

kq, is temperature-dependent (linearly), while the empirical pa-

rameters a = 14.8 and p = �1.26 as well as the phosphores-

cence lifetime in the absence of oxygen, t0, are constant.

The oxygen quenching plot of Oxyphor 2P in rat blood plasma

is identical to that obtained using PBS solution (Figure 1E),

indicating that in vitro calibrations (Methods S1) can be used

directly for in vivo measurements. The calibrations were found

to be completely insensitive to changes in pH (pH 6–9) (Fig-

ure 1F) and to the presence of common metal ions, such

Na+, K+, Ca2+, and Mg2+ (Figure S1B).

It is worth mentioning that Oxyphor 2P is structurally very

similar to its predecessor PtP-C343 (Finikova et al., 2008) as

well as to other dendritically protected phosphorescent probes

(Esipova et al., 2011). Changing a chromophore, which is

embedded deep inside the dendritic shell, is unlikely to affect



biological properties of a fully PEGylated macromolecule. In this

regard, previous probes have shown no signs of cellular toxicity

or phototoxicity, neither in vitro (Ceroni et al., 2011) nor in vivo

(Sakadzi�c et al., 2010). As expected, Oxyphor 2P showed no

apparent toxicity when used either systemically or injected

locally, as described below.

Benchmarking Performance of Oxyphor 2P
To benchmark Oxyphor 2P against an established probe PtP-

C343, we chose to perform intravascular brain oxygen mea-

surements. In terms of the key imaging parameters (speed

and depth), the comparison between probes is independent

of their tissue localization (intravascular versus extravascular).

On the other hand, intravascular measurements are much less

invasive than extravascular measurements (commonly referred

to as tissue measurements) since the probe can be injected

far away from the measurement site (e.g., into the tail vein).

Furthermore, upon intravascular injection, the probe is distrib-

uted throughout the entire body, and its concentration in the

measurement medium (blood plasma) is uniform, facilitating ac-

curate comparison of the signals acquired at different imaging

depths.

Imaging Speed
First, we measured pO2 changes in surface arteries and veins in

the brain cerebral cortex (Figures 2A and 2B) in freely breathing,

lightly sedated mice (3 mice in total) in response to brief periods

of hyperoxia and anoxia. Our two-photon microscope was opti-

mized for 2PLM, while the sets of optical filters were chosen spe-

cifically for Oxyphor 2P or for PtP-C343 (STAR Methods). The

measurements were performed using Oxyphor 2P and PtP-

C343 in the same vessels but with a delay of one week between

experiments with the different probes to ensure complete clear-

ance of one probe from the blood before injecting another. The

goal was to compare the performance of the two probes at equal

concentrations (�5 mM in the blood) under identical excitation re-

gimes. In each animal, we performed measurements in 12 loca-

tions with �2Hz frequency, i.e., 12 points in �0.5s (Figures 2B

and 2C; see STAR Methods for data acquisition details). The

blood pO2 increased rapidly after changing the inhaled gas

from air to 100% O2 (Figures 2C and S2A), subsequently drop-

ped upon switching to 100% N2, and then returned toward the

baseline after switching back to air (Figure 2C). Above pO2 =

150 mmHg, the pO2 values were obtained by extrapolation of

the calibration curve and hence should be considered approxi-

mate, since the probe was calibrated only in the physiological

oxygen range (0–150 mmHg).

When the data averaging period was 0.5 s (per 12 locations),

the baseline measured with PtP-C343 was unacceptably noisy

and the responses to the gas mixture changes were practically

obscured (Figure 2D). In contrast, with Oxyphor 2P the traces

were smooth and all trends were well-detectable (Figure 2C).

For example, in the case of an artery with pO2�103 mmHg

after averaging 100 phosphorescence decays the standard error

with Oxyphor 2P was ±1.8 mmHg, while for PtP-C343, it

was ±18 mmHg. A comparison of the measurement errors per-

formed for two individual vessels, an artery and a vein, in the

same animal revealed that in order to reach a comparable level

of accuracy �60 times longer acquisition was required with
PtP-C343 than with Oxyphor 2P (Figure S2B). A statistical

approach using linear mixed effects models (STAR Methods)

was then used to compare the measurements using the two

probes across multiple animals, vessels, and average baseline

pO2 values (Figures 2E and 2F) since these factors affect the

measurement error. The sets of the baseline pO2 values (3 ani-

mals, 36 vessels in total) for the measurements with Oxyphor

2P and PtP-C343 covered approximately the same range and

had similar distributions (p = 0.72; Figure 2F), indicating that

comparison between the average standard errors calculated

for these sets was appropriate. This comparison similarly

showed that PtP-C343 requires �60 times longer measurement

than Oxyphor 2P to achieve comparable measurement accuracy

(Figure 2E).

Temporal and spatial resolution of 2PLM, probe sensitivity,

and measurement accuracy comprise a set of interconnected

parameters. The highest possible spatial resolution is achieved

when the excitation volume is diffraction-limited, potentially

allowing for measurements of very fine oxygen gradients,

such as those possibly forming near a single respiring cell.

For any desired level of precision in pO2 determination, the

acquisition time can be estimated by considering the probe

concentration, photophysical constants, and parameters of

the imaging system (e.g., detector quantum efficiency and

collection efficiency of the optics) and taking into account the

relationship between the number of acquired photons and the

accuracy in the measurement of the decay kinetics (Köllner

and Wolfrum, 1992; Sinks et al., 2010). In STAR Methods, we

provide an example of such an estimate, showing that resolving

pO2 levels with an accuracy of ±1 mmHg at an average pO2

level near 20 mmHg, using Oxyphor 2P (10 mM) at 36.6oC, re-

quires measurements of phosphorescence lifetimes with an

accuracy of 1.6% (or ±0.41 ms). Considering acquisition param-

eters resembling our experimental setup and assuming diffrac-

tion limited excitation volume of e.g., �2 mm3, zero background

emission, and shot noise limit detection, a measurement of

such kind can be in principle accomplished within just

�20 ms of data averaging. In practice, however, longer acquisi-

tion periods are typically required due to higher noise levels

and/or variations in instrumentation parameters.

Imaging Depth
The emission band of Oxyphor 2P (Figure 1D) is red-shifted by

�100 nm relative to that of PtP-C343 (Finikova et al., 2008),

which should allow for deeper imaging. To assess the depth limit,

we injected Oxyphor 2P into the blood and compared the inten-

sity of the phosphorescence signal (quantified as the area under

the decay curve) measured while focusing the laser on a point

within a blood vessel at a given depth versus that measured

when focusing on a neighboring point in the extra-vascular

space (Figure 2G). Since the blood-brain barrier completely

prevents diffusion of the probe into the parenchyma, any signal

originating seemingly from the extravascular space has to arise

due to out-of-focus excitation. In the case of PtP-C343, out-of-

focus phosphorescence was appreciable already at depths of

�300 mm (Lecoq et al., 2011); however, Oxyphor 2P allowed

imaging down to 600 mm with >90% of the signal coming exclu-

sively from the focal volume (Figure 2H), effectively increasing

imaging depth by two times.
Cell Metabolism 29, 736–744, March 5, 2019 739



Figure 2. Oxyphor 2P Offers�60-Fold Improvement in the Temporal Resolution over the Previous Probe PtP-C343 and Allows Imaging up to

600 mm below the Cortical Surface in Vasculature and Tissue

(A) Maximum intensity projection of a 250 mm-thick image stack of the cortical vasculature labeled with FITC-dextran and colored to highlight the major arterial

(red) and venous (blue) branches, in a freely breathing, lightly sedated mouse. Scale bar, 100 mm.

(B) The locations of the 12 points used in a mouse for pO2 measurements in (C) and (D), color-coded to display the respective baseline pO2 values. The labels

identify whether the vessel is an arterial (a) or venous (v) location.

(C and D) Temporal profiles of pO2 values at the points labeled in (B) in response to changes in the inspired gas from air to 100%O2 (dark gray bar) then 100%N2

(light gray bar).

(E) Summary quantification of the average standard error in the pO2 measurements (example shown in (C) and (D) during the baseline period, corresponding to

different data acquisition times: 0.5 s (150 phosphorescence decays averaged per location); 5 s (1,500 decays); 30 s (9,000 decays). See STARMethods for data

acquisition protocol. ***p < 0.001, linear mixed effects models. n = 36 locations in 3 mice. In each box, the central line indicates the median, and the bottom and

top edges indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data points (1.5 times the interquartile range), and the

outliers are plotted individually as solid circles.

(F) Baseline pO2 when measured with Oxyphor 2P and PtP-C343 (p = 0.72, linear mixed effects models).

(G) Images of the FITC-dextran labeled microvasculature at increasing cortical depth, overlaid with measurement locations for phosphorescence decays in

vessels (red) and the tissue (blue). Arrowheads indicate the points plotted in the inset in (H). Scale bars, 50mm.

(H) Main panel: summary quantification of the ratio of area under the phosphorescence decay curves in the vasculature versus tissue. The dashed line (area

ratio = 10) indicates the threshold above which >91% of the detected photons originate in the focal point. Error bars represent SEM. n = 148 points from 7 regions

across 3 mice. Inset: phosphorescence decays measured at the points in (G) marked by arrowheads. Although Oxyphor 2P is not present in the parenchyma,

some phosphorescence is detected, increasing with depth, which can confound localized measurements.

(I) Selected images (separated by 75mm, interpolated for display purposes) and a 90 mmHg isosurface derived from a high-resolution volumetric image stack

measuring pO2 simultaneously in blood and tissue. Oxyphor 2P was injected into the cisterna magna in a minimally invasive manner and reached the tissue in the

imaging region with the CSF (see main text and Methods S1). pO2 measurement image grids were recorded every 25 mm in z from 0 to 600 mm below the cortical

surface. Scale bars, 25 mm.
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Minimally Invasive Delivery of Oxyphor 2P to the Brain
Tissue
For extravascular (tissue) pO2 measurements, previously,

probes were pressure injected directly into the imaged region

of the cortex (Devor et al., 2011; Lecoq et al., 2011; Sakadzi�c

et al., 2010), which could potentially cause cell damage, trig-

gering reactive gliosis and related metabolic changes and influ-

encing local pO2 (Davalos et al., 2005). Although Oxyphor 2P

also can be delivered by this traditional method, here we

explored a different approach, which takes advantage of the

exceptional brightness of the new probe. A small volume of the

concentrated solution of the probe was injected into the cisterna

magna far away from the measurement site. The probe that

reached the cortex by way of diffusion in the cerebrospinal fluid

(CSF) was sufficient for pO2measurements (Figure S3). Thus, we

were able to image oxygen in the intravascular space below the

cortical surface while completely avoiding tissue damage in the

imaged location. It is important to note that this administration

approach is particularly valuable for use in chronic cranial win-

dows because the window does not need to be re-opened for

injections, which could potentially lead to tissue infections in

addition to the damage caused by introducing a micropipette.

It is worth noting that upon delivery into cisterna magna, the

probe remains in the brain tissue and generates strong signals

even days after injection. The clearance rate was in fact so low

that it could not be inferred from the measurements of the phos-

phorescence intensity during one imaging session. Accurate

quantification of the clearance kinetics will require harvesting of

the brain tissue andmeasuring the probe concentration using tis-

sue homogenate. These studies will be performed in the future.

Longitudinal Measurements: Imaging pO2 Dynamics
after Micro-Stroke
The sudden disruption of blood supply to parts of the brain

causes detrimental and often irreversible tissue damage, leading

to loss of function. One clinically important and common cause

of such disruption is micro-strokes. Micro-strokes, which occur

at the level of small arterioles or capillaries, are localized, often

microscopically sized infarctions. There is increasing evidence

that micro-strokes are associated with cognitive impairment in

their own right as well as being a symptom of small vessel dis-

ease (van Veluw et al., 2017).

Due to the relatively high rate of oxygen consumption in the

brain, discontinuation of oxygen transport upon stroke leads to

a catastrophic drop in the energy supply, which occurs in amatter

of seconds. Hence, to observe the acute changes caused by a

stroke, fast imaging of oxygen dynamics is indispensable. On

the other hand, while onset of stroke is rapid, changes in cellular

function, tissue structure, and behavior that follow take place

over amuch longer timescale (days). Therefore, chronicmeasure-

ments are necessary for better understanding of the pathophys-

iology of strokes and for development of treatment strategies.

Deep imaging is critical because both the most metabolically

active and most stroke-prone regions are often located deep in

the cortex (Weber et al., 2008) and even in the white matter.

Previously, longitudinal pO2 measurements in the brain using

2PLM were extremely challenging, since low emissivity of PtP-

C343 necessitated re-injection of the probe into the imaged

region in order to maintain adequate signal levels. Multiple injec-
tions inevitably led to tissue damage, thus obscuring results. In

order to demonstrate the potential of Oxyphor 2P for chronic im-

aging, we performed an experiment using the method of probe

delivery through injection into the cisterna magna, as described

above. Using this approach, we could measure extravascular

pO2 for days following a single probe injection (Figure 3). Subse-

quent injections could also be performed in the same animal

away from the measurement site, and no adverse effects were

observed.

The micro-stroke was created by irradiating a selected capil-

lary with a focused laser beam. Shortly after the stroke induction,

we observed a drop in pO2 in the immediate stroke region and

200 mm around the lesion, accompanied by a leakage of the

blood plasma marker (FITC-dextran) into the extravascular

space. Interestingly, this hypoxic region recovered to a pre-

stroke pO2 within 4 days and the repair of the vessel could be

observed in the corresponding angiographic image.

In conclusion, the new probe Oxyphor 2P represents a major

step forward for oxygen imaging technology and significantly

extends the scope of pO2 imaging applications. First, very high

brightness of Oxyphor 2P results in a dramatic �60 times

increase in measurement speed that will be beneficial for func-

tional studies during transient changes in oxygenation. Sec-

ondly, Oxyphor 2P affords a 2-fold increase in imaging depth

in brain cortex. Thirdly, Oxyphor 2P makes it possible to deliver

the probe through the CSF, avoiding direct injection and there-

fore enabling chronic tissue pO2 measurements in the brain.

Finally, the simpler structure of Oxyphor 2P and consequently

simpler synthesis will render 2PLM more accessible to a broad

biomedical community. In combination with the ever-increasing

availability of two-photon microscopy, Oxyphor 2P should pro-

mote progress in many biomedical research fields.

Limitations of Study
One of the intrinsic limitations of phosphorescence lifetime im-

aging is its relatively low speed compared to much more

common fluorescence-based methods. Low imaging rates

are due to long triplet lifetimes of phosphorescent molecules:

microseconds versus nanoseconds for fluorescent chromo-

phores. On the other hand, it is because of these long lifetimes

phosphorescence is so exquisitely responsive to oxygen in the

physiological oxygen range, while fluorescence is essentially

oxygen-insensitive. While bright probes, such as Oxyphor 2P,

enable faster imaging, 2PLM with high temporal resolution

(per measurement point) is still limited to grid-like patterns

rather than conventional ‘‘smooth’’ pixel-to-pixel images. In

most cases, information obtained from such sparse grids is suf-

ficient since very steep oxygen gradients, which potentially can

be missed in sparse maps, are unlikely to exist under normal

physiological conditions. However, in diseased states and/or

in tissues with newly forming vasculature, gradients may be

higher and imaging with higher pixel density still may be desir-

able. To this end, combing Oxyphor 2P with multifocal

2PLM (Howard et al., 2013) may significantly increase the over-

all image acquisition rates and allow for higher pixel density

without jeopardizing temporal resolution. The key advantage

of Oxyphor 2P is that unlike its predecessors (e.g., PtP-C343)

it does not emit any fluorescence. The latter can be detri-

mental for phosphorescence lifetime measurements when
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Figure 3. Oxyphor 2P Enables Longitudinal

Non-invasive Imaging of Extravascular pO2

Following Localized Micro-Stroke

(A) Main image: maximum intensity projection of a

�200 mm-thick image stack of the cortical vascu-

lature labeled with FITC-dextran in a freely breathing

anesthetized mouse. Inset: a wider view of the

surrounding region, colored to highlight the major

arterial (red) and venous (blue) branches.

(B) Left column: images of the microvasculature

67 mm below the cortical surface before (top) and at

three time points after inducing a localized hemor-

rhagic stroke. The fluorescent plasma label is visible

in the tissue immediately following the stroke. Right

column: images of pO2 at the same time points as

the corresponding anatomical images to the left.

The arrowheads indicate the location within the

blood vessel where the laser was focused to induce

the stroke. The circle indicates the region used for

quantifying pO2 in (C).

(C) Summary quantification of the pO2 values at each

time point in the stroke-affected regions (example

region circled in B). ***p < 0.001, linear mixed effects

models. Only comparisons with values before the

stroke are shown. n = 290 points from 4 strokes

across 4 mice. In each box, the central line indicates

the median, and the bottom and top edges indicate

the 25th and 75th percentiles, respectively. The

whiskers extend to the most extreme data points

(1.5 times the interquartile range), and the outliers are

plotted individually as solid circles. As per Figure 2,

Oxyphor 2P was injected into the cisterna magna

and reached the tissue in the imaging region via

diffusion with the CSF (see main text and Methods

S1). After the initial injection, the concentration of

Oxyphor 2P was sufficient for tissue imaging at all

time points (day of injection, 1 day after injection, and

4 days after injection). Scale bars, 50 mm.
multifocal 2PLM is implemented in frequency domain (Howard

et al., 2013).

When fully PEGylated dendritic oxygen probes, such as Oxy-

phor 2P, are free in solution, the immediate environment of the

chromophore is defined by the encapsulating dendrimer, while

PEG residues make the probe chemically inert and prevent its

binding to proteins, membranes, etc. The calibration constants

of such probes are completely sustained in biological environ-

ments and oxygen measurements are quantitative. However,

becauseof thePEGylated shell, these probes are unable todiffuse

across biological membranes. For the purpose of measuring

oxygenation in different tissue compartments this property pre-

sents an advantage; however, if one wants to append the probe

to a particular biological target and/or deliver it inside a cell, suit-

able chemistries and delivery methods need to be developed.

In principle, modifying a phosphorescent probe in order to

attach it to a targeting ligand or facilitate endocytosis is relatively

straightforward, andmany constructs of such kind have been re-

ported in the literature (Kurokawa et al., 2015; Papkovsky and

Dmitriev, 2013; Yoshihara et al., 2017). But unfortunately, lack

of a fully inert encapsulating shell inevitably leads to non-specific

interactions of probes with endogenous macromolecules. In

the resulting complexes, phosphorescent chromophores are

shielded from oxygen, which results in strong and unpredictable

changes in the probes’ quenching properties. Consequently, all
742 Cell Metabolism 29, 736–744, March 5, 2019
existing intracellular oxygen sensors are essentially non-quanti-

tative and may show apparent heterogeneities in oxygen (e.g.,

steep intracellular oxygen gradients) where they do not in fact

exist, but phosphorescence changes are induced by heteroge-

neities of the probe’s local environment. Extensive chemical

modifications of Oxyphor 2P with the purpose to label specific

biomolecules or facilitate its cellular uptake will likely jeopardize

its inertness as well, resulting in the loss of quantitative imaging

ability. Nevertheless, appending a chemical linker to the end of

just one PEG residue, while maintaining the rest of the structure

intact, may enable binding to a target without affecting the

probe’s quenching behavior. Methods for such modifications

may be developed.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal husbandry and all experimental and surgical procedures were approved by the local veterinary authorities (Veterinary Office,

Canton of Z€urich) and performed in accordance with Swiss law (Federal Act of Animal Protection 2005 and Animal Protection Ordi-

nance 2008). Adult, female C57BL/6J mice (Charles River), 8-12 weeks old (20-25g) at the time of first surgery, were used for all ex-

periments. Themice were housed together in individually ventilated cages of 2-4 littermates at approximately 25�C under an inverted

12 hour light/dark cycle, with food (M/R Haltung Extrudat, Granovit AG) and water ad libitum. During all surgical and experimental

procedures the body temperature was kept constant at 37�C using a feedback-controlled heating pad (Harvard Apparatus) and

the eyes were prevented from drying out with vitamin A ointment (Bausch & Lomb).

METHOD DETAILS

The synthesis of Oxyphor 2P is described below, while the characterization data are given in Methods S1. The probe and the syn-

thetic intermediates were characterized by standard analytical methods (1H, 13C NMR and mass-spectrometry) using commercial

instrumentation.

Surgery
The surgical procedures have been described previously (Machler et al., 2016; Stobart et al., 2018). Briefly, animals were anaesthe-

tised with isoflurane (Abbvie, 4% for induction, 1-2% for maintenance) and fixed in a stereotaxic frame (David Kopf Instruments). The

skull was exposed, cleaned, and a bonding agent (Prime & Bond NT, Dentsply) was applied. Layers of light-cured dental cement

(Synergy D6 Flow, Coltene) were applied to form a skull cap, leaving space over the left somatosensory cortex for the subsequent

craniotomy. A custom-made aluminum headpost was fixed to the back of the skull cap with more dental cement. Surgical wounds

were treated with antibiotic ointment (Cicatrex; Janssen-Cilag AG) and closed with tissue glue (Histoacryl, B. Braun). The mice were

given analgesics (Buprenorphine, 0.1mg/kg subcutaneously during the day and 1mg/kg in drinking water overnight) and allowed to

recover in their home cage. 24-48 hours later, the animals were anesthetised with a mixture of fentanyl (0.05 mg/kg, Sintenyl, Sinte-

tica), midazolam (5mg/kg, Dormicum, Roche), andmedetomidine (0.5mg/kg, Domitor, Orion Pharma). This anaesthetic combination

reduces the brain swelling common with isoflurane. A craniotomy was performed over the primary somatosensory cortex using a
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dental drill (Bien Air), and a square, 3x3 mm sapphire glass coverslip (ValleyDesign) was gently placed on the exposed, intact dura

mater, and fixed to the skullcap with connecting agent (Signum connector, Heraeus Kulzer GmbH) andmore dental cement to form a

chronic cranial window. The mice were given analgesics as previously and allowed to recover in their home cage for at least 1 week

prior to imaging. For the experiments shown in Figures 2A–2F the animals were lightly sedated with a combination of midazolam

(5mg/kg, subcutaneously) and isoflurane (0.5% in 200mL/min air). For the experiments in Figures 2G–2I and 3 the animals were anes-

thesized with isoflurane (0.5-2%). The pO2 probes (Figure 2) or FITC dextran (5%, 59-77kDa, Sigma) were injected into the blood via

the tail vein. To inject into the cisterna magna (Iliff et al., 2012) the needle from a 26G syringe (B. Braun), bent�3.5mm from the end of

the needle to a �40� angle (Ueda et al., 1979), was attached to a 10ml syringe via a length of polyurethane tubing (inner diameter

0.3mm, Putnam Plastics). After anaesthesizing the mouse, the head was bent forward, shaved if necessary, the needle was inserted

into the cleft between the occiput and the atlas vertebra through the intact skin, muscles, and ligaments (Furlan et al., 2003) and

�10uL of the probe (initial conc. �1.2mM) was injected.

Optical Spectroscopy
Fluorescence and phosphorescence measurements were performed using a FS920 spectrofluorometer (Edinburgh Instruments),

equipped with R2658P red-sensitive PMT (Hamamatsu). Both the excitation and the emission optical paths in the fluorometer

were calibrated using a lampwith NIST-traceable spectral radiant flux (RS-15-50, GammaScientific, SNHL1956). The corresponding

correction curves were used in all emission measurements. For quantum yield measurements absorbances of the samples at the

excitation wavelengths were kept below 0.03 OD. The excitation and emission slits in the fluorometer were 1 nm. The quantum yields

were determined relative to the phosphorescence of the PtTAPIP (fphos=0.45, 22
oC, deoxygenated dimethylacetamide) (Esipova

et al., 2016) as described previously (Esipova et al., 2016, 2017).

Time-resolved phosphorescence measurements were carried out using a custom-made fiber-optic phosphorometer constructed

around a multichannel data acquisition board (USB NI-6361, National Instruments) operating at 2 MHz frequency. The excitation

sources in the instrument are light-emitting diodes (LED’s) (LedEngin, LZ1), and the detector is an avalanche photodiode module

(C12703, Hamamatsu). The luminescence decays were analyzed using non-linear least-squares method. The IRF of the instrument

is �1 ms (FWHM). All the custom software (hardware control, data collection and processing) was written in C/C++ (Qt, Nokia).

Routine data analysis was performed using Origin 7.0 (OriginLab).

Concentrations of the samples for two-photon absorption measurements were 2-10 mM, corresponding to the absorbances in the

Q-bandmaxima of the porphyrins of <0.5 OD. The 2PA spectrum of Oxyphor 2Pwas recorded by the 2P excitationmethod and refer-

enced against the spectrum of PtTAPIP, as described previously (Esipova et al., 2016, 2017). The sample of Oxyphor 2P was deox-

ygenated by argon bubbling (Airgas, Grade 5). A Chameleon Ultra II laser (Coherent; pulse FWHM 110 fs, 80 MHz pulse repetition

rate) was used as the excitation source.

To establish independence of the phosphorescence decay time on the excitation pathway (2P vs 1P), the probe solution in a quartz

optical cell (1cm path length) was placed in a temperature controlled chamber (QuantumNorthwest) and excited by short (�1ms-long)

pulse trains from the laser at the wavelengthmatching the probe’s 2PAmaximum. The phosphorescence was collected in right-angle

fashion, digitized and analyzed by single-exponential fitting. After that the phosphorescence decay probe was recorded under 1P

excitation using the fiber-optic phosphorometer. Thesemeasurements were repeated at different temperatures, different probe con-

centrations and different oxygen concentrations (e.g. air, completely deoxygenated solutions). As expected, the resulting decay

times were the same for 1P and 2P excitation pathways.

Probe Synthesis
General Information

All solvents and reagents were purchased from commercial sources and used as received. mPEGAmine (MW 1000) was obtained

from Laysan Bio. Size-exclusion chromatography (SEC) was performed using Bio-Beads S-X1 (40-80 mmbead size, Biorad). Column

chromatography was performed using Selecto silica gel (Fisher Scientific). Analytical thin-layer chromatography (TLC) was carried

out using silica gel matrix with a fluorescent indicator (layer thickness 200 mm, particle size 25 mm) on aluminum support (Sigma-

Aldrich). 1H and 13C NMR spectra were recorded a spectrometer, operating at 400.1 MHz (1H) or 100.6 MHz (13C). Mass-spectra

were recorded on a MALDI-TOF instrument, using a-cyano-4-hydroxycinnamicacid (CCA) as a matrix (positive-ion mode). Samples

were prepared by mixing a solution of the analyte in THF or MeOH (10 mL, �1 mM) with a solution of the matrix (100 mL, 10 mg/ml,

0.053M) in THF. The sample, approximately 1 mL, was deposited on the probe tip, dried and analyzed. HRMS spectra were recorded

on an ESI (electro-spray ionization) instrument using direct injection. Samples typically consisted of �10 mM solution of the analyte

compound in MeOH or THF/AcOH mixture (10:1).

Synthesis of Glutamate/Arylglycine Dendrons

The synthesis of dendron 4 (Scheme 1), whichwas used formodification of the core porphyrin (Scheme 2), consisted of a sequence of

amide coupling/deprotection reactions. N-(tert-butoxycarbonyl)-3,5-dicarboxyphenyl glycineamide was synthesized as described

previously (Vinogradov, 2005), and diallylglutamate para-tolune sulfonate was prepared by acid-catalyzed esterification of commer-

cially available L-glutamic acid.
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Scheme 1. Synthesis of dendrons

Reagents and conditions: (A) CDMT, N-methylmorpholine, DMF, r.t., 48 h (82%); (B) TFA/THF�2:1, r.t., 12 h (85%); (C) HBTU, DIPEA, DMF, r.t., 48 h (75%).
1. To a solution of N-(tert-butoxycarbonyl)-3,5-dicarboxyphenyl glycineamide (1.0 g, 3 mmol) in DMF (30 ml), cooled to 0oC, a

solution of CDMT (1.31 g, 7.5 mmol) in DMF (5 ml) was added, followed by immediate addition of NMM (1 ml, 9 mmol). The

reaction mixture was stirred at 0�C for 4 h, then a solution of diallylglutamate para-tolune sulfonate (2.37 g, 8.25 mmol) in

DMF (30 ml) was added, and the reaction mixture was stirred at room temperature for 48 h. The solvent was removed in vac-

uum, the resulting oil was dissolved in CH2Cl2 (400 ml), washed with HCl aq. (1N, 200 ml), then with NaHCO3 aq. (10%,

23200 ml) and dried over Na2SO4. The product was purified by column chromatography (silica gel, CH2Cl2/MeOH, 25:1) to

give the title compound as yellowish solid. Yield 1.83 g (82%). 1H NMR (CDCl3, 60
�C), d (ppm): 1.47 (9H, s), 2.12-2.42

(4H, m), 2.49-2.65 (4H, m), 3.83-4.07 (2H, m), 4.47-4.73 (8H, m), 4.73-4.83 (2H, m), 5.09-5.44 (8H, m), 5.74-5.83 (1H, m),

5.83-6.00 (4H, m), 7.49-7.65 (2H, m), 7.67-7.76 (1H, m), 7.77-7.91 (2H, m), 8.79-9.09 (1H, m, broad). HRMS (ESI-TOF) m/z:

[M+H]+Calcd for C37H49N4O13 757.3290; Found 757.3297.

2. To a solution of 1 (1.8 g, 2.38 mmol) in CH2Cl2 (20 ml), cooled to 0oC, trifluoroacetic acid (20 ml) was added slowly (over 5 min),

and the reactionmixture was stirred overnight at room temperature. The solution was concentrated in vacuum. The resulting oil

was dissolved in CH2Cl2 (150 ml), washed with water (75 ml), then with NaHCO3 aq. (10%, 2375 ml), finally with brine (75 ml)

and dried over Na2SO4. The solvent was evaporated to give the title compound as a light-yellow solid. Yield: 1.33 g, 85%).
1H NMR (CDCl3, 60

�C), d (ppm): 2.09-2.39 (4H, m, -CH2), 2.47-2.57 (4H, m, -CH2), 3.47 (2H, s, broad, -NH2), 3.77 (1H, s,

broad, -CHH), 4.09-4.17 (1H, m, -CHH), 4.53-4.71 (8H, m, -CH2), 4.76-4.85 (2H, m, -CH), 5.15-5.38 (8H, m, -CHH), 5.81-

5.97 (4H, m, -CH), 7.29-7.48 (2H, m, Ar), 7.80-7.87 (1H, m, Ar), 8.01-8.10 (2H, m, broad, -NH), 9.08-9.67 (1H, m,

broad, -NH). 13C NMR (CDCl3, 60
�C), d (ppm): 27.2, 30.6, 45.3, 52.6, 65.4, 66.2, 118.2, 118.9, 120.9, 131.7, 132.2, 134.9,

137.5, 138.7, 166.3, 171.3, 171.8, 172.4. HRMS (ESI-TOF) m/z: [M+H]+Calcd for C32H41N4O11 657.2766; Found 657.2770.

3. To a solution of N-(tert-butoxycarbonyl)-L-glutamic acid (0.206 g, 0.834 mmol) in DMF (10 ml), HBTU (0.7 g, 1.845 mmol) was

added, and the reaction mixture was stirred for 10 min at room temperature. A solution of 2 (1.15 g, 1.75 mmol) and DIPEA

(0.6 ml, 3.4 mmol) in DMF (20 ml) was added to the mixture, and it was allowed to react under stirring at room temperature

for 48 h. The resulting mixture was poured into water (100 ml), and the formed yellow oil was collected by centrifugation,

washed with water (23100 ml) and dried in vacuum. The product was purified by column chromatography (silica

gel, CH2Cl2/MeOH, 20:1) to give the title compound as yellowish solid. Yield: 0.95 g (75%). 1H NMR (CDCl3, 60
�C), d (ppm):

1.34 (9H, s, -C(O)(CH3)3), 2.07-2.45 (10H, m, -CH2), 2.45-2.71 (10H, m , -CH2), 3.92-4.38 (4H, m, -CH2), 4.48-4.76 (17H,

m, -CH2, -CH), 4.76-4.86 (4H, m, -CHH), 5.12-5.41 (16H, m, -CH2), 5.80-6.01 (9H, m, -CH, -NH), 7.55-8.01 (12H, m,

Ar, -NH), 9.08-9.28 (2H, m, broad, -NH).

4. To a solution of the 3 (0.9 g, 0.59 mmol) in CH2Cl2(10 ml), cooled to 0oC, trifluoroacetic acid (10 ml) was added slowly (over

5 min), and the reaction mixture was stirred overnight at room temperature. The solution was concentrated in vacuum. The
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Scheme 2. Synthesis of Oxyphor 2P

Reagents and conditions: (A) HBTU, DIPEA, DMF, r.t., 48-72 h (90-95%); (B) Pd(PPh3)4, morpholine, DMF, r.t., 48 h (90-95%); (C) NH2-PEG (Av. MW�1000),

HBTU, DIPEA, DMF, r.t., 120–168 h (80–90%).
resulting oil was dissolved in CH2Cl2 (150 ml), washed with water (75 ml), then with aq. NaHCO3 (10%, 2375 ml), finally with

brine (75 ml) and dried over Na2SO4. The solvent was evaporated in vacuum, and the product was purified by column chro-

matography (silica gel, CH2Cl2/MeOH, gradient 20:1-10:1) to give the title compound as a yellow solid. Yield: 0.675 g, 80%.
1H NMR (DMSO-d6, 80

�C), d (ppm): 1.63-1.76 (1H, m, -CHH), 1.88-1.98 (1H, m, -CHH), 2.02-2.23 (8H, m, -CH2), 2.27-2.35

(2H, m, -CH2), 2.45-2.52 (8H, m, -CH2), 2.97-3.11 (1H, m, broad, -NHH), 3.24-3.33 (1H, s, broad, -NHH), 3.83-4.00

(4H, m, -CH2), 4.00-4.17 (1H, m, -CH), 4.49-4.64 (20H, m, -CH2, -CH), 5.14-5.36 (16H, m, -CHH), 5.81-5.97 (8H, m, -CH),

7.86-8.09 (4H, m, Ar, -NH), 8.10-8.21 (4H, m, broad, -NH), 8.60-8.76 (4H, m, Ar), 9.92-10.13 (2H, m, broad, -NH). 13C NMR

(DMSO-d6, 80
�C), d (ppm): 25.6, 29.8, 30.6, 31.6, 42.4, 42.5, 51.9, 54.1, 64.0, 64.5, 117.2, 117.3, 120.85, 120.90, 121.2,

132.0, 132.3, 134.6, 138.4, 138.5, 166.04, 166.06, 167.7, 167.9, 170.7, 171.3, 172.3, 175.0. HRMS (ESI-TOF) m/z: [M+H]+Calcd

for C69H86N9O24 1424.5779; Found 1424.5792.

Assembly of Oxyphor 2P

The synthesis of the core porphyrin (PtTAPIP) followed the earlier developed method (Esipova et al., 2017).

Porphyrin-dendrimer 5. To a solution of PtTAPIP (0.090 g, 0.043mmol) in DMF (20ml), HBTU (0.165 g, 0.435mmol) was added, and

the reaction mixture was stirred for 10 min at room temperature. A solution of dendron 4 (0.640 g, 0.445mmol) and DIPEA (0.3 ml,

1.73mmol) in DMF (40 ml) was added to the mixture, and it was stirred at room temperature for 72 h. The progress of the reaction
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wasmonitored every 24 h byMALDI-TOF analysis, and the small portions of HBTU (0.05 g, 0.13mmol) were added to themixture until

the reaction was. The reaction mixture was poured into aqueous solution of HCl (5%, 100 ml), and the green precipitate formed was

collected by centrifugation, washed with water (23100 ml) and dried in vacuum. After purification by SEC using THF as a mobile

phase, the title porphyrin-dendrimer was isolated as a bright-green solid. Yield: 0.54 g (94%). NMR 1H (DMSO-d6, 80
�C), d, ppm:

1.91-2.20 (96H, m), 2.24-2.34 (32H, m), 2.38-2.47 (64H, m), 3.82-3.97 (32H, m), 4.11-4.19 (16H, m), 4.27-4.34 (8H, m), 4.46-4.61

(160H, m), 5.10-5.32 (128H, m), 5.75-5.97 (64H, m), 6.84-6.97 (8H, m), 7.40-7.51 (4H, m), 7.84-8.18 (72H, m), 8.54-8.68 (32H, m),

9.85-10.02 (16H, m), 10.66-10.76 (8H, s, broad), 12.15-12.25 (4H, s, broad, meso-H).MALDI-TOF (m/z): calcd for

C660H760N80O216Pt13456.06, found 13494.98 [M+K]+, fragment ions: 13349.13, 12690.53, 12020.99, 11311.20, 10641.24.

Porphyrin-dendrimer 6. To a solution of 5 (0.5 g, 0.037mmol) in DMF (30ml), Pd(0)(PPh3)4 (0.151 g, 0.13mmol) was added, followed

by the addition of morpholine (1.16 ml, 13.4 mmol), and the reaction mixture was stirred at room temperature for 5-7 days. The prog-

ress of the reaction was monitored by MALDI-TOF analysis every 24 h. Small portions of Pd(0)(PPh3)4 (0.03 g, 0.0026mmol) were

added to the mixture if deprotection was incomplete, and the reaction continued. The reaction mixture was poured into aqueous so-

lution of HCl (5%, 200ml), and the green precipitate formed was collected by centrifugation, washed with water (23100ml) and dried

in vacuum. To the resulting green solid, TFA (40 ml) was added, and the white precipitate formed (contamination) was removed by

centrifugation. TFA was removed in vacuum, and the title compound was isolated as a green solid, which was used in the following

stepwithout further purification. Yield: 0.375 g (93%). MALDI-TOF (m/z): calcd for C468H504N80O216Pt 10900.07, found fragment ions:

10734.47, 10140.67, 9577.74, 9039.84.

Oxyphor 2P

To a solution of 6 (0.375 g, 0.0344mmol) in DMF (50ml), HBTU (1.04 g, 2.75mmol) was added, and the reaction mixture was stirred for

10 min at room temperature. A solution of methoxypolyethyleneglycol amine (mPEG-amine, Av MW 1000, 2.75 g, 2.75 mmol) and

DIPEA (1.9 ml, 11 mmol) in DMF (30 ml) was added, and the reaction mixture was stirred at room temperature for 5-7 days. The prog-

ress of the reaction wasmonitored byMALDI-TOF analysis every 24 h, and the small portions of HBTU (0.2 g, 0.53mmol) were added

to themixture until the reactionwas complete. The crudewas subjected to SEC using THF as amobile phase, yieldingOxyphor 2P as

a bright-green solid after evaporation of the solvent. Yield: 2.0 g, 80%. MALDI-TOF (m/z): calc. for C3348H6328N144O1560Pt: 73715.97,

found: range from �43000 to �70000 with maximum at 57074 (the theoretical molecular formula and molecular weight were calcu-

lated assuming 1) the formula C45H93NO22 (MW 999) for mPEG-amine and 2) that every one of 64 carboxyl groups on 6 was

PEGylated.

Probe Calibrations
A cylindrical vial with solution of a probe (�2-5mM) was sealed with silicon rubber stopper, through which an oxygen electrode (CK,

4 pA current at zero oxygen) and two stainless steel needles, serving as gas inlet and outlet, were inserted. The vial held approxi-

mately 10 ml of liquid and it was slightly underfilled, so that a flow of inert gas (nitrogen or argon) could be passed over the solution

surface. The vial was placed into a temperature-controlled chamber (±0.1�C precision), equipped with a magnetic stirrer, and the

excitation and collection fibers were positioned at 90� to one-another up against the vial wall inside the chamber. The electrode

current was amplified and digitized, and the readings were recorded into a file. Phosphorescence decays were measured using

the fiber-optic phosphorometer (see above) and logged into another file. As inert gas was passed over the surface of the stirred

solution, gradually replacing O2 and other dissolved gasses, synchronous recordings of the phosphorescence decays and electrode

current provided the raw data for the subsequent analysis. The phosphorescence was excited by 10ms-long light pulses and

collected/digitized during 1 ms. The first 5ms of the data (after the falling edge of the excitation pulse) were rejected to avoid

interference of the IRF with the decay analysis. The decays were analyzed by single-exponential fitting, while the electrode current

at each point was converted into the corresponding partial pressure of oxygen (pO2) assuming the atmospheric pressure of

760 mmHg, 21% O2 content in the atmosphere and taking into account partial pressure of water vapor at the solution temperature.

After the phosphorescence lifetime stopped changing and the electrode current was essentially zero, the calibration was stopped.

Typically, 500-700 data points (phosphorescence decay vs electrode current) were recorded in each titration run.

The resulting plots of pO2 vs phosphorescence decay time of Oxyphor 2P (at different temperatures, pH and other examined

conditions) were fit to an empirical equation:

pO2ðt;TÞ= 1

kqðTÞ
�

1

a3 tp
� 1

t0

�
; (Equation 1)

which resembles the classic Stern-Volmer formula. In Equation 1, t0 (the decay time at pO2=0), empirical parameter p and coefficient

a remain constant throughout the physiological temperature range: t0=3.8310-5 s, p=1.265777 and a=14.8, while the quenching con-

stant kq changes linearly with temperature (Figure 1) as:

kqðTÞ= k0q + bT; (Equation 2)

where k0q = 91.01153 and b=19.43017.

For most titration experiments (e.g. Figures 1E–1G) the probe was dissolved in a standard phosphate buffer saline (PBS) solution at

�1mM concentration. The pH of the solution was adjusted by small additions of either HCl or NaOH. Alternatively, the probe was dis-
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solved directly in the rat blood plasma (Figure 1E). For determining the influence of metal ions (Figure S2), the probe was dissolved in

distilled water, and stock solutions of salts (CaCl2, ZnCl2 and MgCl2) were added to reach the final concentrations of 20mM.

Two-photon Microscopy
Two-photon imaging was performed using a custom-built microscope, which has been described previously (Mayrhofer et al., 2015).

Briefly, fluorescence and phosphorescence were excited simultaneously using a Ti:sapphire laser (80 MHz, <120 fs pulse width,

Insight DS+, Spectra-Physics) tuned to 950 nm for Oxyphor 2P or 920 nm for PtP-C343, directed by galvanometric scanners

(6215H, Cambridge Technology) and focused with a 16x (Apochromat 0.8NA DIC, Nikon) or 20x (W-Plan-Apochromat 1.0NA DIC,

Zeiss) water-immersion objective. The microscope motion, including motorized rotation to align with the cortical surface, was

controlled with custom-designed LabView software (National Instruments) and the imaging was controlled using a version of Scan-

Image (Pologruto et al., 2003) that had beenmodified in house to enable gating the laser output during imaging (which is necessary for

phosphorescence lifetime imaging), as well as customized scan paths. Each phosphorescence excitation/collection cycle consisted

of a 10ms-long train of femtosecond pulses (800 pulses), followed by a 260 ms-long period for collection of the phosphorescence pho-

tons. A dead time of 10 ms was appended to the end of each cycle due to software limitations, so that each cycle was effectively

280 ms-long. Movement of the galvo-scanner between two consecutive locations typically required <0.3 ms and was included in

the imaging time. Thus, a measurement in 12 locations (such as in Figures 2B and 2C) with averaging of 150 cycles per location

required �0.5s, during which the effective data collection time per location was 42 ms. The emitted light was reflected by a dichroic

mirror (short-pass, 825nm central wavelength, Chroma) into a 4 channel detection system, where the phosphorescence channel was

isolated using 760±25nm bandpass filter (Oxyphor 2P, Chroma) or 690±25nm filter (PtP-C343, Chroma) and detected by a highly

sensitive photomultiplier tube (PMT; H10770PA-50 SEL, Hamamatsu). The PMT signal was digitized by an analog-to-digital converter

operating at 1 MHz frequency. Typically, the time-averaged laser power under the objective during application of the pulse train was

�24 mW. To induce the localized stroke, the laser was focused at high power (>50 mW) on a small line along the blood vessel lumen

until the passage of RBCs was no longer observed. Phosphorescence lifetimes were calculated by fitting the decays with single-

exponentials using non-linear least squares, and the standard error in the lifetimes was estimated with a bootstrap resampling

approach. The lifetimes and standard errors were converted to pO2 measurements using a Stern-Volmer-like calibration plot,

obtained as described above.

Theoretical Estimation of 2PLM Temporal Resolution (An Example)
Consider pO2 measurements near 20 mmHg with ±1 mmHg accuracy. The Stern-Volmer oxygen quenching parameters of Oxyphor

2P parameters are as follows: t0=38 ms, kq�593 mmHg-1s-1 and the quantum yield in the absence of oxygen of f0=0.23. Using the

Stern-Volmer equation (1/t=1/t0+kq3pO2), we obtain the lifetime t and the quantum yieldf at 20mmHg as 26.6 ms and 0.16, respec-

tively. In order to achieve the desired level of accuracy in the pO2 measurement we need to be able to determine phosphorescence

lifetimes with accuracy of dt�±0.41 ms or ±1.6%:

dt= tð19mmHgÞ � tð20mmHgÞ= 0:41ms; where
tðpO2Þ= t0
1+ kqt0pO2

:

For the ideal case of single-exponential decay, photon-counting detection, zero background and shot noise limit, and considering

the decay acquisition window of 270 ms, as in our experiments, the desired accuracy in the lifetime determination requires collection

of Mz4160 photons (Köllner and Wolfrum, 1992):

Mðt; dt; r; kÞ : =
t2

dt2
$
k2

r2
$ð1� expð-rÞÞ$

""
exp

�
r
k

�ð1� expð-rÞÞ�
exp

�
r
k

�� 1
�2

#
� k2

expðrÞ � 1

#-1

Mðt; dt; r; kÞ = 4:162,103, where T = 270 ms - data acquisition cycle, r = T/tz10.5 - number of decay times per acquisition cycle

and k = 270 - number of bins for photon collection per acquisition cycle.

If the probe concentration is 10mM, excitation volume of �2mm3 contains �12000 probe molecules. Considering e.g. 50% triplet

saturation (to maintain the excitation volume sufficiently close to diffraction limited (Sinks et al., 2010), collection efficiency of 10%,

detector quantum efficiency of 0.6 and the probe quantum yield of 0.16, 58 photons will be measured by the detector after one exci-

tation cycle. Thus, one would have to average�72 acquisition cycles to reach the desired number of photons, which will take�19ms

(270 ms per cycle).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was conducted using R (version 3.4.1, R Core Team, 2017). For simple comparisons, standard t-tests (after

checking for normality) or non-parametric tests were used, as described in the main text. Linear mixed effects models (Bates

et al., 2015) were used to analyze the differences between the error measured with the two probes (Figure 2E), the baseline
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pO2 (Figure 2F), and the tissue pO2 values following micro-stroke (Figure 3C). Each unique combination of probe and amount of

data analyzed (i.e. each bar in Figures 2E and 2F) or each time point (Figure 3C) was specified as a fixed effect, and intercepts for

each mouse were specified as random effects. Based on visual inspection of the residual plots, the data were log-transformed to

correct for deviations from homoscedasticity and/or normality when necessary. P-values for the overall significance of an effect

were determined by likelihood ratio tests of the full model with the effect in question against a model without the effect in question.

P-values for differences between groups were obtained post-hoc using the Tukey correction for multiple comparisons (Hothorn

et al., 2008).
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