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1. Introduction

1.1. The Importance of Oxygen

As one of the primary constituents of the EarthÏs
atmosphere, molecular oxygen is ubiquitous in living systems
and essential to the existence of all known higher organisms.
Mammals have evolved complex and adaptive circulatory
systems that deliver oxygen throughout the body, while
simultaneously engaging biological fail-safe mechanisms to
prevent its toxic derivatives from escaping and causing
cellular damage. Impaired oxygen delivery to tissue regions
is etiologically significant in a wide range of pathological
conditions ranging from cancer therapeutic resistance to
diabetic ulcers.

In spite of its profound biological and clinical importance,
a limited number of effective methods exist for non-disrup-
tively quantifying oxygen in its physiological milieu. The
absorption and emission spectra of oxygen are poorly specific
and difficult to assess in a biological context, and its most
abundant isotopic form is not active for nuclear magnetic
resonance studies. Even the “gold standard” of oxygen
sensing, namely electrochemical measurements with needle-
based probes, suffers from severe drawbacks, including the
difficulty of probing large surface areas and the inherently
disruptive nature of the instrument and the measurement
process. Furthermore, large oxygen concentration gradients
are believed to exist within even a single organ or granular
structure, necessitating the ability to quantify molecular
oxygen at the tissue, cellular, and subcellular level to study
the profound impact of this simple molecule on physiology
and disease.

To contextualize the importance of oxygen measurements
in both normal physiology as well as pathological states, we
begin with a brief review of physiological oxygen tensions
throughout the body and a discussion of the involvement of
oxygen in disease states such as cancer. Afterwards, we will
provide a review on polarographic, nuclear medicine, reso-
nance, and optical methods that are under active research for
sensing oxygen on the cellular and tissue levels.

1.2. Overview: Mechanisms of Oxygen Consumption, Utilization,
and Metabolic Regulation

To understand the effects of reduced or impaired oxygen
delivery in cells and tissues, it is first necessary to define basal
levels of oxygenation while appreciating the heterogeneity
that exists throughout healthy human organs. Under normal
atmospheric conditions (i.e., room air), oxygen constitutes
roughly 21% of air by volume, corresponding to a partial
pressure of 158 mmHg. Under standard cell culture con-
ditions, this number is often reduced to 150 mmHg owing to
the addition of 5% CO2 for pH control. During inspiration in
a healthy individual, the oxygen partial pressure (pO2) drops
to approximately 100–110 mmHg in the alveoli, the functional
units of air exchange within the lung.[1] After diffusing across
the lung epithelium, oxygen encounters deoxygenated venous
blood, which then becomes oxygenated and enters arterial
circulation. In a healthy adult, the pO2 values of arterial and
venous blood (ca. 90 and 40 mmHg, respectively) are
generally considered proxies for the pO2 of blood on either
side of the pulmonary vasculature and are thus important
clinical parameters.[1]

Downstream of arterial circulation, there exists substan-
tial variability in physiological oxygen tensions in solid
organs. For example, the brainÏs dense neuronal parenchyma

Oxygen monitoring has been a topic of exhaustive study given its
central role in the biochemistry of life. The ability to quantify the
physiological distribution and real-time dynamics of oxygen from sub-
cellular to macroscopic levels is required to fully understand the
mechanisms associated with both normal physiology and disease
states. This Review will present the most significant recent advances in
the development of oxygen-sensing materials and techniques,
including polarographic, nuclear medicine, magnetic resonance, and
optical approaches, that can be applied specifically for the real-time
monitoring of oxygen dynamics in cellular and tissue environments. As
some of the most exciting recent advances in synthetic methods and
biomedical applications have been in the field of optical oxygen
sensors, a major focus will be on the development of these toolkits.
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is extraordinarily metabolically active, such that its oxygen
consumption rates are high; oxygen tensions in the frontal
white matter typically average 40 mmHg, but values ranging
from 33 to 48 mmHg and beyond have been reported.[2,3]

Likewise, muscle tissues exhibit pO2 values of 25–32 mmHg,
depending on the depth, muscle type, and muscle location.[2]

Reported pO2 values of the liver also exhibit a wide range and
dependence on the physiological state. Whereas transplant
recipients exhibit elevated liver pO2 values of 60 mmHg
48 hours after the transplant, intraoperative pO2 values
recorded using a different method showed a median
pO2 value of 31 mmHg.[2, 4] Therefore, physiological oxygen
tensions can be highly heterogeneous and dependent on tissue
function.

When considering these data, it is important to note that
such large variances in the reported values are in part due to
a lack of a commonly accepted, reliable approach for
measuring the tissue oxygenation. Many of these were
developed using point-based electrochemical methods,
which are inherently limiting and of debatable utility in the
solid organ environment. It is also important to note that
these values reflect solid-tissue pO2 values, as opposed to
arterial pO2 values measured in the organ-associated vascu-
lature.

1.3. Tissue Hypoxia

In general, hypoxia in the biological sense is defined as
a physiological state wherein the equilibrium pO2 value
within a tissue or cell is insufficient to meet the oxygen
demands of that tissue. Interestingly, recent results suggest
that there are important exceptions to this rule, where
hypoxia may not always represent a pathological state.
Bone marrow, for example, has been measured to be in the
hypoxic regime (< 20 mmHg), and some believe this low
pO2 value to be essential for normal hematopoiesis.[5–7] To
appreciate the need for tissue-based oxygen sensors and the
sensing range over which they must operate, it is thus essential
to both define hypoxia quantitatively and physiologically as
well as to understand how and when insufficient amounts of
oxygen can be damaging to tissues. Oxygen homeostasis in
a given tissue is fundamentally a function of two parameters:
oxygen supply and demand. In the heart, for example, the
myocardial oxygen demand is determined through a number
of factors, including the heart rate and the contractility of
each heart beat.[8, 9] When one or more regulatory elements in
this system become compromised (for example, by reduced
coronary blood flow secondary to atherosclerosis and vessel
stenosis), the heart exhibits changes on both the cellular and
organ level. Although the pO2 level at which this process
occurs remains unclear, in part owing to the lack of reliable
measurement techniques, studies suggest that the ischemic
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threshold may be near 22 mmHg, with myocardial oxygen
tensions falling to 6 mmHg or lower during severe hypoxic/
ischemic episodes.[10–12]

1.4. Hypoxia and Cancer

Aside from its role in diseases of ischemic etiology,
hypoxia is known to occur in tumors and is an important
clinical factor in cancer-treatment planning and efficacy. As
demonstrated in Figure 1, primary solid tumors become

hypoxic as they grow beyond the diffusion distance of
oxygen from nearby vasculature (up to 200 mm).[13] The
presence of hypoxia contributes to hypoxia-induced factor 1
(HIF-1) signaling leading to the transcription of genes,
including the vascular endothelial growth factor (VEGF),
which in turn stimulates the growth of new blood vessels in
the vicinity of the tumor. The tumor-associated neovascula-
ture is morphologically chaotic and leaky and often fails to
deliver oxygen uniformly throughout the entirety of the
tumor, thereby contributing to the formation of heteroge-
neous regions of hypoxia.[14–17] Once present, hypoxic con-
ditions exert a plethora of tumor-promoting effects, including
the suppression of apoptosis, an elevation of genomic
instability secondary to hypoxia-induced reactive oxygen
species (ROS) generation, enhanced invasiveness, the alter-

ation of lipid metabolism, and the selection of somatic
mutations favorable to survival in the hypoxic environ-
ment.[13, 18] Clinically, hypoxia contributes to cancer resistance
to numerous therapies, including the chemotherapeutics
etoposide, 5-fluorouracil, paclitaxel, and doxorubicin, as
well as to radiation therapy.[13,19–22] In some cases, the
therapeutic resistance can be dramatic; for example, up to
100-fold decreases in paclitaxel cytotoxicity have been
reported under hypoxic conditions.[23]

It is important to emphasize that heterogeneities in tumor
oxygenation occur on the microenvironmental level, and can
vary across clusters of cells or even across individual cells.
This highlights the importance of understanding tumor oxy-
genation at all scales, from whole organs to tissues to
individual cells.[19,25–27] This Review presents tissue oxygen
sensing techniques across the macro- and microscales, includ-
ing techniques based on polarographic electrodes, radioiso-
tope labeling, nuclear and electronic resonance, optical
measurements of O2 saturation, and luminescence quenching.
Table 1 provides an overview of these different types of
techniques, summarizing the merits and limitations of each
technique.

2. Polarographic Electrodes

Polarographic electrodes, which were introduced in the
1950s, were the first technology to allow for the accurate
measurement of tissue oxygen levels. Polarographic oxygen
electrodes (also known as Clark electrodes) measure the
electric current formed at a cathode upon reduction of
oxygen, with the generated current being directly propor-
tional to pO2.

[28] The design generally includes a platinum
electrode surrounded by a needle sheath made of glass or
stainless steel, the tip of which is isolated from the environ-
ment by a gas-permeable membrane. The pO2 measurements
made by polarographic electrodes can be highly accurate, and
the method is considered the gold standard for measuring
tissue oxygenation.[51] However, their usage in humans is
limited by their invasiveness, as the insertion of needle-based
probes is less than tolerable in most clinical situations.
Importantly, they must be properly calibrated for each
environment, as environmental factors, such as temperature
and ionic strength, affect the performance. Moreover, oxygen
readings in tissues are highly location-dependent, with
needle-induced damage to capillaries and small blood vessels
further complicating the matter.[30] Furthermore, as the probe
itself consumes oxygen during point measurements, taking
repeated readings at a single tissue location can pose
a challenge.

Optimizations to the conventional polarographic electro-
des have been aimed at making them more suitable for tissue
oxygen sensing. The Eppendorf electrode system, for exam-
ple, has a computerized driver that moves the electrode to
precise tissue locations and depths.[30] Recessed-tip micro-
electrodes (5–10 mm in diameter) were made to reduce tissue
damage and microcirculatory disturbance, providing faster
responses and finer spatial resolution.[29] Planar electrodes
have been designed to allow for transcutaneous oxygen

Figure 1. As tumors grow, they become starved of oxygen. A) During
the growth of cancerous tissue, the demand for oxygen can outweigh
the supply, leading to the formation of necrotic regions. B) Mis-
matches between the supply and demand of oxygen lead to the
creation of hypoxic and anoxic regions surrounding the blood vessels.
Reproduced with permission from Ref. [24].
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pressure (TcpO2) measurements by attaching the probes on
the skin surface.[52] However, the requirement of elevating the
skin temperature to 44–45 88C perturbs the examined tissue.
These technologies focus on point measurements and have
lacked the ability to map oxygen-tension gradients across
regions of tissue. Recently, the concept of wearable, bio-
conformable electronics was introduced by Rogers et al. to
overcome this limitation.[53] Patterned silicon integrated-
circuit sheets were constructed that are stretchable and
cover relatively large tissue areas, paving the way for the
development of planar polarographic electrodes that will
allow for the two-dimensional mapping of tissue oxygenation.
This research direction is highly promising, and future
methods should be integratable with existing tissue- and
wound-care products.

3. Radioisotope Techniques

In contrast to polarographic methods, which are often
invasive and limited to point measurements, radioisotope
techniques provide excellent three-dimensional (3D), non-
invasive, full-body imaging capabilities. Radioisotope tech-
niques make use of instrumentation capable of imaging the
emission of short-lived radioisotopes of elements, such as
oxygen, nitrogen, and carbon. These techniques can directly
report perfusion changes, oxygen metabolism rates, and the
pO2 levels of healthy and diseased tissues.[34] Radiolabelled
agents have been developed for specifically labeling hypoxic
tissue regions, such as 18F-fluoromisonidazole (18F-MISO),

18F-fluoroazomycin-arabinoside (18F-FAZA), and 18F-florta-
nidazole (18F-HX4),[31, 32, 54] which are based on the selective
accumulation of chemically reduced nitroimidazoles in cells
experiencing severe hypoxia. Unfortunately, these labeling
approaches only show regions of hypoxia and do not provide
direct, real-time quantitative measurements of tissue oxygen
levels.

3.1. Positron Emission Tomography

Whole-body oxygen imaging can be performed with
positron emission tomography (PET), a functional imaging
technique that utilizes isotopically labeled chemical species.
These isotopes emit positrons, which later interact with
electrons, thus generating gamma ray pairs whose detection
enables spatial localization with millimeter resolution. PET
has been successfully applied for the in vivo monitoring of
oxygen supply and consumption by the introduction of 15O-
labeled tracers. As 15O has a short half-life of 2.4 min, tracers
must be produced on-site using a cyclotron. Steady-state
approaches were first introduced in the early 1980s for the
non-invasive study of cerebral blood flow and oxygen
metabolism in vivo under continuous 15O2 gas inhalation.[55,56]

Owing to radiation exposure and the difficulty in determining
when a steady state is reached, techniques based on short 15O2

inhalation followed by dynamic monitoring of 15O were
developed and are now in active use.[57]

These methods provide quantitative information on the
oxygen supply and consumption in tissue by determining the

Table 1: Overview of tissue oxygen sensing techniques.

Technique Materials Advantages Limitations Specific applications Ref.

polarographic
electrodes

polarographic electrodes highly quantitative,
direct pO2 measure-
ment,
independent of per-
fusion

invasive,
point measurement,
location-dependent,
consumes oxygen

point measurements,
topically or in tissue

[28–
30]

imaging of
radioisotopes

PET scanner;
inhalable or injectable radioactive tracers

3D full-body imag-
ing,
non-invasive,
scanners available
for humans

low spatial resolution,
requires short-lived
radioactive tracers,
relies on perfusion

full-body or organ scanning [31–
33]

resonance
imaging

MRT or EPR scanner;
injectable contrast agents

non-invasive,
tracers are stable or
not required

not always quantita-
tive,
low spatial resolution

full-body or organ scanning [33–
38]

optical StO2

measurements
optical systems
(e.g., pulse oximeter, DOS/T, PAT, OCT)

non-invasive,
portable device,
no exogenous con-
trast agent

measures O2 satura-
tion instead of pO2

relies on perfusion,
limited sensing depth

clinical monitoring of the O2

saturation
(with pulse oximeter)

[39–
45]

phosphorescence
quenching

sensor dyes, optical readout devices (e.g.,
microscope, phosphorimeter, camera)

high spatial resolu-
tion,
direct quantitative
pO2 measurement

limited light-penetra-
tion depth,
incapable of full-body
imaging

intravascular, interstitial,
and intracellular sensing

[46–
50]

DOS/T =diffuse optical spectroscopy/tomography, EPR = electron paramagnetic resonance, MR =magnetic resonance, OCT= optical coherence
tomography, PAT = photoacoustic tomography, PET = positron emission tomography.
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influx rate of 15O2 from arterial blood. Parameters, such as the
cerebral blood volume (CBV), cerebral blood flow (CBF),
oxygen extraction fraction (OEF), and cerebral metabolic
rate of oxygen (CMRO2), can be calculated based on the
clearance rate of 15O2 (Figure 2). These parameters have been
measured for determining the degree of cerebral ischemia in
studies of arterial occlusion, stroke,[58] brain tumors,[59] and
traumatic brain injuries.[60–64] Furthermore, this technique has
been extended to applications in other organs, such as the
heart.[65] Proposed clinical indications range from assessing
chronic ischemia and tumor stages in cancer[59] to predicting
neurological outcomes in patients suffering from acute
ischemic stroke.[66]

3.2. Single-Photon Emission Computed Tomography and
Combined Techniques

Whereas PET detects the emission of gamma ray pairs
following positron–electron annihilation, single-photon emis-
sion computed tomography (SPECT) simply relies on indi-
vidually detected gamma ray photons. Although its intrinsic
spatial resolution is lower than that of PET, SPECT images
are much simpler, less costly to acquire, and can use a wide
range of available gamma-emitting isotopes. Using this
technique, for example, the regional cerebral blood flow can
be measured following technetium-99m hexamethylpropyl-
eneamine oxime (99mTc-HMPAO) administration (Figure 2).
This has been applied in evaluating the effect of an hyperbaric

oxygen therapy in patients showing symptoms of carbon
monoxide poisoning, with results demonstrating increased
regional CBF following therapy.[67] HMPAO SPECT has also
been used to study the patterns of regional CBF in patients
with corticobasal degeneration, where decreased HMPAO
uptake was found in abnormal cortical regions.[68]

Studying physiological disorders related to perfusion and
oxygen-metabolism abnormalities frequently involves a com-
bination of complementary imaging techniques for the
determination of multi-parameter information. These com-
bined measurements can be performed with specialized
multifunctional equipment, such as SPECT–MRI and PET–
MRI instruments. In these combined measurements, MRI is
typically used for structural imaging with PET or SPECT
providing molecule-specific information. These combined
approaches have been advantageous for the measurement
of oxygen and oxygen metabolism as abnormal regions within
organs can be first identified by the MR contrast and then
monitored over time using radioisotope techniques.[69–72] In
1993, Yamauchi et al. performed sequential MRI and PET
experiments in studies of patients with AlzheimerÏs disease.[73]

MRI was employed to specifically and quantitatively evaluate
the degree of corpus callosum atrophy, which was then
correlated with PET measurements of the cerebral cortical
oxygen metabolism.

Though highly promising, the clinical translation of radio-
isotope techniques as a routine procedure for tissue oxygen
imaging has been impeded by the complexity of the measure-
ments, the exposure of patients to radiation, a low intrinsic
spatial resolution, and the need for the on-site production of
certain radioactive tracers. Furthermore, measurements can
only be performed within perfused tissue regions, and do not
directly provide pO2 values. Despite these limitations, PET
continues to serve as the gold standard in the clinical imaging
of brain circulation, and is widely used as a reference to
validate other oxygen-sensing techniques.

4. Resonance Techniques

Unlike radioisotope techniques, which require tracers
with half-lives of minutes to hours, the resonance techniques
discussed in this Section utilize stable contrast agents that can
be synthesized and stored up to years before use. Resonance
techniques take advantage of the non-invasive nature of the
magnetic field, and use radiofrequency or microwave radia-
tion to detect specific chemical species in a biological system
based on their distinct resonance frequencies within an
applied magnetic field. The magnetic resonance (MR) of
both atomic nuclei and electrons has been applied for the
sensing of molecular oxygen in tissue. Nuclear resonance
techniques have been developed based on 19F and 1H MR.
Techniques related to electronic resonance are based on
electron paramagnetic resonance (EPR) and dynamic nuclear
polarization (DNP).

Figure 2. A case of subacute left-hemispheric stroke caused by left
internal carotid occlusion. A 15O PET study (left and center column)
clearly demonstrates luxury perfusion in the left frontal cortex (arrow-
head). SPECT perfusion imaging using 99mTc-HMPAO (right column)
demonstrates hyperperfusion and hyperfixation in the same region
(arrowhead). Misery perfusion is also seen in the left temporo-occipital
region (small arrows). rCBF= regional cerebral blood flow, rCBV = re-
gional cerebral blood volume, rCMRO2 = regional cerebral metabolic
rate of oxygen, rOEF= regional oxygen extraction fraction. Reproduced
with permission from Ref. [74].
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4.1. Nuclear Resonance Techniques
4.1.1 19F Magnetic Resonance

In magnetic-resonance imaging, contrast resulting from
the spin–lattice relaxation time, T1, is generated by exciting
atomic nuclei with a radiofrequency pulse and then monitor-
ing the rate at which the emitted radiofrequency signal decays
as the nuclei return to their original state. The longitudinal
component of the magnetization vector returns to equilibrium
through spin–lattice relaxation; this process is characterized
by the time T1 and the corresponding relaxation rate R1

(= T1
¢1).[75] 19F oximetry utilizes perfluorocarbons (PFCs),

such as hexafluorobenzene (HFB) and perfluorotributyl-
amine (PFTB), as exogenous contrast agents.[76] As the spin–
lattice relaxation rates of 19F in PFCs are linearly dependent
on oxygen partial pressure, this method allows access to the
whole range of physiological pO2 values, including hyperbaric
conditions.[77] A MR spectroscopic method utilizing PFCs to
dynamically monitor tissue pO2 levels in vivo was developed
by Mason et al. in 1991.[78] These principles were later
translated into the imaging technique known as FREDOM
(fluorocarbon relaxometry using echoplanar imaging for
dynamic oxygen mapping).[79]

PFC contrast agents allow oxygen to diffuse more
efficiently and are non-toxic. In 1989, Fluosol became the
first PFC agent that received FDA approval. Since then,
a number of other agents have entered clinical trials, such as
Oxygent and Oxycyte. In a typical in vivo 19F MR relaxom-
etry experiment, a PFC is administered intravenously in the
form of emulsions or nanoparticles several hours to a few days
before the measurement.[78, 80] The hydrophobicity of the
compounds allows for in vitro calibration curves to be used
for in vivo measurements, and also makes them minimally
affected by ions and proteins in the blood stream.[81, 82]

Fluorine nuclear magnetic resonance (NMR) with PFCs
typically requires millimolar concentrations of the contrast
agents, which are orders of magnitude greater than those of
the 18F-based tracers in PET. However, the lack of radio-
activity of 19F makes it easy to use, as measurements are not
limited by the 110 min half-life associated with 18F-based
agents.[76] As particulate PFCs lead to extensive macrophage
uptake and sequestration in the reticuloendothelial system,
19F oximetry is particularly efficient in organs such as the liver
and spleen.[76]

19F MR oximetry is well established and continues to
make important contributions to pre-clinical research.
Oxygen measurements have been reported on animal
models, including mice,[83] rats,[84] rabbits,[85] cats,[86] and
pigs.[87] Long-term studies have been carried out where
repeated measurements were performed to monitor tumor
oxygen tension over several weeks.[88, 89] Recent developments
of 19F relaxometry involve the direct local injection of neat
PFCs into the tissue of interest to achieve immediate pO2

imaging.[88,89] 19F MR oximetry has been applied to assess the
pharmacodynamic response to interventions that aim at
modifying tissue perfusion[90] or oxygen metabolism.[91]

Kadayakkara et al. reported the loading of PFCs into cultured
stem cells prior to placement in an animal, which allowed for
the tracking of stem cell migration and retention in addition

to pO2 measurements.[92] It should be noted that the sensitivity
of R1 to pO2 is field- and temperature-dependent, and
therefore requires the system to be calibrated under exper-
imental conditions. However, the main issue impeding the
clinical translation of 19F oximetry remains the lack of clinical
MRI scanners that are capable of 19F imaging.[76]

4.1.2 1H Magnetic Resonance
4.1.2.1 Endogenous Contrast

One of the earliest techniques developed based on
endogenous MR contrast is blood oxygen level dependent
(BOLD) imaging, which refers to the transverse relaxation
time (T2*)-weighted 1H MR imaging of water using deoxy-
hemoglobin (dHb) in the venous blood as an endogenous
contrast agent.[93, 94] The BOLD effect was discovered when
high-resolution brain images were acquired from rats using
a pulse sequence that accentuated the magnetic-field suscept-
ibility. During the measurement, the contrast from anatomical
details of blood vessels was found to reflect the blood oxygen
levels. As is now known, this contrast is caused by the
difference in the magnetic susceptibilities between oxyhemo-
globin (oxyHb) and deoxyhemoglobin; iron(II) has four
unpaired electrons in dHb whereas it has none in oxyHb. The
inhomogeneities in the local magnetic field caused by the
paramagnetic dHb are reflected by changes in the transverse
relaxation time T2* of water in venous blood as well as in
tissue surrounding the blood vessels.[35]

Despite being highly advantageous as a non-invasive,
exogenous, agent-free technique that generates whole-body
images with high temporal and spatial resolution, the
application of BOLD for tissue oxygenation measurements
is not barrier-free, mainly owing to the lack of direct
correlation between T2* and pO2.

[95] Furthermore, the mag-
nitude of the BOLD effect depends on the total amount of
dHb; therefore, changes in the blood volume can counteract
the effect of blood oxygenation changes.[38, 96] Magnetic-field
inhomogeneities that are caused by magnet imperfections,
poor shimming, air–tissue interfaces, and metallic implants
can also affect the measurements.[35] Moreover, changes in the
blood pH value, temperature, and glucose level can alter the
hemoglobin dissociation curve, affecting the actual pO2 value
at a given dHb content.[38] Last but not least, for BOLD MRI
to be able to provide information on the tissue oxygenation
status, it is necessary for red blood cells to be delivered to the
tissue in question, which is not the case in many tissues under
ischemic or chronically hypoxic conditions, such as tumors
with malformed vasculatures.[95]

Human cerebral blood oxygenation has been widely
studied with BOLD-MRI.[35, 97] Owing to its sensitivity in
detecting pO2 fluctuations, BOLD signals have become the
basis of functional MRI (fMRI), which is widely used in the
field of cognitive neuroscience. By connecting the BOLD
MRI signal to brain hemodynamics and metabolism, the
oxygen extraction fraction (OEF) and the cerebral metabolic
rate of oxygen consumption (CMRO2) can be deter-
mined.[98,99] The technique has also been applied to the
monitoring of tumor microenvironments,[100, 101] and has been
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shown to be most sensitive to oxygen levels adjacent to
perfused vessels.[95]

Aside from T2*, other types of contrast have also been
used for MR oximetry. Recently developed tissue oxygen
level dependent (TOLD) imaging is based on contrast arising
from oxygen-dependent T1 values. Matsumoto et al. demon-
strated the T1 signals in tumors to be responsive to hyperbaric
treatment.[102] Oxygen supply is highly dependent on vascular
flow, which can be detected by quantitative T1 and T2

measurements and diffusion MRI. These parameters have
been shown to be potential markers for tissue hypoxia.[103]

Ongoing investigations in human subjects involve the con-
struction of multiparametric maps using endogenous contrast
agents for the evaluation of tumor oxygenation.[104]

4.1.2.2. Exogenous Contrast

The proton equivalent of 19F relaxometry, 1H oximetry,
was developed in the past decade and makes use of commonly
available proton MRI scanners. The Mason group developed
the PISTOL approach (PISTOL = proton imaging of silox-
anes to map tissue oxygenation levels),[105] which uses
siloxanes as contrast agents and functions based on the
linear relationship between the spin–lattice relaxation rate R1

(= T1
¢1) of protons in siloxane and the local pO2 value. The

most commonly used siloxane is hexamethyldisiloxane
(HMDSO), although similar compounds have also been
investigated.[106, 107] HMDSO was chosen as an optimal
PISTOL contrast agent largely owing to its similarity to the
known HFB, which is used in 19F relaxometry. The molecular
symmetry of the siloxane and the lower electronegativity of
silicon provide a single NMR signal that is spectrally well
separated from those arising from tissue. This allows HMDSO
to be easily identified while suppressing signals arising from
water and fat. HMDSO exhibits a dynamic range capable of
sensing physiological oxygen levels at body temperatures, and
has been reported to be inert and non-toxic.[108]

This technique has also been applied to monitor tissue
oxygenation in rodent models. Using a spectroscopic imaging
approach, Gulaka et al. reported the measurement of
pO2 values in thigh muscles of Fisher 344 rats in response to
oxygen challenge tests (Figure 3).[106] Limitations of the
technique mainly arise from the use of
exogenous contrast agents, the variance
caused by the clearance of these agents,
the need for repeated injections for long-
term monitoring, and undesired biodis-
tributions of the contrast agent. Recent
developments in PISTOL have focused
on the design of optimal delivery vehi-
cles for siloxanes. For example, Liu et al.
recently demonstrated that embedded
contrast agents chemically directed to
target organs can achieve longer reten-
tion times for longitudinal tissue oxy-
genation monitoring.[107]

4.2. Electron Resonance Techniques

A magnetic resonance technique for probing the reso-
nance of unpaired electrons, electron paramagnetic resonance
(EPR), is capable of detecting paramagnetic chemical species,
including triplet-state molecules and radicals. As a natural
ground-state triplet molecule, molecular oxygen is inherently
paramagnetic, but the direct detection of oxygen in biological
systems is not possible owing to the broadening of its spectral
lines.[38] Therefore, sensing oxygen by EPR requires exoge-
nous paramagnetic substances.[109] As the in vivo levels of
other endogenous paramagnetic species, such as metal ions
and free radicals, are generally too low to generate interfering
background EPR signals, exogenous EPR contrast agents can
provide high sensitivity and high signal-to-noise ratios for
oxygen sensing. However, the biocompatibility of such EPR
agents must be carefully considered. Two classes of para-
magnetic materials are most commonly used for EPR
oximetry: soluble materials (e.g., nitroxides, triaryl methyl
radicals) and insoluble particulate materials (e.g., lithium
phthalocyanine, coals, chars, inks, and carbon blacks).[38]

Nitroxides are either administered alone or linked to
carrier molecules to achieve tissue and cellular selectivity.
They have the disadvantage of being unstable in the biological
milieu and are quickly converted into diamagnetic hydroxyl-
amines. Advantageously, this metabolic process is oxygen-
dependent and therefore can be utilized to monitor redox
states both in vitro and in vivo.[109] The development of
particulate paramagnetic contrast agents had a strong
impact on the in vivo applications of EPR oximetry. Com-
pared to soluble free radicals, insoluble particulate para-
magnetic materials have much higher spin densities that
provide, in some cases, up to 1000-fold greater sensitivities for
oxygen.[36] These materials are also stable across a wide range
of pH values and redox conditions, enabling repeated meas-
urements of the pO2 value at the same site. The first EPR
oximetry experiments in humans were carried out using India
inks, which are suspensions of carbon black particles first
discovered thousands of years ago in China during the
Neolithic period.[36]

EPR oximetry has been used to measure oxygenation in
the murine brain,[101,110] heart,[111] gastrointestinal tract,[112]

Figure 3. Mapping changes in oxygenation in vivo with respect to oxygen challenge using
HMDSO nanoprobes. Spin-echo image of a representative Fisher 344 rat thigh muscle overlaid
with time-course PISTOL pO2 maps (top: baseline air breathing for 20 min; middle: 30 min of
oxygen breathing; bottom: 30 min of return to air breathing), showing the response to
hyperoxic gas intervention. The acquisition for the first pO2 map started at t =1.5 min, and the
end time (in min) is displayed on the images. Reproduced with permission from Ref. [106].
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skeletal muscle,[113] liver,[114] kidneys,[115] and skin,[116] as well as
in pathophysiological conditions such as cancer.[101,117] It has
a high sensitivity at low pO2 values, and repetitive measure-
ments can be carried out at the same site for long-term tissue
monitoring (Figure 4).[118, 119] It has also been used to monitor
tumor oxygenation following photodynamic therapy, reveal-
ing time-dependent pO2 changes that are due to vascular
shutdown.[120] However, for EPR oximetry to move forward to
the clinic, the biocompatibility of the particulate oxygen
sensors must be more thoroughly tested. Early clinical studies
have only made use of either existing carbon-black-based
tattoos, the application of paramagnetic materials on the
surface of the skin, or the injection of India ink into specific
sites.[36] Moreover, for oxygen-sensing applications, instru-
ments operating at low frequency (< 300 MHz) need to be
developed to increase the imaging depth to scales suitable for
human applications beneath the skin.

As an alternative to EPR, dynamic nuclear polarization
(DNP) detects free radicals in biological samples by collecting

NMR images while irradiating specific EPR resonances. The
transfer of polarization from the electrons to the protons
results in an amplification of the observed NMR signal by the
Overhauser effect.[121] It was found that the Overhauser
enhancement factor is dependent on the linewidth of the
paramagnetic compound and therefore inversely propor-
tional to pO2.

[122] Krishna et al. demonstrated this principle
in a murine tumor model using Oxo63,[121] a trityl radical, to
obtain oxygenation images. When the EPR was “on”, the
T2 contrast at tumor regions was significantly enhanced owing
to the accumulation of Oxo63, and changes in pO2 in response
to carbogen inhalation tests were demonstrated.

Nuclear medicine and resonance techniques developed in
the past few decades have enabled the non-invasive 3D full-
body imaging of a variety of physiologically relevant param-
eters, and have significantly improved our understanding of
oxygen distribution on the level of tissues and organs
(Table 2).[33, 34, 38] With millimeter to centimeter voxel sizes,
these techniques are largely limited in their capabilities to
resolve microscopic tissue information. For instance, MR
techniques are excellent for locating macroscopic tumor mass
during a full-body scan, but do not provide information on
tumor heterogeneity in submillimeter lesions. Furthermore,
resonance techniques are not suitable for topical applications
owing to the signal interference at the tissue–air interface, and
therefore cannot be readily used to assess wound oxygenation
and healing potentials. These techniques also rely on
advanced instruments that are large and expensive, which
renders their use difficult in a number of clinical and field
scenarios. Tissue oxygen sensing based on optical measure-
ments in many ways complements the above described
methods by providing microscopic resolution and uses read-
out devices that can be made highly portable for bedside use.

5. Optical Methods for the Hemoglobin-Based
Assessment of Oxygen Saturation

The majority of optical methods for measuring oxygen are
based on two fundamental approaches: the absorption
contrast from hemoglobin–oxygen binding and luminescence
quenching by oxygen. Although these two methods both

Figure 4. An EPR oxygen image of a murine leg with a MCa4 tumor.
Sagittal (left) and coronal (right) slices are presented, with the tumor
outline obtained from MRI (red). The color bar shows the pO2 scale in
the range of 0–50 mmHg. The histogram shows pO2 values from the
whole image (blue) and from the tumor volume only (red). The
maximum pO2 values were found to be as high as 50 mmHg in
approximately 10 voxels in the leg and 35 mmHg in single voxels in
the tumor. Reproduced with permission from Ref. [118].

Table 2: Resonance methods for measuring oxygen in tissue.

Method Contrast agent/type Features Limitations Ref.

nuclear
resonance

19F relaxometry perfluorocarbons (PFCs)/T1 high sensitivity,
no tissue background signal

lack of 19F-capable clinical
MRI scanners

[37,75–92]

BOLD/TOLD endogenous dHb/T2* or T1 non-invasive,
no need for injecting a
contrast agent

not directly quantitative [35,38,93–104]

1H relaxometry siloxanes/T1 can be performed on
proton MRI scanners

advanced contrast agents needed [105–108]

electron
resonance

ESR paramagnetic materials/
T2-related

more sensitive to oxygen
than NMR at low pO2

lack of clinical EPR scanners
for humans

[36,38,109–120]

dynamic nuclear
polarization

paramagnetic radicals/
EPR-enhanced NMR

NMR signals enhanced
owing to electron resonance

requires instruments with
low field irradiation

[121,122]
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measure the oxygen content, each approach reports impor-
tant, but different metrics of oxygenation. Absorption-
contrast methods utilize the fact that oxyhemoglobin and
deoxyhemoglobin have different absorption spectra to calcu-
late oxygen saturation (StO2); luminescence-based methods,
which rely on emission quenching through collisions with
molecular oxygen, instead directly report absolute oxygen
concentration.

StO2 is an important clinical metric of blood oxygenation
that can be detected by multiple absorption methods, includ-
ing pulse oximetry,[39] diffuse optical spectroscopy and tomog-
raphy,[123, 124] photoacoustic tomography,[42] and optical coher-
ence tomography.[125] As the absorption contrast of hemoglo-
bin does not require the addition of dyes or labels, these
methods are of high clinical utility. The most familiar of these
tools, the pulse oximeter, works by transmitting and detecting
the differential absorption of two wavelengths of light,
typically 660 and 940 nm, through thin tissues, such as
a fingertip or earlobe; 660 nm light experiences greater
absorption by deoxyhemoglobin whereas 940 nm light is more
strongly absorbed by oxyhemoglobin. By measuring the
periodic modulation of this differential absorption that is
due to pulsed blood flow, pulse oximetry isolates the oxygen
saturation of arterial blood alone without contributions from
other absorbing species, such as venous blood. Details on the
development of pulse oximetry and its many applications can
be found in several excellent reviews.[39, 126, 127]

Diffuse optical spectroscopy and tomography (DOS/T)
also provide absorption-based contrasts, including StO2

values, but are more complex and offer considerably greater
utility. In DOS/T, light of different wavelengths is launched
into tissue, where it is then absorbed or scattered within the
turbid tissue environment. Some of the scattered photons can
be redirected towards detectors; depending on the type of
DOS/T system, the detectors can be set up either in trans-
illumination or reflection modes. The spectrum of the
scattered photons that arrive at each detector can be
measured at different distances and positions from the light
source, revealing the absorption of light at both specific
locations and depths within tissue. By employing arrays of
emitters and detectors, DOT can generate 3D tomograms of
tissue parameters, including oxygen saturation.[128] Transillu-
mination mode configurations have been found useful for
measuring StO2 in breast cancer.[129] One of the most
prominent applications of DOT was in the noninvasive
measurement of brain oxygenation led by Chance. In
a series of studies, Chance and co-workers were able to
measure not only static StO2 values,[124] but also dynamic
changes caused by mental activity in different regions of the
brain. Comprehensive review articles are available on the
development and applications of diffuse optical spectroscopy,
tomography, and imaging.[40, 41,130]

The absorption of light by hemoglobin can also be directly
detected by taking advantage of photothermal effects. When
a molecule absorbs light, the energy can be redistributed into
the environment through localized heating. If photons are
delivered in a short burst, the thermal deposition can cause
the moleculesÏ surroundings to rapidly expand in volume,
creating an ultrasonic wave that can be detected. This is the

principle underlying the recently developed photoacoustic
tomography (PAT), which can visualize the three-dimensional
position of molecules in tissue by absorption contrast. PAT
excels at the measurement of hemoglobin oxygen saturation
through differential absorption measurements similar to
those used in pulse oximetry and DOS. As the contrast is
generated optically but sensed via ultrasound, PAT offers
high-resolution, millimeter-deep imaging of the vasculature in
tissue.[42, 43]

Optical coherence tomography (OCT) is an optical
ranging technology analogous to ultrasound: Using low-
coherence interferometry, OCT is capable of rapidly creating
high-resolution (<1 mm) tomograms of tissue with millimeters
of optical penetration. Spectral-domain OCT (SD-OCT)
makes use of broadband near-infrared light and spectral
detectors, such that it is possible to use the absorption
information encoded in the spectral interferogram to glean
information on the oxygen saturation from a tissue. This
approach, named spectroscopic OCT, is still in development
and shows promise in detecting the blood oxygenation
status.[45, 131] Taking advantage of the same photothermal
effects that are used for photoacoustic imaging, photothermal
OCT methods have recently been developed. By alternating
the exposure of tissue to two frequencies of near-infrared
light, dual-wavelength photothermal OCT can selectively
detect the hemoglobin-absorption-induced phase change of
blood to calculate the oxygen saturation at depths in tissue
in vivo.[44, 132]

6. Oxygen Sensing Based on Luminescence
Quenching

StO2 sensing, while a useful approach towards measuring
the oxygen contained in blood, relies on the existence of
perfusion and does not reveal information regarding the
concentration of dissolved oxygen within tissues and cells
themselves. Knowledge of tissue oxygen tension is critical in
the detection and study of hypoxia and ischemia, which can
occur even in regions seemingly well fed by blood vessels with
high StO2. Optical-imaging approaches based on lumines-
cence quenching enable the direct measurement and quan-
tification of oxygen concentrations within tissues, even in the
absence of blood. As luminescent sensors are a topic of
intense study in the fields of chemistry, biophysics, and
medicine, the remainder of this Section will focus on recent
developments of luminescence-quenching methods.

For a comprehensive background, readers are recom-
mended a number of detailed recent review articles that have
presented the many materials developed for optical oxygen
sensing, their design principles, measurement techniques, and
applications.[46–50]

Optical oxygen sensors based on luminescence quenching
operate through energy exchange, where excited-state lumi-
nophores transfer energy to surrounding molecular oxygen
and thereby no longer emit. The quenching effect on the
luminescence intensity and lifetime of a sensor is described by
the Stern–Volmer equation [Eq. (1)]:
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I0

I
¼ t0

t
¼ 1þ kqt0pO2 ð1Þ

where I0 and t0 are the phosphorescence intensity and
lifetime, respectively, in the absence of oxygen. I and t are
the corresponding parameters at a given oxygen partial
pressure pO2, and kq is the quenching constant related to the
diffusion rate of oxygen and the luminophore.[133] Both
intensity and lifetime measurements have been realized on
systems spanning spectrometers, cameras, and microscopes,
providing measurement capabilities on different spatial and
temporal scales.[50]

Luminescence-intensity-based approaches are advanta-
geous in their simplicity, and can be easily adapted to existing
imaging systems. For example, commercially available CCD
and CMOS cameras have been used to capture the distribu-
tion of phosphorescence intensity and quantify oxygen across
two-dimensional surfaces.[133, 134] Although the method can be
limited by inhomogeneous illumination and a non-uniform
distribution of the probe molecules, these challenges can be
overcome by introducing an oxygen-independent reference
dye that co-localizes with the phosphorescent sensor. Digital
color cameras that use separate RGB channels have been
applied to measure the ratio of these signals.[135] High-
resolution intensity-based oxygen imaging on the cellular
and subcellular levels has also been achieved using laser-
scanning microscopes.[136]

In contrast, lifetime-based approaches are advantageously
independent of excitation intensity, detector sensitivity, and
probe concentration, and have been realized by either time-
or frequency-domain methods. Time-domain measurements
involve exciting the probe molecules with a temporally short
light pulse and then recording the decay profile, typically
using methods such as time-correlated single-photon count-
ing. The rapid lifetime determination method introduced by
Woods et al.[137] allowed the calculation of phosphorescence
lifetimes using the intensities captured at two separate time
windows along the decay curve. Lifetime-based imaging has
also been performed with time-gated CCD cameras.[48,138–140]

Frequency-domain measurements, on the other hand, involve
exciting probe molecules with modulated light, with lifetimes
determined by measuring the phase shift between the
excitation and emission signals.[141, 142] When long-lifetime
(>1 ms) probes are used, gated acquisition allows for the
effective suppression of background fluorescence.[143]

These methods have enabled a host of studies involving
measurement of intravascular pO2 values in various tissue
types, including tumors, the brain, retina, and heart.[144–147]

Aside from the most commonly deployed intensity- and
lifetime-based oxygen readout systems, many other
approaches, such as fluorescence anisotropy measure-
ments,[148] Fçrster resonance energy transfer (FRET),[149]

and two-photon excitation[7,147, 150] techniques, have also
been adapted for oxygen-sensing purposes, each adding
their unique features for specific application needs.

6.1. Probe Design

The introduction of the oxygen-dependent quenching of
phosphorescence[133, 134] led to a boost in the design and
synthesis of oxygen sensors. To transition from the simple
ruthenium(II) and iridium(II) complexes that were used in
early studies, synthetic chemistry principles were imple-
mented to develop more advanced porpyrin-based probes
with highly tunable structural and spectral properties that are
suitable for use in biological environments.

6.1.1. Ruthenium(II) and Iridium(II) Complexes

Early applications of physiological oxygen sensing
involved the use of simple complexes that were either
commercially available or could be prepared by following
straightforward procedures. Ruthenium complexes, such as
[Ru(bpy)3]

2+ (bpy = 2,2’-bipyridine)[151–153] and [Ru(phen)3]
2+

(phen = 1,10-phenanthroline),[152, 154] have been used to image
intracellular oxygen in murine and human cell lines (Table 3).
Their limitations included poor membrane permeability and
intracellular distribution heterogeneities. The latter chal-
lenges can be overcome by lifetime-imaging
approaches.[151,153] Improved cellular uptake has been ach-
ieved by modifying the ruthenium ligands. [Ru(bpy-pyr)-
(bpy)2] (bpy-pyr = 4-(1’’-pyrenyl)-2,2’-bipyridine)[155] and
[Ru-Py] ([(bpy)2Ru(N-(pyren-1-ylmethyl)-1,10-phenanthro-
lin-5-amine)]2+Cl¢2 ; Py = N-(pyren-1-ylmethyl)-1,10-phenan-
throlin-5-amine),[156] both bearing lipophilic substituents on
the ligands, exhibited enhanced cell-membrane permeability
as well as a response to changes in intracellular oxygen levels.
[Ru-Py] was also found to be effective in detecting ischemia in
the leg of nude mice that was due to the reduced blood flow
caused by a ligature.[156]

Compared to ruthenium complexes, iridium sensors offer
a broader color-tuning potential, enabling the synthesis of
probes emitting in the near-infrared (NIR) region for deep-
tissue oxygen sensing (Table 3).[157] At NIR wavelengths, light
penetration is higher than at visible wavelengths, as NIR light
is significantly less scattered in turbid tissue. The synthetic
tunability offered by the acetylacetonate ligand in the BTP
complex ([Ir(btp)2(acac)], bis(2-(2’-benzothienyl)pyridinato-
N,C3’)iridium(acetylacetonate)), an iridium complex that has
been used in visualizing subcutaneous tumor oxygenation in
nude mice,[158] has been exploited to create functionalized
oxygen probes. BTPHSA, a carboxylic acid derivative of BTP
designed to absorb and phosphoresce at longer wavelengths,
allowed the visualization of tumors at greater depths than
BTP, enabling whole-animal oxygen imaging at a depth of
several millimeters.[158] Functionalization of the acetylaceto-
nate ligand on BTP with a triphenylphosphonium cation
resulted in BTP-Mito, the first mitochondria-specific oxygen-
sensing iridium complex.[159] Yoshihara et al. recently
reported C343-Pro4-BTP,[149] a ratiometric, FRET-excitable
sensor that comprises a covalent conjugate of BTP and
Coumarin 343 (C343) linked via a linear proline tetramer.
The probe displayed oxygen-dependent phosphorescence
emission inside living HeLa cells (Figure 5).
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6.1.2. Porphyrin-Based Sensors

Although Ru and Ir complexes have been useful as
substrates for building derivatized oxygen sensors, there is
a limitation on the number and type of ligands that the central
metal can accommodate. The metalloporphyrin classes that
were developed over the past few decades, on the other hand,
contain a variety of peripheral groups that can be readily
functionalized. Furthermore, platinum and palladium por-
phyrins have superior photophysical properties for oxygen-
sensing applications, such as significantly higher room-tem-
perature phosphorescence quantum yields and longer life-
times than Ru and Ir sensors.

Unmodified platinum and palladium porphyrin com-
plexes were successful in early studies that made use of the
phosphorescence quenching techniques to identify physio-
logical oxygen variations in tissues under different conditions.
The Wilson group measured oxygen distributions ex vivo in
isolated rat livers, which were perfused through the portal
vein with a palladium/coproporphyrin-containing medium.[133]

Palladium meso-tetra(4-carboxyphenyl)porphine (PdTCPP)
has been utilized for the measurement of oxygen pressure
distributions in the brain of anesthetized animals during
experimentally induced hypoxia and reperfusion,[160] and the
acquisition of pO2 maps in the retinas of animal models.[146,161]

A microscope-based imaging system that was developed by
Shonat and Kight[146] to perform phosphorescence lifetime
measurements used the PdTCPP probe by injection into the
retinal and choroidal vessels of mice. Oxygen tension maps
created at different systemic oxygen levels showed differences

Table 3: Luminescent oxygen-sensing RuII and IrII complexes and their applications.

Probe Experimental system Comments Ref.

[Ru(bpy)3]
2+ J774 macrophages lifetime imaging,

non-uniform intensity,
constant lifetime

[151]

human fibroblasts no penetration through
intact membranes

[152]

BEAS-2BNNK epithelial cells lifetime measurements,
independent of concentration

[153]

[Ru(phen)3]
2+ J144 macrophages high concentration and

long incubation required
[152]

J774 macrophages high concentration required [154]

[Ru(bpy-pyr)(bpy)2] J774 macrophages passive membrane penetration [155]

[Ru-Py] human lung adenocarcinoma (A549) cells enhanced cell permeability,
in vivo ischemia imaging

[156]

BTP mouse oral squamous carcinoma derived SCC-7 cells subcutaneous tumor oxygenation in vivo [158]

BTPHSA SCC-7 cells NIR emitting,
in vivo imaging at greater depths

[158]

C343-Pro4-BTP HeLa cells limited uptake,
FRET excitable, ratiometric

[149]

Figure 5. Top: Structure of the ratiometric sensor C343-Pro4-BTP.
Bottom: Luminescence images (lex = 400–410 nm) of HeLa cells
incubated under 20% and 2.5% O2 and imaged at lem =460–510 nm
(a) and above 610 nm (b). Adapted with permission from Ref. [149].
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between the arterial, venous, and capillary regions of the
retina (Figure 6).

Synthetically extending the p structure of the Pt and Pd
porphyrins results in a red shift in their absorption spectra.
The resulting probes, which absorb in the red and NIR region,
allow for deeper light penetration and improved imaging
depth. Green 2W, a water-soluble analogue of palladium
meso-tetraphenyltetrabenzoporphyrin (PdTBP), enabled the
non-invasive in vivo imaging of pO2 in the vasculature of mice
bearing subcutaneous tumors.[162] Furthermore, oxygen-sens-
ing porphyrins with red and NIR emission and longer
lifetimes are easily distinguishable from fluorophores and
can be used for the development of dual-imaging approaches.
For example, a fluorescence/phosphorescence system was
developed by Barlow et al. to combine NADH fluorescence
imaging with oxygen concentration monitoring,[163] utilizing
PdII meso-tetra(para-sulfonatophenyl)porphyrin (PdTSPP)
as the oxygen sensor.

Despite the success of these early unmodified metal-
loporphyrins in intravascular pO2 sensing, the application of
most of these sensors is limited by their low solubility in
aqueous media and their high degree of interactions with the
macromolecules present in biological environments. To over-
come these challenges, porphyrin molecules have been
synthesized with multiple surface functional groups to
enable the construction of dendrimers and macromolecular
sensors (summarized in Table 4). These constructs can have
improved solubilities and biocompatibilities over “naked”
porphyrins, and can be combined with targeting moieties for
improved biodistribution.

Among the first oxygen-sensing porphyrin dendrimers
reported were Oxyphors R2 and G2, two water-soluble,
second-generation polyglutamic palladium porphyrin den-
drimers with PdTCPP and PdTBP cores, respectively.[164–166]

The calibration constants of these early intravascular probes
were found to be well suited for measurements of physio-
logical oxygen tensions owing to their albumin binding. They
have been used for the measurement of oxygen pressures in
animal tissues[167–169] and subcutaneous tumors.[142, 145, 166] The

advantages, design, and properties of porphyrin cores encap-
sulated inside dendritic layers have been extensively dis-
cussed in a book chapter by Vinogradov and Wilson.[48] More

Figure 6. Phosphorescence intensity images (a and e) and colorized
2D maps of one mouse and one rat retina. The maps indicate
inspiratory oxygen fractions (FiO2) and arterial blood-gas oxygen
tension (PaO2) for the mouse and the rat, respectively. The upper right
corners of images (a) and (e) show the microscope objectives used.
Arterial (A), venous (V), and capillary (C) regions are indicated on
images (a) and (e). Reproduced with permission from Ref. [146].

Table 4: Oxygen-sensing porphyrin dendrimers and their applications.

Probe Application Comments Ref.

Oxyphor R2 animal tissues [167–169]

Oxyphor G2 subcutaneous tumors NIR-excitable,
increased imaging depth

[142,145,166]

Oxyphor G3 pO2 in skeletal muscles,
interstitial pO2 in tumors,
myocardial oxygenation

NIR-excitable,
PEG-coated, unaffected by albumin

[170]
[171]
[172]

Oxyphor G4 tissue oxygenation in tumor-bearing mice [173]

G3-CAOS ovarian-cancer monolayer cultures and
multicellular 3D spheroids

NIR-excitable,
polycationic and cell-permeable

[136]

PtP-C343
in vivo pO2 maps in cerebral vasculature
and bone marrow

two-photon excitable, FRET-activated [7,147,150,176–179]
PtTCHP-C307 two-photon excitable,

increased FRET efficiency
[180]
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recent advancements have been made in the
development of phosphors that could function
independently of the presence of albumin. This
was achieved with the addition of a surface
poly(ethylene glycol) (PEG) layer. Among the
probes synthesized and evaluated in in vivo
studies of tissue oxygenation are Oxy-
phor G3[170–172] as well as Oxyphors R4 and
G4.[173]

The porphyrin dendrimers discussed thus
far have been designed for intravascular oxy-
genation imaging studies and lack the ability to
penetrate cellular membranes. Motivated by
the need to enhance cell penetration for
delivering oxygen sensors through multiple
cellular layers into solid tissue, Nichols et al.
recently developed a cell-permeable polycat-
ionic porphyrin dendrimer consisting of an
azido-functionalized analogue of PtTBP sur-
rounded by poly(amidoamine) (PAMAM) like
dendritic subunits (Figure 7).[136] To build the
dendron subunits, a sequential synthetic
scheme was designed that enabled their rapid
assembly by click chemistry. Near-infrared
confocal phosphorescence microscopy demon-
strated the ability of the new sensor, the G3-
CAOS (click-assembled oxygen sensing)
probe, to penetrate hundreds of micrometers
into multicellular spheroids, and showed its
sensitivity to induced oxygen changes
(Figure 7). To the best of our knowledge, this
is the first oxygen-sensing porphyrin dendri-
mer that spontaneously penetrates not only
monolayer cell membranes but also multiple
cell layers without facilitated uptake or the
need for delivery vesicles or cell-penetrating
peptides.

Another long-standing challenge faced by
luminescent oxygen sensors is the inherent
depth limitation of visible-light excitation. To
achieve deep pO2 imaging, the Vinogradov
group pioneered the design and development
of a new class of dendritic probes that com-
bined the phosphorescence quenching tech-
nique with two-photon microscopy,[174–177] which utilizes NIR
light for excitation and greatly improves the imaging depth
without sacrificing image resolution. These new probes
contained dendritic surfaces decorated with two-photon-
absorbing chromophores that were coated with an additional
PEG layer. Two-photon excitation within the layer of antenna
chromophores could be transferred to the central porphyrin
by FRET. The first two-photon probe that was synthesized,
PtP-C343,[176] has been used in combination with two-photon
phosphorescence lifetime microscopy in in vivo studies that
enabled the first non-invasive 3D measurements of the
oxygen distribution in regions of the cerebrum[147, 150,178, 179]

and bone marrow[7] in live animals with high temporal and
spatial resolution. Recently, the development of a new two-
photon antenna–core oxygen probe, PtTCHP-C307, was

reported, which was designed to display enhanced features,
such as a significantly increased phosphorescence quantum
yield, higher FRETefficiencies because of minimized quench-
ing by electron transfer, and an increased signal dynamic
range.[180] PtTCHP-C307 was evaluated in an in vivo mea-
surement of intravascular pO2 in the bone marrow of a live
mouse through the intact skull (Figure 8). The result was fully
in line with recent observations using PtP-C343.[7] The
dynamic range of the lifetimes of the new probe was found
to be optimal for pO2 measurements under most physiological
conditions (0–60 mmHg), although it is strongly quenched at
higher oxygen levels.

Figure 7. Top: Structure of the G3 CAOS sensor. Bottom: Panels showing phosphor-
escence confocal microscopy images of 3D ovarian cancer spheroids (bottom row:
transmission channel). a) Untreated control. b, c) Spheroids treated for 4 h with 2 mm G3
CAOS imaged under air (b) or after a N2 purge (c). The color scale bar in (a) represents
the number of photons collected. Adapted from Ref. [136].
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6.2. Formulations and Delivery

The use of “bare” porphyrin cores as stand-alone molec-
ular sensors has been hampered by their poor solubility,
inefficient cell-membrane permeability, and nontrivial inter-
actions with biomolecules. Beyond the special endogenous
generation methods developed by Mik et al.,[181–183] there are
a limited number of approaches that provide reliable sensor

delivery. Whereas dendrimers
offer one potential route, probe
research efforts have also been
focused on developing conjugates
of small-molecule oxygen sensors
with macromolecular carriers or
cell-penetrating peptides. The
encapsulation of oxygen-sensing
molecules within nanomaterials
has also been an active research
area, overcoming some of the
limitations associated with the
use of the cell-penetrating con-
jugates. Oxygen-sensing films
and foils have additionally been
developed as a non-invasive tech-
nology, where materials applied
on tissue surfaces can be used for
the monitoring of oxygenation.

6.2.1. Delivery Methods Based on
Conjugates

Conjugation with macromo-
lecular carriers, such as bovine
serum albumin (BSA) or PEG,
can help increase the hemocom-
patibility of the porphyrin probes.
A panel of oxygen-sensing con-
jugates was reported by the group
of Papkovsky,[184, 185] consisting of
commonly used porphyrins and
BSA or PEG. Platinum copro-
porphyrin BSA (PtCP-BSA) and
PtCP-PEG conjugates were used
to monitor oxygen uptake in
E. coli bacteria cells. The cova-
lent conjugates of PtCP, platinum
coproporphyrin ketone (PtCPK)
and palladium coproporphyrin
ketone (PdCPK) with BSA,[186]

also enabled measurements of
the transient changes in intracel-
lular oxygen levels in A549,
Jurkat, and HeLa cell lines. The
study of these probes showed that
in some cases, particularly in cell
lines of mammalian origin, intra-
cellular delivery of macromolec-
ular conjugates required tech-
niques involving transfection
reagents.[186]

The logical next step for improving delivery was the
design of oxygen probes attached to cell-penetrating peptides,
such as the TAT sequence, which has been known to enhance
cellular uptake without the need for transfection reagents or
other means of facilitated uptake. This class of oxygen sensors
has utilized a range of porphyrins and peptides,[187, 188] such as
mono- or tetrasubstituted PtCP derivatives with arginine-rich

Figure 8. Top: Structure of PtTCHP-C307. Bottom: a) Image of the bone-marrow vasculature showing
the point of phosphorescence lifetime measurements as a green dot. The blue contrast arises from
second harmonic generations from the bone, whereas the red contrast is due to rhodamine-dextran
circulating in the vasculature. b) Data fitting with a single exponential function gave a pO2 value of
13 mmHg. Scale bar: 100 mm. Adapted from Ref. [180].
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peptides,[189] iridium octaethylporphyrin (Ir-OEP) covalently
linked to different oligopeptides,[190] and platinum tetrakis-
(pentafluorophenyl)porphine (PtPFPP) conjugated to mono-
saccharide and short amino-acid carriers.[191] The last group of
small-molecule sensors achieved high-resolution 3D oxygen-
ation mapping in multi-cellular spheroid cultures and brain-
tissue slices. Although the majority of intracellular oxygen
sensors are based on metallated porphyrins, ruthenium
complexes have also been utilized.[192] The oxygen-sensing
conjugates discussed in this Section are summarized in
Table 5.

6.2.2. Delivery Methods Based on Nanomaterials

Encapsulation within nanometer-sized particles provides
a physical barrier between the luminescent sensing compo-
nent and the environment while increasing the loading
capacity over single stand-alone sensors. Nanomaterial sen-
sors can be synthesized with a range of porosities designed to
allow oxygen to readily diffuse and equilibrate with the
surrounding environment. Moreover, they can be made to
display a large surface density of functional groups, which can
be used for conjugating targeting moieties. A summary of
oxygen-sensitive nanomaterials is given in Table 6. The
development of specific types of nanosensors for imaging
applications, such as silica nanoparticles and hydrogel nano-
sensors, has been the subject of comprehensive recent
reviews.[193, 194]

Cell-uptake studies with oxygen-sensor-loaded nanopar-
ticles formed by different polymeric materials indicated that
although the nanoparticle interior can provide sufficient
shielding from excessive oxygen quenching, the lack of
a surface cell-targeting layer can result in inefficient cell
internalization or increased toxicity.[195, 196] To enhance cellular
uptake, Koo Lee et al. recenly co-embedded Oxyphor G2 and
an oxygen-insensitive dye (Alexa 647 dextran or HiLyte
680 SE) into polyacrylamide hydrogel nanoparticles bearing
different targeting peptides.[197] The resulting nanoparticles

were non-toxic, membrane-permeable, and tumor-specific
ratiometric nanosensors.

The Papkovsky group also developed different types of
cell-penetrating nanoparticle sensors,[198–200] using plati-
num(II) meso-tetrakis(pentafluorophenyl)porphyrin
(PtTFPP) as the oxygen sensor embedded in methyl meth-
acrylate and methacrylic acid based copolymers (poly(methyl
methacrylate-co-methacrylic acid) (PMMA-MA) and Eudra-
git RL-100). The developed probes (Table 6) were applied in
the dynamic monitoring of intracellular oxygen levels. The
same porphyrin, PtTFPP, was recently used by the group of
Wolfbeis to formulate three different phosphorescent nano-
particles possessing the same polystyrene (PS)/dodecyltrime-
thoxysilane (DTS) hybrid core but different surface layers, to
produce a family of nanosensors that can assess mitochondrial
dysfunction by reporting extracellular, intracellular, and
intramitochondrial oxygenation.[201] Using different combina-
tions of oxygen-sensing probes and polymer matrices, the
Wolfbeis group has reported novel approaches for preparing
sensor-doped nanoparticles.[202, 203]

Polystyrene nanoparticles (PS-NPs) decorated with
monoclonal antibodies (mAba) and doped with the NIR-
emissive PdTBP sensor and a reference dye were synthesized
by Napp and co-workers.[204] These were employed in both
ratiometric dual-wavelength and lifetime-based oxygen sens-
ing in in vitro studies with human mammary carcinoma cells
as well as in vivo with tumor-bearing mice. Aside from
improved targeting capabilities, novel nanoparticle designs
have exploited the concepts of FRET and light upconversion
for the mediated light activation of an encapsulated oxygen-
sensing component. For example, Wu et al. reported a novel
nanoparticle architecture consisting of p-conjugated polymer
molecules doped with the oxygen sensor platinum(II) octa-
ethylporpyrin (PtOEP),[205] where the polymer transfers its
excitation energy to the porphyrin dye, resulting in oxygen-
dependent phosphorescence emission. Sensor activation by
light upconversion was achieved by Liu et al.[206] in the recent
development of [Ru(dpp)3]

2+ loaded, oxygen-sensitive nano-

Table 5: Conjugate oxygen probes and their applications.

Probe Experimental system Comments Ref.

PtCP-BSA FL5.12 human lymphoblastic cell line facilitated transport required [184,186]

PtCP-PEG E. coli bacterial cells facilitated transport required [185]

PtCPK-BSA, PdCPK-BSA A549, Jurkat, HeLa mammalian cells[a] facilitated transport required [186]

PtCP oligopeptides
mammalian and murine cells[a] enhanced cellular uptake

[187]
PtCP–bactenicin 7 [188]

PtCP-arginine-rich peptides
mammalian and murine cells[a] and MEF cells[b] different sub-cellular localizations

[189]
IrOEP oligopeptides [190]

PtPFPP monosaccharides or short amino acids PC12 multicellular spheroids,
rat brain tissue slices

3D oxygenation imaging [191]

Ru-Ahx-R8 myeloma cells,
human blood platelets

accumulation in sub-cellular organelles [192]

[a] A549: human lung adenocarcinoma epithelial cells; Jurkat: human T cell lymphoblast-like cells; HeLa: human cervical epithelial carcinoma; PC12:
rat pheochromocytoma; HCT116: human colon carcinoma; HepG2: human hepatocellular liver carcinoma; SH-SY5Y: human neuroblastoma.
[b] MEF =murine embryonic fibroblasts.
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particles (dpp = 4,7-diphenyl-1,10-phe-
nanthroline). An upconverting nanopar-
ticle “antenna” absorbed NIR light and
emitted blue photons that could excite
[Ru(dpp)3]

2+ (Figure 9). This NIR-
absorbing nanosensor was applied in
the imaging of oxygenation within
living cells at different oxygen levels, as
well as in the detection of induced
cerebral anoxia in living zebrafish
embryos.

Recently, an exciting design concept
was introduced by Zhang et al. that
involved the tuning of the fluorescence
and room-temperature phosphorescence
intensities in an iodide-substituted
boron difluoride dibenzoylmethane
(BF2dbm(I)) analogue.[207] Coupling pol-
y(lactic acid) (PLA) polymers of differ-
ent chain lengths to the boron complex
resulted in polymers whose fluorescence/
phosphorescence ratio was modulated
by changes in the molecular weight. The
nanoparticles that were made from the
polymer exhibited balanced fluores-
cence and phosphorescence intensities,
and served as ratiometric imaging agents
that enabled the in vivo quantification of

Table 6: Nanoparticle formulations and their applications.

Probe/matrix Experimental system Comments Ref.

[Ru(dpp(SO3Na)2)3]Cl2/
polyacrylamide

yeast cells,
human adenosarcoma MCF-7

improved uptake by electroporation [195]

Oxyphor R2/polysaccharide embryo chorioallantoic membranes of chicks toxicity decreases embryo viability [196]

Oxyphor R2, Alexa647, or HiLyte 680 SE/
polyacrylamide hydrogel

A549, C6 glioma, and MCF-7 cells ratiometric,
coated with targeting peptides

[197]

PtTFPP/Eudragit RL-100 (NanO2) mammalian and murine cells[a,b] cationic, non-specific endocytosis [198]

PtTFPP/PFO, Eudragit RL-100 (MM2) MEF cells, embryonic rat neurosphere cultures two-photon-excited, FRET-activated,
multiple detection modalities

[199]

PtTFPP/PFO, PMMA-MA (PA2) MEF, PC12 cells,
3D rat brain slices

anionic, ratiometric, two-photon excited [200]

PtOEP/PFO, PDHF J774 A1 murine cells FRET-activated, brightly emissive [205]

[Ru(dpp)3]
2+/lanthanide-doped UCNPs U87 MG human glioblastoma cells,

zebrafish embryos
NIR-absorbing,
activated by light upconversion

[206]

BF2dbm(I)/PLA breast-cancer 4T1 mammary carcinoma ratiometric, tunable fluorescence/
phosphorescence emission

[207]

PdTPTBP/polystyrene human carcinoma cells[c] NIR-emitting, coated with PEG,
antibodies for selective targeting

[204]

[a] PC12: rat pheochromocytoma; HCT116: human colon carcinoma; HepG2: human hepatocellular liver carcinoma; HeLa: human epithelial
carcinoma; SH-SY5Y: human neuroblastoma. [b] MEF = murine embryonic fibroblasts. [c] SK-BR-3: human mammary carcinoma; AsPC1: human
pancreatic adenocarcinoma cells

Figure 9. Light activation of the nanosensors, their structure, and their reversible, oxygen-
dependent changes in luminescence emission. UCNPs= upconverted nanoparticles. Repro-
duced with permission from Ref. [206].
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hypoxia in the tumor region of a mammary
breast carcinoma in a mouse model.

6.2.3. Fiber Optics, Sensor Films, and Sensor Foils

Fiber-optic oxygen sensors incorporate
luminescent materials on the fiber tip and
operate using luminescence quenching. These
fiber-optic oxygen-sensing tools can share the
thin form of Clark electrodes, but are small and
flexible, allowing for them to be used across
a variety of environments. One example is
OxyLite, a commercially available fiber-optic
oxygen-sensing device that compares well to
modern electrodes, such as those offered by
Eppendorf. An article by Griffiths and Robin-
son presents a detailed comparison of the OxyLite and
Eppendorf probes for tissue oxygenation measurements.[208]

Similarly, Ocean Optics and PreSens offer fiber-optic probes
for a variety of oxygen-sensing applications. Considerably
greater detail on fiber-optic oxygen sensors and their
applications in biological systems can be found in two
recent comprehensive reviews that contain sections discussing
this exciting class of oxygen probes.[209, 210]

Other types of sensor formulations include films and foils
impregnated with oxygen-sensing materials, which have been
applied to the non-invasive in vivo imaging of tissue oxygen-
ation for assessing viability during injury and diseases, as well
as to monitor the progress of therapeutic interventions. The
development of optical oxygen-sensing foils for tissue imaging
was pioneered by Wolfbeis and co-workers,[211] and was first
applied in monitoring oxygen gradients in engineered tissue.
For the first in vivo applications, transparent planar sensors
made by incorporating PtOEP into a polystyrene matrix were
used for the measurement of surface pO2 values over tumor-
ous and normal tissue on the skin of hamsters using the dorsal
skinfold chamber model.[212] Transcutaneous pO2 imaging was
additionally carried out in healthy human subjects to observe
tourniquet-induced forearm ischemia. The transparent sensor
foil was further refined by incorporating PdTBP as the oxygen
sensor in poly(styrene-co-acrylonitrile) particles, which were
then embedded in a biocompatible hydrogel matrix. This
refined sensing foil was evaluated in monitoring wound
surface pO2 during healing at split-thickness skin graft donor
sites that served as wound models.[213] In vivo 2D imaging
using self-adhesive, ratiometric sensor foils was additionally
applied for the monitoring of oxygenation of mice footpads to
demonstrate the applicability of this technology to the
detection of systemic hypoxia,[214] and to test the hypothesis
that low tissue oxygen levels are characteristic in leishmanial
skin lesions.[215] Recently, Lehner et al. reported a group of
ultrasensitive optical oxygen sensors consisting of borondi-
fluoride chelates and aluminum complexes that were embed-
ded in polymer matrices and coated on glass slides to prepare
very thin dried layers.[216] The new sensors showed signifi-
cantly increased sensitivity for oxygen quantification, with
detection limits as low as 7 pm in solution, but they have not
yet been tested in biological systems.

The concept of using optical sensing films was advanced
by the Wolfbeis group with the development of a simultaneous
dual-parameter imaging method for measuring both the pO2

and pH values from a single image acquired with a conven-
tional RGB digital camera.[217] Three chromophores were
selected to match the RGB color space: the red oxygen sensor
PtTPFPP, the green pH sensor fluorescein isothiocyanate
(FITC), and the reference blue dye diphenylanthracene
(DPA). These dyes were formulated into polymer micro-
particles and then incorporated in a biocompatible hydrogel.
The potential of this method was demonstrated in the 2D
imaging of the oxygen distribution and pH value in hetero-
geneous chronic wounds, where results indicated the detec-
tion of a sustained inflammatory phase (Figure 10). Using the
same dual-parameter imaging concept, the oxygen sensor
PdTBP, the pH sensor FITC, and the reference dye
[Ru(dpp)3]

2++ were independently embedded in microparticles
and then incorporated in a biocompatible polyurethane
hydrogel layer on transparent poly(vinylidene chloride)
foils.[218]

The development of a transparent, colorimetric paint-on
bandage was recently reported by Li et al.[143] The liquid
bandage was formulated using the ester form of Oxyphor R2
and the reference dye Coumarin 500 embedded in a nitro-
cellulose matrix for applications in the 2D mapping of tissue
oxygenation in skin, burns, and grafts. The sensing bandage
was tested in vivo on a rat ischemic limb model as well as on
porcine models of burn injuries (Figure 11) and skin grafts.
This proof-of-concept study is the first step towards develop-
ing a quantitative, easy-to-use clinical diagnostic tool for
mapping and quantifying the pO2 values and oxygen con-
sumption in wounds.

7. Conclusions and Outlook

The development of oxygen-sensing approaches has
yielded a range of probes and methods that enable studies
of the oxygen concentration from the whole-organ and -body
scale to subcellular levels. From MRI to PET and from
sensing foils to nanomaterials, the synthesis and design of
oxygen sensors have met both research and clinical needs.
Large-scale imaging toolkits can now generate oxygenation

Figure 10. In vivo application of the dual pO2 and pH sensor on the plain skin surface
of the inner (volar) forearm (a–e), a skin graft donor site (postoperative, day 5) as
a model for acute wound healing (f–j), and a chronic wound (k–o). Reproduced with
permission from Ref. [217].
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maps in humans and provide detailed insight into both disease
mechanisms and treatment response. At the microscale,
oxygen sensors have enabled researchers to visualize and
quantify cellular and subcellular oxygen gradients during
physiological and disease perturbations. Future developments
in oxygen-sensing technology will take place on two fronts:
further developments of materials and methods while focus-
ing on research needs, and the translation of current
technologies from the bench to the bedside.

To build the next generation of oxygen-sensing toolkits for
biomedical research, the wider research community should be
engaged in creating probes and methods that can be used
outside of the specific fields of porphyrin, dendrimer, or
nanoparticle chemistry. Whereas past research has been
highly successful in exploring the myriad of parameters in
instrumentation and probe design, the accumulated knowl-
edge in these fields must now be focused on specific
applications. In the fields of cancer research, brain science,
cardiology, and pulmonology, for example, there is a need to
understand not only vascular oxygenation, but also the
oxygenation within solid tissues. Ischemic injuries, hypoxic
tumor regions, and stroke, for example, are all conditions
where a precise spatiotemporal knowledge of tissue oxygen-
ation is required. Even though MR and PET research has
significantly advanced our understanding of oxygen con-
sumption and supply, the vast majority of MR and PET
oxygen-sensing tools are focused on the vasculature. Further
information is needed to better understand the consequences
of such conditions and to improve current treatments. Our
knowledge in this area would be considerably advanced by
the development of oxygen sensors that are taken up into
tissues, either passively or through targeting approaches.
Chemical toolkits that enable sensor delivery through the
bloodstream to select sites would be highly advantageous and

are already in development. This is a considerable challenge,
especially in the case of ischemic tissues and cancer, where
hypoxic regions can lie many cell layers away from the blood
supply. In the case of ischemic injuries, it can be difficult to
deliver exogenous agents through damaged vessels. Likewise,
in cancer, hypoxic cell populations can exist in areas poorly
fed by the abnormal and leaky tumor-associated vasculature.
Strategies are needed that can actively drive oxygen-sensing
probes out of vessels into inflamed, damaged, and dense
tissue.

Another barrier that must be overcome for routine
oxygen sensing for demanding biological research applica-
tions is the sensitivity of the oxygen sensors themselves. In the
optical sensing space, numerous luminescent sensors have
been developed, but many of these suffer from poor quantum
efficiencies, making their emission dim and difficult to detect.
This has forced researchers to use special high-sensitivity
detectors, which can be expensive, to make use of high sensor
concentrations, which can perturb cells and tissues, or simply
to deal with low signal-to-noise ratios. Oxygen sensors with
far greater quantum efficiencies are needed for mainstream
oxygen quantification research. This will act to simplify the
instrumentation required to visualize the signals that are
emitted by these sensors, making less expensive, less speci-
alized toolkits widely available to more research efforts.

Such efforts may also unlock combined approaches that
enable researchers to utilize both macro- and microscale
imaging toolkits for oxygen studies. Future research efforts
would benefit from multiplexed oxygen sensors that are, for
example, capable of both PET and optical detection for a first
macroscopic exploration followed by microscopic intravital
imaging. Not only valuable for research, such combined
platforms would be highly useful in the clinical space,
enabling physicians to glean both tissue- and cellular-level
oxygenation information. For example, multimodality imag-
ing and sensing is becoming increasingly important in both
cancer research and clinical care, and could be a potential first
target for the combination of different oxygen tension
detection tools. The translation of such tools will likely be
difficult, as regulatory hurdles are currently preventing
oxygen-imaging sensors from reaching patients. For example,
the siloxane probes that enable proton MRI sensing of
vascular oxygenation, while potent, are still not FDA-
approved. The only molecular optical oxygen sensor currently
FDA-approved is PpIX, which has a relatively low signal-to-
noise ratio and can cause unwanted photosensitization of
tissues.

The barriers to clinical care will be far lower for surface
oxygen-sensing applications. The development of planar
arrays of oxygen electrodes for two-dimensional skin
oxygen mapping, for example, will likely face a more
straightforward regulatory approval. Sensing foils and ban-
dages for optical oxygen sensing may also have lower barriers
to adoption, as they provide easy-to-read oxygenation maps
of the skin surface. The development of brighter optical
oxygen sensors would significantly aid these efforts, and may
enable the design of bandages that can easily be read out with
the naked eye under ambient light conditions. When com-
bined with portable, compact readout devices, such as cellular

Figure 11. Progression of a full-thickness burn on a porcine model of
burn injury monitored by an oxygen-sensing paint-on bandage.
A) Unburned control, B) immediately post-burn, and C) seven days
post-burn. Top row: regular photographs; middle row: emission at
l = 700 nm showing the skin autofluorescence; bottom row: oxygen-
consumption maps (%) obtained after eliminating autofluorescence.
Blue and red indicate higher and lower oxygen consumption by the
tissues, respectively. Arrows indicate ink marks dividing burn and
surrounding skin. Reproduced with permission from Ref. [143].
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phones, and wearables, such as Google Glass, these oxygen-
sensing tools could be brought not only into field use, but also
directly to the patient for applications, such as home care.

We would like to thank Dr. Lauren A. Austin, Nicholas
Nowell, Michael J. Murphy, and the rest of the Evans team for
their help with editing this manuscript.
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