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Abstract

Lifetime imaging methods using phosphorescence quenching by oxygen for molecular oxygen
concentration measurement have been developed and used for non-invasive oxygen monitoring.
This study reports photoacoustic (PA) oxygen imaging powered by polyacrylamide (PAAm)
hydrogel nanoparticle (NP) which offer advantages including improved biocompatibility, reduced
toxicity, and active tumor targeting. A known oxygen indicator, oxyphor G2, was conjugated with
the matrix of the NPs, giving G2-PAA NPs, followed by PEGylation for biocompatibility and F3
surface modification for tumor targeting. Using two lasers providing pump and probe pulses,
respectively, PA imaging was performed so as to quantitatively map the oxygen concentration in
biological tissues /n vivo, including cancer tumors and normal thigh muscles. Furthermore, viathe
imaging at the pump wavelength and two additional wavelengths, the accumulation of the G2-PAA
NPs in the tumors were also determined. The successful imaging experiment accomplished on
animal models renders a method for /n vivo non-invasive imaging and assessment of hypoxic
tumor microenvironments, which is critical for assessing cancer progression, metastasis, and
treatment.
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Oxygen is a highly reactive element capable of combining with most other elements, and is
essential for most aerobic organisms. An abnormal oxygen concentration is one of the most
prevalent factors for various pathologies, including cancer. Hypoxia (low oxygen
concentration) is a hallmark characteristic for the tumor microenvironment, and its
association with cancer pathologies, such as angiogenesis and metastasis, has been targeted
for therapies.1* Despite increasing attention to the hypoxic tumor microenvironment, there
is lack of non-invasive tools for quantitative oxygen mapping in an entire solid tumor /n
vivo. Notably, no biopsy can provide such information. Oxygen imaging of tumors /n vivo
has been attempted through magnetic resonance imaging (MRI), positron emission
tomography (PET), and optical imaging.>” MRI and PET, however, are expensive
techniques, and of limited access. Conventional optical imaging, such as fluorescence
microscopy, offers a low-cost solution for oxygen mapping /7 vivo and in vitro. Although a
variety of optical oxygen sensors have been developed and many applications have been
explored, conventional optical imaging, in general, suffers from the overwhelming optical
scattering inside biological tissues. As a result, high-resolution microscopic imaging
modalities are limited to either cellular studies 7n vitro or very superficial tissues /n vivo.
Other optical imaging modalities working in the diffusion region, although being capable of
covering an entire solid tumor, cannot offer sufficient spatial resolution required for studying
heterogeneous tumor microenvironment. To overcome these limitations, the emerging
photoacoustic (PA) imaging technique has been recently developed for chemical imaging of
tumor microenvironmental parameters such as tissue oxygen concentration.8-18

In PA imaging, a pulsed light source excites targeted chromophores inside the body, which
can be either internal chromophores, such as hemoglobin, or externally injected agents, such
as dyes. The absorbed light energy is turned into local thermal expansion, ultimately
forming ultrasound (US) waves which can be detected by highly sensitive US transducers.
Since US waves exhibit significantly less scattering and diffraction in biological tissues, in
comparison to light, the image quality of PA imaging is determined by the detection of the
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laser-induced ultrasound waves, instead of by the diffusing photons. PA imaging, based on
the endogenous optical contrast, allows quantitative imaging of blood oxygenation by
utilizing the optical absorption differences between the oxygenated hemoglobin and the
deoxygenated hemoglobin.19-21 However, it is important to note that the blood oxygenation
level provides only an indirect measure of the tissue oxygenation level.

Aiming at assessing tissue oxygenation levels directly, photoacoustic lifetime (PALT) based
measurement was proposed which utilizes phosphorescence based oxygen indicators.11-15
Phosphorescence exhibits longer emission times (micro-second to milli-second), in
comparison to typical fluorescence emission times on the order of nano-seconds, due to the
energy decay process occurring through a forbidden “intersystem crossing” transition, from
its first excited singlet state (S;) to the first excited triplet state (Tg) (Figure 1b). The energy
of the first excited triplet state can be directly transferred into oxygen molecules, which
exhibit a triplet ground state. As the energy during phosphorescence emission is transferred
into the nearby oxygen molecules, the lifetime of the phosphorescence emission is shortened
with higher ambient oxygen partial pressure, in an oxygen concentration dependent manner.
This phenomenon has been well established for fluorescence based oxygen concentration
measurements.> However, PALT based on the same phenomenon has been studied only
recently.’- 11-15

PALT utilizes two laser pulses, respectively from the pump and the probe beams (Figure 1a).
The pump pulse excites the sensing dye, which quickly decays into its first excited triplet
state, through intersystem crossing. Then the probe pulse excites the first triplet state of the
sensing dye, which is similar to transient absorption spectroscopy. The PA signal from the
triplet state absorption is later detected by an US transducer (Figure 1). By varying the delay
time between the pump and the probe pulses, the exponential decay of the phosphorescence
can be probed. This decay rate is known to linearly correlate with the ambient oxygen
concentration, resulting from a first order reaction (Figures 1b and 1c). PALT has been
mostly applied using free dyes. Thus, most of the previous studies have been conducted by
direct injection of the dye into the designated image regions.11-15

Here, we further extended the PALT technique to make it more suitable for /n vivo oxygen
imaging by using the commercially available phosphorescence indicator, oxyphor G2, after
its conjugation to polyacrylamide nanoparticles (PAAmM NPs). The oxyphor G2 dye has a
much longer phosphorescence lifetime (/.e. 254-281 ps)?2 compared to other dyes, for
example methylene blue (/.e. 79.5 ps),23-25 which is beneficial for PALT based imaging. The
PEGylated nanoparticle matrix protects the G2 sensing dye from non-specific interaction
with other proteins, such as albumin, or other unwanted biochemical interactions. These
biochemical interactions may cause changes in the optical properties of the sensing dyes.2
In addition, the surface of the nanoparticle is also conjugated with the tumor homing F3-
peptide, thus allowing selective targeting toward tumors by intravenous injection.1® The
oxygen sensing capability of the G2-PAA NP was confirmed /n vitro. Then, viaa study on a
mouse model /n vivo, this capability of PALT in imaging tumor targeted tissue oxygen levels
was demonstrated.
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RESULTS/DISCUSSION
O, sensing nanoparticle (G2-PAA NP) and PALT capability of the G2-PAA NP

Oxyphor G2, a phosphorescence based O, sensitive dye, has excitation and phosphorescence
emission wavelengths at 632 nm and 800 nm, respectively, which are within the optimal
optical window of biological tissues.2? In a previous study, oxyphor G2 has shown its
potential as a PALT indicator.1> The oxyphor G2 contained 16 carboxylic acid groups on the
surface, allowing surface modification and conjugation to the nanoparticle matrix for more
stable /n vivo O, monitoring.2”: 28 The oxyphor G2 was preconjugated to one of the
monomers prior to nanoparticle formation so as to minimize leaching of the dye during the
measurements or imaging process /17 vivo (Figure 2a). The surface of the nanoparticles was
PEGylated to maximize nanoparticle circulation time and further activated with the tumor
homing F3-peptides for achieving targeted delivery of the nanosensors 7 vivo after
intravenous injection.

Oxyphor G2, solely on its own, is a small molecule, and cannot avoid interactions with other
bio-macromolecules such as albumin, the most abundant protein in the body. Here, we tested
the G2 free dye and the G2-PAA NPs mixing with human serum albumin (HSA) at 4 mg/ml,
the relevant physiological concentration (Figure 2b). Fluorescence emission of the oxyphor
G2 is known to be enhanced by several folds upon addition of the albumin.22 When a
fluorophore absorbs photon energy from an excitation beam, the dye releases its absorbed
energy through both fluorescence and non-radiative decay. The later one can be detected
photoacoustically. Thus, the change in fluorescence emission can influence PA signals
collected during /n vivo PALT experiments. On the other hand, the fluorescence emission of
the G2-PAA NPs is not changed obviously in the presence of the albumin, as shown in
Figure 2b.26 The polyacrylamide matrix entraps the oxyphor G2 and protects it from direct
interaction with other macromolecules, thus protecting the dye from altering its optical
properties in the /in vivo environments. At the same time, other potential interactions of the
dye with the /n vivo biological environments are also avoided.

The two excitation wavelengths for the pump pulse and the probe pulse were experimentally
determined. Figure 2c shows the PA lifetime signal amplitude as a function of the
wavelengths of the pump and the probe pulses. The delay time between the pump and the
probe pulses was set at 10 ps. The maximal PA lifetime signal amplitude was observed with
a 630-nm pump excitation and a 920-nm probe excitation. Thus, we used these two
wavelengths in later PALT studies.

Oxygen calibration using G2-PAA NPs at different concentrations

The excited triplet state of the oxyphor G2 decays exponentially, while the rate of decay is
linearly correlated with the ambient oxygen concentration.13-15.29 PALT is able to determine
the triplet state lifetime of the oxyphor G2 and the decay rate by varying the delay time
between the pump and the probe pulses. In Figure 3, PA signals correspondent to the triplet
state absorption of the G2-PAA NPs with different delays (10, 20, 30, 40, and 50 s,
respectively) between the pump and the probe pulses are shown. Each panel shows the result
for different oxygen concentrations from 2% to 20%, grouped into four ranges. To examine
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whether the PALT is dependent on the concentration of the G2-PAA NPs, this measurement
was conducted for G2-PAA NPs at different concentrations (2, 5, and 20 mg/ml,
respectively), as well as for 5 mg/ml G2-PAA NPs mixed with HSA (4mg/ml). Exponential
decay fittings were performed for each oxygen concentration and each G2-PAA NP
concentration to extract the decay rates, as shown by the solid curve in each panel in Figure
3. As we can notice, the decay curves are largely different when the ambient oxygen
concentrations are at different levels, while the decay curves stay consistent for different G2-
PAA NP concentrations as well as with the presence of HSA.

As we planned to intravenously inject G2-PAA NP into tumor xenograft mice, we confirmed
that our measurement of oxygen concentration is independent of G2-PAA NP concentration.
The quantified decay rates as a function of the ambient oxygen concentration are shown in
Figure 4, with a - d showing the results for different G2-PAA NP concentrations as well as
with the presence of HSA. In each panel, a linear fit can be made, demonstrating that the
decay rate is linearly correlated with the ambient oxygen concentration. The fitting lines in
the four panels in a - d are compared in Figure 4e. We can see that, for different G2-PAA NP
concentrations and with the presence of HSA, the decay rates are similar. All the PA
measurement points in Figure 4a - 4d are included in Figure 4f. A linear fit is made, without
considering the G2-PAA NP concentration and the presence of HSA. This linear fit in Figure
4f was used as a calibration for later quantitative imaging of oxygen concentrations in
biological samples /n vivo. This study in vitro demonstrated that the PALT based
measurement of oxygen concentration is independent of the G2-PAA NP concentration, and
is not affected by the presence of HSA.

In vivo PALT images of control muscles

Prior to tumor imaging, PALT images of control muscles 7 vivo were taken. The G2-PAA
NPs were subcutaneously injected locally into the thigh muscle with five shots surrounding
the imaging area. Hypoxia in the muscle was induced by lowering the oxygen content in the
breathing gas from 100% to 10% (90% nitrogen and 10% oxygen). Figure 5 shows the PALT
based oxygen images in the thigh muscle of an animal, where (a)-(c) are for the results
correspondent to 10%, 20%, and 100% oxygen contents in the breathing gas. The pseudo-
color PALT images demonstrating the oxygen concentrations in the imaged muscle area are
superimposed on the gray-scale US image. Any pixel with quantified oxygen concentration
beyond the range of 0-10% was considered as error, where no color was assigned. This
experiment was repeated on four animals (n=4). For each animal, the oxygen concentration
in the imaged muscle area was first averaged. Then, with the averaged measurements from
the four animals, the average and the standard deviation were calculated for each situation.
As shown in Figure 5d, the averaged oxygen concentration levels in the thigh muscles of the
4 animals were 1.49+1.48 (%), 3.51+1.64 (%), and 5.65+0.60 (%), respectively, for 10%,
20%, and 100% oxygen contents in the breathing gas. As expected, the tissue oxygen levels
decreased significantly as the oxygen content in the inhaling gas decreased.

In vivo PALT images of tumors

Figure 6a - 6¢ show the example imaging results from a mouse tumor. In the US image in
Figure 6a, the tumor region can be recognized clearly. Figure 6b shows the distribution of
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the G2-PAA NPs in the imaging area, which was derived from the three PA images at the
three wavelengths (576 nm, 584 nm, and 630 nm) by conducting multispectral PA imaging.
This image confirmed the preferred accumulation of the G2-PAA NPs in the tumor area. The
accumulation of G2-PAA NPs toward the tumor was also confirmed by the ex vivo
fluorescence imaging of the tumor tissue and important organs harvested after the /n vivo
imaging experiments. As shown in Figure 7, the fluorescence images demonstrate that the
G2-PAA NPs accumulated mostly in the tumor and the liver, which is consistent with our
previous findings.28

The PALT image presenting the oxygen concentration in the tumor 7 vivois shown in
Figure 6¢. The oxygen image was obtained viathe same image process using in PALT
imaging of thigh muscle in vivo. Any pixel with quantified oxygen concentration beyond the
range of 0-10% was considered as error, where no color was assigned. Additionally, any
pixel with G2-PAA NP concentration under 0.01% was also excluded in the oxygen image.
The functional imaging of tumor was repeated on four animals (n=4). For each animal, the
oxygen concentration in the imaged tumor area was first averaged. Then, with the averaged
measurements from the four animals, the average oxygen saturation and the standard
deviation in the tumors were calculated. Figure 6d shows the oxygen concentrations in the
tumors in comparison with the results in control muscles, both measured with 100% oxygen
content in the breathing gas. As we can see, the oxygen concentrations in the tumors are
significantly lower, with an average of 1.94+2.05 (%), compared to those in the thigh
muscles with an average of 5.65+0.60 (%). To examine whether there is statistically
significant difference between the tumors and the muscles, a two tailed t-test was performed
using the built-in functions of the MATLAB (R2016b, Mathworks, Natick, Massachusetts),
which achieved a p value <0.01.

CONCLUSIONS

A known PALT indicator, oxyphor G2, was conjugated and encapsulated with PAAm NPs,
and the surface of the PAAmM NPs were PEGylated and modified with tumor homing F3
peptides to grant active tumor targeting. Oxyphor G2, by itself, has been demonstrated to
perform single point PALT measurements (not imaging) /77 vivo.l> However, as shown in
Figure 2b, oxyphor G2 interacts with other bio-macromolecules, such as serum albumin,
which alters its optical properties. Such changes can significantly complicate or void the
functional measurements based on the detection of optical absorption or fluorescent
spectrum. By conjugating and encapsulating the oxyphor G2 in the PAAm NPs, the optical
properties of the oxyphor G2 stay consistent even in the presence of aloumins, making
quantitative oxygen measurement /n vivo possible. This indicates that the nanoparticle
matrix protects the oxyphor G2 dyes from direct interaction with the albumins.8 This
technical advancement over the previous reported method based on the use of oxyphor G2
dye in its free style is crucial for future preclinical and clinical applications.

PEGylation has been widely studied over the past few decades and shown to maximize
biocompatibility.30 In addition to simple PEGylation, we have previously studied the F3-
peptide conjugation (active targeting moiety) and found that it can increase the half-life of
the PAAm NPs, /.e. surviving removal by the immune system, by around 4 folds in 9L
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glioma tumor tissue /77 vivo (39 min vs. 123 min).3! The nanoparticle matrix prevents
undesirable interactions between the Oxyphor G2 and other bio-macromolecules (/.. serum
albumin) which can cause alteration of dye’s optical and sensory properties. Powered by the
G2-PAA NPs, PALT based oxygen concentration imaging can be achieved in biological
samples /n vivo. As demonstrated by experiments on mouse models, the change in oxygen
concentration in the thigh muscle induced by adjusting the breathing gas was successfully
imaged. The spatially distributed oxygen concentrations in solid tumors were mapped, and
the significantly lower oxygen concentrations in the tumors in comparison to normal tissues
were also validated. The depth of penetration of PA imaging depends on the excitation
wavelengths. Our previous studies revealed that when we are using a 565 nm to 600 nm
excitation source, accurate PA chemical imaging penetrates up to 6 mm in depth.26 We have
previously reported PALT based measurements and imaging using methylene blue
embedded polyacrylamide nanoparticles (MB-PAA NPs) and demonstrated an imaging
depth of at least 5 mm in an Jin vivo mouse tumor model.23 As the pump and probe
excitation wavelengths used for G2-PAA NP (630 nm pump and 920 nm probe) are similar
to MB-PAA NP (660 nm pump and 840 nm probe), we expect a similar depth of at least 5
mm for PALT based oxygen imaging.

PA technique has been widely applied for /n vivo non-invasive imaging of blood
oxygenation.32: 33 Based on the endogenous optical absorption contrast between oxygenated
and deoxygenated hemoglobin, PA imaging working with multiple laser wavelengths is
capable of detecting the percentage of oxygenated hemoglobin in total hemoglobin. This
blood oxygenation level, however, only provides an indirect assessment of tissue
oxygenation which is more important in evaluating tissue metabolic activities. It is also
important to note that hypoxia and hypoxemia do not always occur together.34 PALT based
oxygen imaging, however, provides a direct assessment of tissue oxygenation level, and
offers a tool for evaluating hypoxia in cancerous tumor tissue. In addition, the tissue oxygen
imaging method reported here can work for any locations where the nanosensors can be
delivered, even in the necrotic core of a tumor where not much blood is present. The
polyacrylamide based nanosensor not only increases biocompatibility of the oxygen sensing
dye and prevents undesired interactions of the dye molecules with macromolecules, but also
provides tumor targeting capability by modifying the surface with targeting moieties. In this
work, the capability of this imaging technique was demonstrated v/a the study on a mouse
tumor model. However, we believe that the same technique can be extended to many other
diseases associated with hypoxia. To target other tissues or organs, exchanging the targeting
moiety from F3 peptide to others is a relatively trivial process.

MATERIALS/EXPERIMENTAL

Chemicals

All chemicals were purchased from Sigma Aldrich or ThermoFisher Scientific unless
otherwise noted.
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Preparation of G2-PAA NPs

The Oxyphor G2 (4 mg, Oxygen Enterprises, Ltd., Philadelphia, PA, USA.) was conjugated
to 3-(aminopropyl) methacrylamide hydrochloride salt (APMA, 53.6 mg), through
carbodiimide crosslinking chemistry by stirring with 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC, 2.9 mg) and Sulfo- A-hydroxysuccinimide (Sulfo-NHS, 8.22 mg) in
Phosphate Buffered Saline (PBS, pH 7.4, 1.3 ml). Acrylamide (689.5 mg) was added into
the mixture and stirred for 2 hours in room temperature. Then, the crosslinker, 3-
(Acryloyloxy)-2-hydroxypropyl methacrylate (AHM, 321.3 mg) was added and vortexed to
complete the monomer solution.

Separately, an oil phase was prepared, consisting of dioctyl sulfosuccinate sodium salt (1.6g)
and Brij L4 (3.3 ml) dissolved in 45mL of hexanes. The full monomer solution was then
injected and emulsified into this oil phase. To remove dissolved oxygen from the oil phase, it
is purged with nitrogen for at least 20 minutes. Following the purge, polymerization was
initiated by the addition of N,N,N",N’-tetramethylethylenediamine (TEMED) (100 pl) and
10% (w/w) Ammonium Persulfate (100 pl). The reaction was allowed to stir for 2 hours,
after which hexane was removed by rotary evaporation. The prepared nanoparticles were
washed with ethanol and water with Amicon Filter Cell using a 300 kDa filter, and then
lyophilized. Although slight leaching of the dye was observed initially, during purification,
there was no leaching during further steps of the synthesis. The surface of the G2-PAA NP
was PEGylated and conjugated with tumor homing F3 peptides, following the previous
protocol.3® The cancer targeting capability of our PAAm NPs conjugated with F3 peptides
has been extensively studied.31 35-38 Bi-functional Polyethylene Glycol (MAL-PEG-SCM,
2kDa, Creative PEGWorks) (4 mg) was added into G2-PAA NP in PBS (pH 7.4) (50 mg per
2.5ml). After 30 min of stirring, it was washed with PBS using Amicon Ultra Centrifugal
Filter (100 kDa) and F3 Peptide (KDEPQRRSARLSAKPAPPKPEPKPKKAPAKKC, RS
Synthesis) (11mg) was added and stirred overnight. Cysteine (0.63 mg) was added and
stirred for 2 hours to deactivate unreacted maleimide groups. The NP solution was washed
with water and lyophilized. The G2-PAA NP was characterized by UV-VIS spectroscopy
(UV-1601 Spectrometer, Shimadzu), fluorescence spectroscopy (FluoroMax-3, Horiba), and
Dynamic Light Scattering instrument (DLS, Delsa Nano C particle analyzer instrument,
Beckman Coulter). The hydrodynamic size of G2-PAA NP was ~60 nm in Figure S1.

In vitro PALT calibration setup

G2-PAA NP (5mg/ml in PBS) solution was stored in a vial and continuously flowed into an
optically clear test tube (polyvinyl chloride, 1.58 mm I.D. and 3.17 mm O.D.) using a
peristaltic pump sealed with rubber septum. A needle type oximeter (Microx TX3, Presens,
Regensburg, Germany) was inserted directly into the NP solution and used to monitor the
oxygen concentration for calibration. The oxygen concentration in each solution was
controlled by bubbling the solution using nitrogen/air mixtures with different oxygen
contents.

An optical parametric oscillator (OPO) pumped by the second harmonic of a pulsed
neodymium-doped aluminum garnet (Nd:YAG) laser (Surelite OPO plus, Continuum, Santa
Clara, CA) provided the pump beam at 630 nm. Another Nd:YAG laser pumped OPO
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(Vibrant B, Opotek, Carlsbad, CA) provided the probe beam at 920 nm. The two laser beams
were overlapped onto the tube, while the triggers of the two lasers were controlled by a
delay generator (DG535, Stanford Research Systems). PA signals corresponding to the
pump pulse, the probe pulse, and the pump plus the probe pulses were collected using a
cylindrically focused US transducer (312, Panametrics, Waltham, MA). To extract the PA
lifetime signal from the triplet state absorption of the G2 dye, the PA signal from the pump
pulse and the PA signal from the probe pulse were subtracted from the PA signal from the
pump plus the probe pulses, following the protocol described in our previous study.23 This
step was repeated for different delay times (10, 20, 30, 40, and 50 ps) between the pump
pulse and the probe pulse. Then the extracted PA signals from the triplet state absorption
correspondent to different delay times were fitted with an exponential decay curve. By doing
this, the decay rate of the G2 dye in the PAAm NPs was quantified for the measurement of
the ambient oxygen concentration.

PALT in vivo imaging setup
The setup for the lasers was similar to that for the /n vitro PALT calibration. The laser beams
covered the entire imaging region with the light fluence on the skin within the ANSI safety
limit. PA imaging /n vivo was performed using our US and PA dual imaging system built on
a commercially available research US platform (V1, Verasonics, Kirkland, WA) and a linear
array probe working at a central frequency of 11.25 MHz (CL15-7, Philips, Andover, MA).
The details of this imaging system have been introduced in our former publication.3° The
system can acquire 2D B-scan PA and US images of the same image plane simultaneously,
both in truly real-time fashion at a frame rate of 10 Hz. With the pump beam at 630-nm
wavelength and the probe beam at 920-nm wavelength, PA images, after 50 times averaging,
were obtained at the different delay times so as to process the PALT oxygen images. In a
final PA and US combined image, the B-scan US image shows the structural information of
the in vivo sample in gray scale, while the PALT image demonstrating the oxygen
concentrations in pseudo color scale is superimposed on the US image.

PALT in vivo imaging procedure

All the procedures on live animals were approved by the University Committee on the Use
and Care of Animals (UCUCA) of the University of Michigan. Four nude mice (5 weeks old
female, Athymic nude Fox/NU, Envigo) were used as controls for comparison with the
results from tumor imaging. For each control mouse, the G2-PAA NP (20 mg/ml in PBS, 0.1
ml) solution was injected locally into the thigh muscle of the mouse. The mouse was
anesthetized with inhalation of 1.0-2.0% isoflurane, mixing with pure oxygen (/.e. 100%), or
oxygen/nitrogen mixtures with 20% or 10% oxygen concentration. Twenty minutes after
inhalation of each breathing gas, PALT images were taken.

To extract the PA lifetime signals from the triplet state absorption of the G2-PAA NPs, the
PA image induced by the pump pulse and the PA image induced by the probe pulse were
extracted from the PA image induced by the pump plus the probe pulses. This image
subtraction was done pixel by pixel. This step was repeated for different delay times (10, 20,
30, 40, and 50 ps) between the pump pulse and the probe pulse. For each pixel, the
exponential decay curve was obtained from the extracted PA signals. The five signal
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intensities from the different delay times were fitted with an exponential decay curve. Then
the decay rate of the exponential curve was used to quantify the ambient oxygen
concentration at each image pixel.

Four nude mice (5 weeks old female, Athymic nude Fox/NU, Envigo) were used for tumor
oxygen imaging. The 9L rat glioma cell line (American Type Culture Collection) was
cultured in RPMI 1640 medium supplemented with 10% Fetal Bovine Serum (FBS) and 1%
Antibiotic-antimycotic. Approximately 106 cells in 100 pl of culture media were
subcutaneously injected on the back of each mouse. Each tumor was allowed to grow for 2-4
weeks until its volume reached around 0.5 cc, as measured using a caliper. The nude mice
were anesthetized with the inhalation of 1.0-2.0% isoflurane, mixing with pure oxygen. The
PALT images were acquired 60 min after the tumor targeted G2-PAA NPs (20 mg/ml in
PBS, 250 mg NP per kg body weight) were injected systemically viathe tail vein. PALT
images were obtained using the same method described in the above. In addition, PA images
at 576 nm, 584 nm, and 630 nm were also taken in order to derive the images showing the
spatially distributed G2-PAA NPs in the imaging area. The images at the three wavelengths
was used to decouple the three major absorbers in this application, including G2-PAA NPs,
the oxygenated hemoglobin, and the deoxygenated hemoglobin, by conducting multispectral
PA imaging, as described in previous publications.26: 40. 41
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Figurel.
PALT based oxygen imaging schematic. (a) lllustration of PALT based oxygen imaging of a

tumor /n vivo. (b) The pump pulse excites the tumor targeted G2-PAA NPs and the probe
pulse excites these nanoparticles decaying to ground level at different delay times. (c) By
changing the delay time between the pump and the probe pulses, the exponential decay rate
of the phosphorescence, which is linearly correlated with the ambient oxygen concentration,
can be measured.
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(a) G2-PAA NP synthetic scheme. (b) Fluorescence emission of oxyphor G2 free dye and

G2-PAA NPs with and without the presence of human serum albumin (HSA). (c) PA
lifetime signal amplitude as a function of the pump beam wavelength and the probe beam
wavelength.
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Figure 3.

PA measurement of the triplet state absorption of G2-PAA NPs as a function of the delay
time between the pump and the probe pulses. Each panel presents the result for different
ambient oxygen concentration (grouped into four ranges) and different G2-PAA NP
concentrations as well as with the presence of HSA. (a)-(c) The concentrations of G2-PAA
NPs in PBS pH 7.4 are 2, 5, and 20 mg/ml, respectively. (d) 5 mg/ml G2-PAA NP mixed

with HSA (4mg/ml).
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Figure 4.

Quantified decay rates from the PA measurement of the triplet state absorption of G2-PAA
NPs as a function of the ambient oxygen concentration. (a)-(d) are the results for different
G2-PAA NP concentrations as well as with the presence of HSA. In each panel, a linear fit is
made, showing by the solid line. The linear fitting lines from (a)-(d) are compared in (e). (f)
With all the PA measurements in (a)-(d), a linear fit is made.
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Figure5.

PA?LT based oxygen imaging of thigh muscle in vivo. Oxygen concentration images in (a)-
(c) were acquired when oxygen contents in the breathing gas were 10%, 20%, and 100%,
respectively. In each panel, the PALT image demonstrating the oxygen concentrations in
pseudo color scale is superimposed on the US image showing the tissue structure. (d)
Average oxygen concentrations in the thigh muscles for 10%, 20% and 100% oxygen
contents in the breathing gas (n = 4) with standard deviations. * and ** are for p<0.05.
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Figure 6.

Imaging results from a mouse tumor /n vivo. (a) Ultrasound image of the tumor. (b) PA
image showing the distribution of G2-PAA NPs in the imaging area including the tumor. The
spatially distributed NP concentration was derived from multispectral PA imaging at 576
nm, 584 nm, and 630 nm wavelengths. (c) PALT oxygen image in the tumor area. (d)
Average oxygen concentrations in the tumors (n = 4) vs. average oxygen concentration in the
thigh muscles (n = 4) with standard deviations, both measured with 100% oxygen content in
the breathing gas. * is for p<0.01.
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Figure7.
Organ accumulations of G2-PAA NPs after systemic injection viathe tail vein. (a) A

fluorescence image of dissected organs (Tmr = tumor, Kdn = kidney, Spl = spleen, Hrt =
heart, and Lvr = liver). (b) Boxplot showing the statistical distributions of average
fluorescence intensities of the dissected organs.

ACS Nano. Author manuscript; available in PMC 2020 May 07.



	Abstract
	Graphical Abstract
	RESULTS/DISCUSSION
	O2 sensing nanoparticle (G2-PAA NP) and PALT capability of the G2-PAA NP
	Oxygen calibration using G2-PAA NPs at different concentrations
	In vivo PALT images of control muscles
	In vivo PALT images of tumors

	CONCLUSIONS
	MATERIALS/EXPERIMENTAL
	Chemicals
	Preparation of G2-PAA NPs
	In vitro PALT calibration setup
	PALT in vivo imaging setup
	PALT in vivo imaging procedure

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

