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Abstract

Purpose: Early detection and diagnosis of cancer is critical for achieving positive therapeutic
outcomes. Biomarkers that can provide clinicians with clues to the outcome of a given therapeutic
course are highly desired. Oxygen is a small molecule that is nearly universally present in
biological tissues and plays a critical role in the effectiveness of radiotherapies by reacting with
DNA radicals and subsequently impairing cellular repair of double strand breaks.

Techniques for measuring oxygen in biological tissues often use blood oxygen saturation to
approximate the oxygen partial pressure in surrounding tissues despite the complex, nonlinear, and
dynamic relationship between these two separate oxygen populations.

Methods and materials: We combined a directly oxygen-sensitive, tumor-targeted, chemical
contrast nanoelement with the photoacoustic lifetime-based (PALT) oxygen imaging technique to
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obtain image maps of oxygen in breast cancer tumors in vivo. The oxygen levels of patient-derived
xenografts in a mouse model were characterized before and after a course of radiotherapy.

Results: We show that, independent of tumor size, radiotherapy induced an increase in the
overall oxygenation levels of the tumor. Further, this increase in the oxygenation of the tumor
significantly correlated with a positive response to radiotherapy, as demonstrated by a reduction in
tumor volume over the twenty-day monitoring period following therapy and histological staining.

Conclusion: Our PALT imaging presented here is simple, fast, and non-invasive. Facilized by
the PALT approach, imaging of tumor reoxygenation may be utilized as a simple, early indicator
for evaluating cancer response to radiotherapy. Further characterization of the reoxygenation
degree, temporal onset, and possible theragnostic implications are warranted.
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Introduction

Cancer is a major health concern worldwide, with almost 2 million new diagnoses and over
600,000 deaths expected in the United States alone in 2023 [1]. Radiation therapy plays a
central role in cancer treatment, including breast cancer. The identification of biomarkers
able to provide accurate indications of cancer response to radiation therapy are highly
desired [2]. Biomarkers take the form of biomolecules, like nucleic acids, proteins, or
small molecule metabolites such as folate, phosphocoline, HER-2, and TIMP-1, among
many other examples [3-5]. While most of the available biomarkers are specific to certain
types of tissues, oxygen is universally present in solid tumors and their surrounding tumor
microenvironment (TME).

Oxygen has been identified as a member of the therapy resistance triad [6]. Oxygen’s
presence is critical for the administration of any radiotherapy, as the incident radiation’s
generated radicals become fixed in place by bonding with dissolved oxygen [7-9]. Tumors
are often hypoxic due to their aberrant metabolism [10]. In addition to radioresistance,
hypoxic tumors are often chemoresistant, have genomic instability, show an increased
propensity to metastasize, and are associated with a worse patient prognosis [11]. Therefore,
measurement of oxygen in the /n-vivo TME is of great interest when selecting a possible
therapeutic avenue.

Notably, the oxygenation within a tumor is dynamic. Hypoxia can be both acute and chronic
[12]. Chronic (diffusion limited) hypoxia manifests itself as malformed blood vessels in the
TME, i.e., vessels that failed to keep pace with the tumor growth [13,14]. Acute hypoxia
arises from the vasculature losing and gaining functionality, or as a result of gas challenge
[15-17]. As such, the oxygenation level of a tumor is responsive to perturbations in the
TME. Importantly, increases in the local oxygen concentration of the TME have been
observed to follow the administration of fractionated radiotherapy [18,19]. The observation
of reoxygenation, i.e., increased oxygen content in the TME following radiotherapy, has
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been associated with positive treatment outcomes [20,21]. Furthermore, reoxygenation is
likely to increase the susceptibility of the remaining cancer cells to radiation therapy [22,23].

Previously, we administered oxygen-sensitive, tumor-targeting and biocompatible chemical
contrast nano-elements (TTCENE) to tumor bearing mice [24]. Using photoacoustic lifetime
(PALT) oxygen imaging, we, as well as other groups, were able to non-invasively measure
the tumor oxygenation levels [24-28]. In a recent study, we showed that tumor oxygenation
is correlated with radiotherapeutic efficacy in a mouse model of breast cancer [28]. In the
present work, mice bearing patient-derived breast cancers received fractioned radiotherapy,
with each mouse receiving 5 Gy of radiation each day, for 5 consecutive days. The tumor
oxygenation of each mouse was measured and imaged, using our photoacoustic (PA) and
ultrasound (US) dual-modality imaging system, both before the first treatment and after the
final radiation fraction was administered on the fifth day. We conclusively demonstrate that
our PALT oxygen imaging technique can detect radiotherapy-induced reoxygenation and
generate image maps of the TME. Furthermore, we show that the reoxygenation of the TME
is correlated with positive therapeutic outcomes. We conclude that this technique has the
potential to provide simple, fast, and early diagnostic verification of radiotherapy efficacy
and response.

We generated a mouse model of patient-derived breast cancer xenografts (PDX) in NOD/
Scid mice. Tumor bearing mice were split into groups based on the size of the tumor and
randomly assigned to either a treatment group, which received radiotherapy, or an untreated
group that served as a control. As a result, four groups of mice were monitored: radiotherapy
treated mice with large (~2 cm?3) tumors, radiotherapy treated mice with small (~1 cm3)
tumors, as well as two control groups, which did not receive radiation, for both large (~2
cm3) tumors and small (~1 cm?3) tumors. For all groups, tumor oxygenation was assessed via
PALT oxygen imaging on the first day, immediately before radiation treatment, and on the
last day, following the final dose of radiation treatment. This imaging schedule was selected
to evaluate induced changes in tumor oxygenation following the radiotherapeutic course
and to relieve mice from the stress of repeated imaging sessions. Control groups did not
receive radiation but were imaged on the same schedule. PALT oxygen imaging begins with
injecting G2-PAAm nanoparticles into the tail veins of mice. The G2-PAAm nanoparticles
are actively targeted to angiogenic vessels via the targeting peptide, F3, and preferentially
accumulate in the tumor microenvironment [24]. Previous studies have confirmed the low
toxicity and biodistribution profile of the nanoparticles at the administered dose [24,28].
After 1 hour, 630 nm and 920 nm laser excitation are used to excite the oxygen-sensitive
G2-PAAmM contrast agents and generate oxygen image maps via PALT; oxygen maps are
limited to qualitative detection due to unknown deviations in the calibration curve gathered
in neat buffer versus the complicated tumor milieu. In both treated groups, each mouse
received 5 Gy of radiation every day for 5 consecutive days. This treatment schedule was
selected to model a clinically relevant, low-dose fractionated radiotherapy [29]. Changes in
tumor volume were monitored for 20 days following the final dose of radiation therapy.
Mice were sacrificed and their tumors were histologically evaluated to assess response to
radiotherapy (Fig. 1).
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The patient-derived xenograft (PDX) tumor model responded positively to the radiation
therapy. For both large and small tumors, following radiation treatment, a downward trend
in tumor volume can be seen, although large tumors showed a more pronounced absolute
change in tumor volume (Fig. 2). In the large tumor group, the average size of tumors
decreased from 2312+442 mm3 on day 0 to 566+153 mm?3 on day 20 after the last treatment;
in the small tumor group, the average size of tumors decreased from 1196245 mm? on day
0 to 306 +148 mm? on day 20 after the last treatment. In contrast, in both untreated groups,
the tumors continued to grow over the entire monitoring period, with tumor size increased
from 2271+260 mm?3 on day 0 to 4091 +163 mms3 on day 20 for the large tumor group, and
from 1079+108 mm3 on day 0 to 2923+218 mm3 on day 20 for the small tumor group.

PALT oxygen images of a tumor, before and after the radiation treatment are shown in

Figs. 3a and 3b. The pseudo-color pixels superimposed on the gray-scale US images present
the spatially distributed oxygenation level in the tumor. Compared to the image acquired
before the treatment as the baseline, the image after treatment shows a clearly increased
oxygenation. Figs. 3c and 3d show PALT oxygen images from an untreated tumor as a
control. Fig. 3¢ was acquired when the tumor had a size (1 cm3) similar to that shown in

Fig. 3a. Fig. 3d was acquired 5 days after Fig. 3c but no treatment was performed between
these two images. Unlike the treated tumor, results from the untreated tumor indicate that the
oxygenation in the TME further decreased after 5 days.

We then assessed the reoxygenation of the TME induced by radiation therapy. With each
PALT oxygenation image, a spatial averaging over all the pixels was conducted to give the
overall oxygenation level of the TME. Fig. 4 shows the oxygenation level of each individual
tumor, before and after radiation therapy, as well as a dotted line showing the trajectory

of the change. Fig. 4 also shows the box and whisker plot for each group (i.e., for large

and small tumors, with and without radiation therapy). Both large and small tumors showed
trajectories of increases in the oxygenation following treatment (Fig. 4a). In large tumors,
the TME oxygenation levels increased from 2.20£0.44 % before treatment to 2.85+0.39 %
after treatment; in small tumors, the TME oxygenation levels increased from 3.29+1.16 %
before treatment to 4.35+1.79 % after treatment. In general, we observe that the changes
are larger for small tumors. A similar comparison for untreated tumors is shown in Fig.

4b. In the control groups (untreated tumors), the “after” measurements were performed 5
days following the baseline measurements (before), and no radiation therapy was performed
between them. We found that tumors that were not exposed to radiation treatment had an
overall decrease in their oxygenation during the monitoring period, indicating that without
therapeutic intervention the tumors became more hypoxic after 5 days. For large tumors, the
TME oxygenation levels decreased from 2.03+0.90 % to 1.01+0.76 %; for small tumors,
the TME oxygenation levels decreased from 2.53+£0.83 % to 2.10+0.71 %. Interestingly,
here the magnitude of the change was greater for the large tumors than it was for the small
tumors — the opposite of the treated case. The latter may be expected due to easier oxygen
diffusion from nearby normal tissue, or an increased Warburg effect [10].

We further evaluated whether PALT oxygen imaging can differentiate between the treated
and the untreated tumors, in both small and large size tumor groups. In Fig. 5a, the average
changes in TME oxygenation levels, for each tumor group after radiation therapy, are
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presented. For large tumors, with and without being treated by radiation therapy, the changes
of oxygen levels are 0.65+0.57 % and —1.02+1.25 %, respectively. For small tumors, with
and without being treated by radiation therapy, the changes of oxygen levels are 1.06+0.75
% and —-0.43+0.51 %, respectively. Consistent with our findings described above, unlike

the treated tumor groups which showed improvement in TME oxygenation levels after
radiation therapy, the untreated tumor groups showed negative changes in oxygenation
levels, indicating that the tumors without treatment became more hypoxic. We next created
a scatterplot of the change in tumor size, relative to the change in tumor oxygenation, that
clearly illustrates how the four tumor groups formed distinct clusters (Fig. 5b). Both treated
tumor groups clustered into the same region of the plot, which corresponds to an increase in
oxygenation following radiotherapy, and a subsequent decrease in tumor volume following
the monitoring period. In contrast, the untreated tumor groups kept growing during the
monitoring period, and tended to have small, negative changes in tumor oxygenation.

To compare the radiation therapy effects in the treated and untreated tumor groups, the
hematoxylin and eosin (H&E)-stained tumors were analyzed, as shown in Fig. 6. In
contrast to the untreated tumors, the PDX tumors treated with radiation show large areas of
treatment effect, characterized by stromal hyalinization with reduced cancer cell cellularity,
resembling what is observed in clinical pathology practice. Additional histological images
gathered from other tumors may be found in the supplementary information.

Discussion

Oxygen-sensing nanoparticles were administered to mice bearing breast cancer PDX tumors.
Using PALT oxygen imaging, the oxygenation of the TME was characterized in vivo. Mice
were divided by tumor size and split into treatment and control (no treatment) groups.
Radiation therapy was given to the treatment groups every day for five consecutive days.
Tumor oxygenation was again measured using PALT oxygen imaging, and the tumor volume
was monitored for an additional 20 days. We observed that mice, bearing either small (~1
cm?3) or large (~2 cm?3) tumors, when treated by radiotherapy, showed a decrease in tumor
volume over the monitoring period, as expected. Furthermore, both treatment groups showed
an increase in their average tumor oxygenation levels following radiotherapy. In contrast,

the untreated control groups showed the opposite trends: their tumor volumes continued

to increase over the monitoring period, and they showed a decrease in tumor oxygenation
between the two measurements separated by five days. It is noteworthy that the oxygenation
of the larger tumors improved less than that of the smaller tumors. We attribute the poor
reoxygenation to increased proportions of necrotic tissue in the larger tumor groups.

Increases in oxygenation of the TME following radiotherapy have been previously observed
[20-33]. It was suggested that tumor reoxygenation may be caused by a reduction in

the oxygen consumption rate of the tumoral cells [34]. As such, there is evidence that

the oxygen response to radiation can be used to differentiate between radio-sensitive and
radio-resistant tumors [35]. This study observed reoxygenation around an hour after the final
radiotherapy dose with percent oxygen level changes around ~1 %; similar changes have
been reported using the OxyLab pO, system 24 h post radiation [36]. Other studies have
observed the effect as soon as 30 min [32].The temporal manifestation of reoxygenation
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needs further characterization, as does the dependence of the reoxygenation phenomenon on
the radiation administration rate and dose.

Several techniques exist to probe and characterize the reoxygenation events. A review
comparing various photoacoustic approaches and alternative oxygen-sensing methods has
been published recently [37]. Porphyrin molecules, and their many derivatives, have long
been employed for oxygen measurements based on phosphorescence quenching [38,39].
Porphyrins have been applied to oxygen visualization [40], /n vivo measurements of bone
marrow oxygen [41], and measurement of oxygen depletion following FLASH radiation
[42,43]. A notable advantage of using porphyrin contrast agents is the ability to monitor
tissue oxygenation (pO5) directly, rather than having to rely on blood oxygenation (sO5)
level as a proxy. This approach allows researchers to directly probe the oxygen molecules
that would be available for enhancing the effects of radiotherapy. We further argue that
our nanoparticle-enhanced PALT approach has several addition advantages: i) encapsulation
of the porphyrin in an inert matrix protects the porphyrin from the environment and
minimizes deviations in the calibration between neat buffer and the messy TME, enabling
measurements of oxygenation, ii) encapsulation enhances solubility and enables active
targeting of the porphyrin molecule to the TME, and iii) a photoacoustic approach

allows for better spatial resolution in the final image. In comparison, direct measurement
of phosphorescence quenching boasts an easier experimental approach and outstanding
temporal resolution.

One disadvantage of exogenous contrast agents is the added concern regarding the
biodistribution of the agent in regards to the biodistribution of oxygen, which cannot be
assumed to be similar. Techniques like Oxygen-enhanced Magnetic Resonance Imaging
(MRI) have already been used preclinically to monitor changes in tumor oxygenation
induced by radiotherapies [31,32]. However, MRI machines are expensive, limited to
patients without metallic implants, and suffer from relatively poor temporal resolution.
Similarly, approaches using the even more expensive method of positron emission
tomography (PET) with fluorine-18 (F-18) also involve expensive chemical contrast agents
that must be prepared on site [33]. Notably, both PET and PALT oxygen imaging rely

on exogenous contrast agents, while MRI and DRS measure analytes in their native
environment. In the latter case, as with pulse oximetry, oxygen-bound to hemoglobin (sO5)
is being used as a proxy for dissolved tissue oxygen (pO,). However, the relationship
between these two measures is nonlinear [44] and the latter is likely more relevant in

the context of radiation therapy. Each oxygen measurement approach has advantages and
disadvantages relative to the others. Researchers can tailor their approach based on their
experimental needs and the nature of the question being interrogated. Based on our data,
our nanoparticle-enhanced PALT imaging method is a fast, easy, and relatively inexpensive
approach for probing tumor reoxygenation following therapeutic intervention, with potential
clinical applications.

Finally, it should be noted that while many excellent examples of theranostic approaches
combining imaging and therapy exist in the literature [45-47], the therapeutic capabilities
of the G2-PAAmM remain uncharacterized. Embedded in a relatively inert polyacrylamide
matrix, it seems unlikely that the G2-PAAm nanoparticles would display any significant
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radiosensitizing capability, but this variable was never explicitly interrogated. Similarly, the
mechanism of phosphorescent quenching necessarily results in the production of singlet
oxygen, which may in turn result in phototoxicity at the tumor site. We note that both
treated and untreated tumors were imaged in the same manner with the same nanoparticle
dose, but extent and efficacy of any photodynamic effect imparted by the nanoparticles was
uncharacterized. We argue that this effect can only be beneficial, if superficially.

Nanoparticle synthesis

Targeted G2 oxyphor polyacrylamide nanoparticles were synthesized via previously reported
methods [24]. The biocompatibility of the same nanoparticles was demonstrated previously
[24,28]. Unless otherwise indicated, all chemicals were purchased from MilliporeSigma.
Briefly, a monomer solution containing G2 oxyphor (4.0 mg, 1.3 umol, Oxygen
Enterprises, Ltd.), 3-(aminopropyl) methacrylamide hydrochloride salt (53.6 mg, 0.300
mmol), acrylamide (690 mg, 9.7 mmol), 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide
(2.9 mg, 15 pmol, ThermoFisher Scientific), and sulfo-N-hydroxysuccinimide (8.2 mg,

37 umol, ThermoFisher Scientific) dissolved in phosphate-buffered saline (pH 7.4, 1.3

mL) (PBS) was prepared and stirred for 2 h under dark conditions. Then 3-(acryloylxy)
—2-hydroxypropyl methacrylate (321 mg, 1.50 mmol) was added, completing the monomer
solution.

Separately, an oil phase was prepared in a 100 mL round-bottom flask containing hexane
(45 mL), dioctyl sulfosuccinate sodium salt (1.6 g, 3.6 mmol), and Brij L4 (3.3 mL, 8.6
mmol). This oil phase was purged using argon gas and kept under the inert atmosphere with
vigorous stirring. After a minimum of 20 min of purging with the inert gas, the previously
prepared monomer solution was injected into the oil phase, which was then further purged
for a minimum of 20 min. Polymerization was initiated by first injecting 100 uL N,N,N’,N’-
tetramethylethylenediamine (0.67 mmol) into the round-bottom flask, followed by 100 uL
of a 10 % (w/v) ammonium persulfate (44 umol) solution in PBS. The reaction mixture
was then stirred for 2 h under the inert atmosphere. The reaction was quenched by exposing
it to air for 5 min before the hexane was removed by rotary evaporation. The prepared
nanoparticles were washed with ethanol and water, with an Amicon Filter Cell using a 300
kDa filter. The obtained nanoparticles (G2-PAAm) were then lyophilized.

To actively target G2-PAAm nanoparticles to the tumor area, the nanoparticles’ surface

was conjugated with F3 peptides. A PBS solution (pH 7.4, 2.5 mL) containing G2-PAAmM
nanoparticle (50 mg) and bifunctional polyethylene glycol (4 mg, MAL-PEG-SCM, 2 kDa,
Creative PEGWorks) was stirred for 30 min. The mixture was then washed 3 times with
PBS, using an Amicon Ultra Centrifugal Filter (100 kDa) to remove the unreacted PEG.
After the washes, the solution was resuspended to its original concentration (50 mg/2.5 mL)
and the F3 peptide (11 mg, 3.2 pmol, KDEPQRRSARLSAKPAPPKPEPKPKKAPAKKC,
RS Synthesis) was added. The solution was stirred overnight. Then, on the next day, cysteine
(0.63 mg, 5.2 pmol) was added to quench the unreacted maleimide groups and stirred for 2
h. The solution was then washed again to remove the unreacted F3 and cysteine, and then
lyophilized.
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Animal models

Orthotopic PDX mouse models of breast cancer were used in this study. The tumor samples
(JO00100675, Jackson Laboratory, ME), derived from a breast cancer patient (female, 56
year-old, white, AJCC IIB, grade 3 and treatment naive) were implanted in the abdominal
mammary fat pads of immunodeficient mice (NOD.Cg-Prkdcscid 112rgtm-1W;jl/SzJ or NSG)
to created PDX tumors which recapitulate the genetic and biochemical attributes of the
original patient’s tumor [48]. When the sizes of the PDX tumors reached the desired
volumes (1-2 cm3), the mice were used for the PALT oxygen imaging experiment and the
radiation therapy.

Experimental procedure of tumor imaging

All animal experiments followed the protocol approved by the Institutional Animal Care

and Use Committee (IACUC) at the University of Michigan (Protocol: PRO00009561). The
mice were anesthetized with isoflurane during the imaging and therapy processes. Before
imaging, oxygen sensing G2 Polyacrylamide nanoparticles (G2-PAAm NPs), conjugated
with tumor-targeting F3 peptides, were administrated systematically through the tail vein (20
mg/mL in PBS, 0.1 mL). The PALT oxygen imaging was conducted around 1 hour after the
injection, with the contrast of the tumor enhanced by the PAAm NPs. The setup for PALT
oxygen imaging was similar to that reported in our previous studies [24,28]. For each tumor,
2D B-scan imaging was conducted through the center of the tumor. While the temperature of
mice was not actively controlled or measured during imaging, all mice were exposed to less
than 2 min of laser radiation for PALT imaging. Photoacoustic-induced heating is known

to be minimal, and increases in temperature return to baseline within microseconds [49].
Two lasers, for the pump beam at 630 nm (Surelite OPO, Amplitude, CA) and the probe
beam at 920 nm (Phocus Mobile, OPOTEK, CA), covered the imaging region of the PDX
tumor. At the 630 nm wavelength, the light fluence on the mouse’s skin was approximately
10 mJ/cm?. This applied light fluence was well below the 20 mJ/cm? safety limit set by

the American National Standard Institute (ANSI) at the selected wavelength. The light
should have minimal effect on the biological tissue during imaging, but will be sufficient

to pump the contrast agent to the excited state. PA signals were collected using a PA-US
dual-modality imaging system built on a Verasonics research ultrasound unit (Vantage,
Verasonics, WA) with a linear array probe working at a central frequency of 18 MHz (L22—
14v, Verasonics, WA). The lateral and axial resolutions of the PA imaging, using this system,
were 205 pm and 218 pm, respectively, at a 10 mm depth. With varying delays of 10, 20, 30,
40 and 50 ps between the pump beam and the probe beam, the PALT oxygen image of each
tumor was produced by following the same process as previously reported [24]. We used

a needle type oximeter (Microx TX3 Presens, Regensburg, Germany) to set up the PALT
calibration, as described in our previous study [24]. At different oxygen concentrations, the
linear correlations between decay rates and oxygen concentrations were measured. During
tumor imaging, the system acquired 2D B-scan PA and US images simultaneously when

the animal was under anesthesia using isoflurane mixing with over 99 % oxygen gas. For
each result, the PALT oxygen image was presented in pseudo-color and superimposed on the
gray-scale US image, to show both the spatially distributed functional information and the
tissue structures.
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Experimental procedure of tumor treatment

After an initial round of PALT oxygen imaging, each mouse was treated with radiation
therapy daily for 5 consecutive days. Mice were anesthetized with isoflurane and over

99 % oxygen gas prior to treatment. Irradiations were performed using a Kimtron IC

225 (Kimtron Medical), at a dose of approximately 5 Gy, at the University of Michigan
Comprehensive Cancer Center Experimental Irradiation Core (Ann Arbor, MI). X-rays
generated were on the order of 200-250 keV. Dosimetry was performed semiannually using
an ionization chamber connected to an electrometer system that was directly traceable to a
National Institute of Standards and Technology calibration. The beam was collimated, and
a 2-mm Cu beam hardening filter was utilized. On the fifth day, following irradiation, the
mice were once again imaged using the above-described procedure. Following the last dose
of radiation and after the last PALT oxygen imaging, the tumor size of each mouse was
monitored over a total period of 20 days to determine the change in tumor volume. Both
treated and untreated tumors were harvested, cut, and stained with H&E for histological
examination.

Statistical analysis

In the analysis of statistical significance, two-sample #tests were conducted using the built-
in functions of MATLAB® (R2022b, Mathworks, Natick, Massachusetts).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
A schematic summary of the experimental approach. Oxygen-sensitive nanoparticles (G2-

PAAmM) are injected into the tail veins of mice bearing PDX tumors. Upon arrival in the
tumor microenvironment, G2-PAAm are excited by 630 nm (pump) and 920 nm (probe)
laser light so that photoacoustic oxygen image maps may be generated. Treated mice were
then given a course of radiotherapy before being imaged again, with the untreated group
receving no therapy and serving as a control. Following radiotherapy and imaging, mice
were sacrificied and their tumors histologically evaluated. Arrows indicate whether the
measure increased or decreased during the monitoring period.
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The change in tumor volume for each treatment group over a period of 20 days after
radiation treatment. The results from four groups of animals are presented, including large
tumors treated by radiation therapy (/7= 6), small tumors treated by radiation therapy (n=
6), large tumors without being treated by radiation therapy (7= 5), and small tumors without
being treatment by radiation therapy (/7= 4). The measurement on each time point shows the
mean + standard deviation. * indicates that p < 0.001 in a two-sample #test when comparing
to the baseline measurement at day 0, while ** indicates p < 1.0e™>, and *** p< 1.0e~".
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Fig. 3.
PALT oxygen images of tumors in vivo. (a) Representative oxygen map of the tumor before

treatment using radiation therapy. (b) Representative oxygen map of the same tumor of

(a) after 5 days of treatment. (c) Representative oxygen map of an untreated tumor. (d)
Representative oxygen map of the same tumor of (c) after 5 days without treatment. In each
image, the tumor area is marked by a dashed line. Each PALT oxygen image in pseudo-color
is superimposed on the US image showing the tissue structure. The scale bar is 2 mm.
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Fig. 4.

Trajectories of individual tumor’s change in oxygenation level in responding to radiation
therapy, as well as the box and whisker plot for each tumor group. Boxes show the median
and interquartile range. (a) TME oxygenation levels for the treated tumor groups before and
after radiation therapy. Both small and large tumors displayed an increase in oxygenation
following radiotherapy. The p values showing statistically significant differences are 0.038
for large tumors and 0.0183 for small tumors. (b) TME oxygenation levels for the untreated
tumor groups. Here, for both large and small untreated tumors, the oxygenation of the TME
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decreased over the monitoring period. Changes in untreated tumors were not statistically
significant. * indicates p < 0.05.
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Fig. 5.

Ci?anges in tumor oxygen level for each subset of tumor sizes and treatment. (a) A column
graph showing the average changes in the TME’s oxygenation levels for the four tumor
groups. Both large and small size tumors that received radiation therapy showed increases
in their TME oxygenation levels; while both large and small size tumors in the control
groups without treatment showed decreases in their TME oxygenation levels. Error bars
represent the standard deviation of the means. * indicates p < 0.05 and ** indicates p <
0.01 in two-sample #tests; the calculated p values were 0.016 (p < 0.05) for large size
tumors and 0.009 (p < 0.01) for small size tumors, when comparing the treated and untreated
tumor groups. (b) A scatter plot showing how each of the treatment groups cluster based on
their treatment responses. Change in tumor size was monitored over 20 days, while change
in oxygen level refers to before and after 5 days of radiation therapy. Both treated tumor
groups had positive changes in TME oxygenation and negative changes in tumor volume.
The opposite trend was observed for the untreated tumor groups: positive changes in tumor
volume accompanied by negative changes in TME oxygenation.
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Fig. 6.

Rgpresentative images of whole mounts of PDX tumors stained with H&E. (a) Histology
slide from an untreated tumor monitored for 20 days without radiation therapy. (b) Histology
slide from a treated tumor that received 5 Gy of radiation each day for 5 consecutive days
and was monitored for 20 days. Note the areas of hyalinization and necrosis with scant
tumor nests due to the radiation therapy. The scale bar is 2 mm.
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