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Abstract

Hypoxia plays a key role in tumor resistance to radiotherapy (RT). It is important to study hypoxia
dynamics during RT to improve treatment planning and prognosis. Here, we describe a
luminescent nanoprobe, composed of a fluorescent semiconducting polymer and palladium (Pd)
complex, for quantitative longitudinal imaging of tumor hypoxia dynamics during RT. The
nanoprobe was designed to provide high sensitivity and reversible response for the subtle change
in hypoxia over a narrow range (0-30 mmHg O5), which spans the oxygen range where tumors
have limited radiosensitivity. Following intravenous administration, the nanoprobe efficiently
accumulated in and distributed across the tumor, including the hypoxic region. The ratio between
emissions at 700 and 800 nm provided quantitative mapping of hypoxia across the entire tumor.
The nanoprobe was used to image tumor hypoxia dynamics over 7 days during fractionated RT,
and revealed that high fractional dose (10 Gy) was more effective in improving tumor
reoxygenation than low dose (2 Gy) and the effect tended to persist longer in smaller or more
radiosensitive tumors. Our results also indicated the importance of the reoxygenation efficiency of
the first fraction in the prediction of the radiation treatment outcome. In summary, this work has
established a new nanoprobe for highly sensitive, quantitative and longitudinal imaging of tumor
hypoxia dynamics following RT, and demonstrated its value for assessing the efficacy of RT and
radiation treatment planning.
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Introduction

Hypoxia is a characteristic feature of most solid tumors and plays a crucial role in their
resistance to cancer treatment, especially radiotherapy (RT) (1,2). Tumor hypoxia can reduce
DNA damage caused by radiation and promote tumor cell survival via hypoxia-inducible
factor regulated pathways (3,4), but can also compromise the repair of DNA damage (5,6).
Hypoxia has become a major focus of efforts to improve the prognosis and treatment
planning of RT (7), and multiple strategies have been developed to improve the RT efficacy
by targeting hypoxia (8,9). On the other hand, RT itself can also induce changes in tumor
oxygenation and the spatiotemporal complexity of this process remains poorly understood
(10,11). Understanding the dynamic change of tumor hypoxia during RT requires
noninvasive, real-time imaging of hypoxia over a long period of time as opposed to the
single timepoint measurements. This is especially important for fractionated RT as the
change of hypoxia induced by prior fractions will impact the effectiveness of the following
fractions.

The oxygen electrode has been the ‘gold standard’ to measure tumor hypoxia but is invasive
and limited to easily accessible tumors (12). Because of tumor heterogeneity, multiple
locations may have to be sampled in order to precisely map hypoxia across an entire tumor.
Molecular imaging methods can provide noninvasive measurement of tumor hypoxia
through the use of hypoxia-responsive imaging probes. For example, positron emission
tomography (PET), functional magnetic resonance imaging (fMRI), and photoacoustic (PA)
imaging (13-16) have been applied to image hypoxia during RT. Optical imaging of hypoxia
is attractive due to its high sensitivity and ease of use. Optical spectroscopy such as the
diffuse reflection spectroscopy (DRS) has been successfully employed for imaging tumor
hypoxia by measuring the saturation of endogenous hemoglobin (17), which mainly reports
the oxygenation level in the blood vessels. Exogenous optical imaging probes have been
developed to measure hypoxia beyond the blood vessels. Among hypoxia-responsive optical
imaging probes, phosphorescent transition metal complexes have drawn great attention for
their reversible and sensitive response to the change of hypoxia (18,19). Phosphorescence
lifetime imaging can directly quantify the hypoxia level using the time-resolving camera
(20-23). Alternatively, ratiometric imaging probes are reported by integrating the phosphor
with an internal reference for ratiometric imaging of hypoxia. Semiconducting polymers
(SP) can be an excellent candidate for the internal reference due to its better photostability
than small molecule dyes (24,25) and lower Jin vivo toxicity than inorganic quantum dots
(26). However, currently reported ratiometric imaging probes based on SP and phosphor
need UV light excitation and emit in the visible range, thus are not suitable for in vivo study
of tumor hypoxia (27,28). Here, we report a new ratiometric hypoxia luminescent imaging
(RHyLI) nanoprobe based on SP and phosphor that can be excited with red light and exhibit
dual near-infrared (NIR) emissions. We show that the RHyL | nanoprobe can efficiently
penetrate into the hypoxic regions of the tumor tissues after systemic administration and
allow for quantitative imaging of tumor hypoxia dynamics during RT over a period of one
week. We demonstrate the effects of multiple factors on evolution pattern of tumor hypoxia
during fractionated RT. Interestingly, our results have revealed the importance of the first
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fraction in controlling the reoxygenation efficiency of tumor and tumor hypoxia level and
thus tumor growth.

Materials and Methods

Synthesis of the RHyLI nanoprobe

Cell culture

Semiconducting polymer PFO-DBT (0.25 mg), Pd complex (Pd-TPTBP) (25 pug), and
poly(styrene-b-ethylene oxide) (0.5 mg) were dissolved in THF (2 mL), and then rapidly
injected to distilled water (10 mL) under sonication in a Branson 1800 ultrasonic cleaner.
After further sonicated for 2 min, THF was removed and the aqueous suspension was
washed three times with distilled water by ultra-centrifugation. The final concentration of
PFO-DBT and Pd complex in the obtained nanoprobe aqueous suspension was determined
by the absorption and ICP-MS measurements, respectively. The concentration of the
nanoprobe was described by the total mass concentration of the PFO-DBT and the Pd
complex. The probe response to oxygen (0, 2.1, 4.2, 6.3, 8.4, 10.5, 14.7, and 21%) was
measured by collecting the emission spectra (650-850 nm) on a Horiba Jobin Yvon
FluoroMax-3 spectrofluorometer at 630 nm excitation.

HelLa, H460, H1299, A549 and RWPE-1 cells (all were obtained from ATCC between 2013
and 2018 without further authentication) were cultured under 5% CO, and 95% humidified
air at 37 °C. The complete growth media were RPMI medium 1640 (GIBCO) containing L-
Glutamine, 25 nM HEPES and 10% fetal bovine serum (FBS, GIBCO) for HeLa, H460 and
H1299 cells, DMEM (Corning) supplemented with 10% FBS and 1% Pen/Strep (Fisher
Bioreagents) for A549 cells, and Keratinocyte Serum Free Medium (K-SFM) supplied with
bovine pituitary extract (BPE, 0.05 mg/mL) and human recombinant epidermal growth
factor (EGF, 5 ng/mL) for RWPE-1 cells. Mycoplasma was monthly evaluated by using PCR
Mycoplasma Detection Kit (Alfa Aesar).

Animal experiments

All animal experiments were performed in compliance with the Guidelines for the Care and
Use of Research Animals established by the Stanford University Institutional Animal Care
and Use Committee with NU/NU nude mice (5-6 weeks, Charles River Laboratories
International, Inc.). Mice were randomly assigned to treatment groups. The investigators
were not blind to the groups during data acquisition and analysis due to limited available
personnel during animal experiments.

Tumor models

For tumor implantation, each NU/NU nude mouse was subcutaneously injected with 100 L
of cell suspension in PBS (containing 50% Corning Matrigel): 108 for HeLa and H460 cells,
2 x 108 for H1299 cells, and 5 x 108 cells for A549 cells. The implantation was either on the
right rear thigh of the mice (HeLa, H460, and H1299) or on the middle right side of the back
(A549). The tumor growth was monitored every other day or daily by measuring the tumor
size with a digital caliper.
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Measuring oxygen partial pressure (PO») with oxygen microelectrode

A needle-type oxygen microelectrode (Unisense, OX-100) with a tip size of 100 um was
held on a Stoelting Just for Mouse™ Stereotaxic Instrument. The oxygen microelectrode
was connected to an amplifier (OXY-Meter, Unisense) and then to a computer for recording.
Pre-polarization of the microelectrode was performed according to the manufacturer
instruction for 4 hours. The microelectrode calibration was done with the distilled water
bubbled with air or argon for 5 min in a calibration chamber. To measure the PO, in tumor
tissues, tumor-bearing mice were anaesthetized with isoflurane (1.5%) and fixed on the plate
of the stereotaxic instrument. The microelectrode was inserted into the tumor tissues and
moved stepwise (0.5 mm per step) by using the micro-manipulator of the stereotaxic
instrument to measure the PO, from the surface to the core at each spot. PO, was recorded
after waiting for 10 s for stable readouts at each step and reported as an average of five
separate spots. Since the microelectrode may perturb local O field by consuming Oy, in this
study, the microelectrode was used to measure PO, in tumors at a single time point instead
of tracking PO, of the same tumor over time.

Ratiometric imaging of tumor hypoxia

Tumor-bearing mice were imaged in an VIS spectrum in vivo imaging system after
administration of the RHyLI nanoprobe (100 uL PBS, 2 mg/kg). The photoluminescence
signals were collected at 700 nm (690-710 nm filter) and 800 nm (790-810 nm filter) with
the excitation 620-660 nm filter. The gray images were imported into Matlab (v9.0.0,
MathWorks) to generate ratiometric images by dividing the intensity at the 800 nm by the
intensity at the 700 nm pixel-to-pixel (Iggo/l700—1). In each ratiometric image, the tumor
region was selected according to the corresponding brightfield image and the mean intensity
of all the pixels in the tumor region was calculated (pixel size 0.196x0.196 mm, 1,306 pixels
for a typical 8 mm tumor) and termed as ‘mean ratio’ to represent the average hypoxia level
of the tumor. No extra correction was performed for partial volume effect.

Radiation treatment

Radiation therapy was performed on a Kimtron Polaris MC-500 X-ray irradiator at 225 kV
and 13.3 mA with the dose rate of 0.01 Gy/s. Mice were anesthetized by intraperitoneal
injection of 100 pL of ketamine hydrochloride (8 mg/mL) and xylazine (1.3 mg/mL) and
placed on the work surface at 60 cm below the red dot on side of the cylinder head. Only the
tumor tissues were irradiated by using a lead shield for blocking, and no more than 5 mice
were irradiated together at each time point.

Imaging the tumor hypoxia dynamics in RT

Tumor-bearing mice were i.v. injected with the RHyLI nanoprobe in 100 pL PBS (2 mg/kg)
and imaged at 24 h p.i. Then the mice were treated with the first RT fraction on a Kimtron
Polaris MC-500 X-ray irradiator, and imaged at 0.5, 2, 4, 6, 8, 24, and 48 h after RT before
next treatment and imaging cycle. Typically, there were three cycles of pre-RT imaging, RT,
and post-RT imaging over time (0.5-48 h).

To explore the correlation between tumor hypoxia and tumor growth, NU/NU nude mice
bearing H460 tumors on the right rear thigh (size 2-4 mm, n = 20) were randomly assigned
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to two groups (n = 10 per group) and received two RT fractions at day 0 and day 2 (Group 1:
2 Gy + 10 Gy; Group 2: 10 + 2 Gy). The nanoprobe was i.v. injected at 24 h before the 1st
RT fraction (2 mg/kg) for NIR ratiometric imaging of tumor hypoxia from day 0 to day 3,
and the tumor size was recorded daily for 15 days.

Statistical analysis

Results

Statistical analysis was performed using GraphPad Prism (v7.0, GraphPad Software, Inc.).
Comparison between two groups was performed by two-tailed t-test with Welch’s
correction, assuming Gaussian distribution. Comparisons among three groups were
performed by one-way ANOVA with Geisser-Greenhouse correction. * p < 0.05, ** p <
0.01. A p value < 0.05 was considered to be statistically significant. The results are
presented as Mean + SD.

Synthesis and photophysical properties of the nanoprobe

The RHyLI nanoprobe was prepared based on a palladium (Pd) complex and a fluorescent
SP (PFO-DBT) using the nanoprecipitation method (29) (Fig. 1A). The phosphorescence of
the Pd complex is extremely sensitive to oxygen (30), making it highly valuable for sensing
subtle changes of hypoxia at low oxygen levels. The SP serves as the internal reference for
ratiometric imaging due to its stable and oxygen-insensitive fluorescence property (31) as
well as the matrix for encapsulating the Pd complex. The synthesized nanoprobe showed a
diameter of 1744 nm by TEM (Fig. 1B, C), and a hydrodynamic diameter of 28+7 nm in
aqueous solution by DLS (Fig. 1D). The mean zeta-potential of the nanoprobe in PBS (1x,
pH 7.4) was determined to be =7 mV (Supplementary Fig. S1). The stability of the
nanoprobe was followed for 30 days in PBS (1%, pH 7.4) at 4 °C by DLS, and little change
in the hydrodynamic diameter of the particles was observed (Fig. 1E).

The nanoprobe exhibited a broad absorption in the visible range up to 650 nm
(Supplementary Fig. S2). When excited at 630 nm, the nanoprobe emitted maximally at 685
and 795 nm from the SP and Pd complex, respectively (Fig. 1F). The red excitation and
near-infrared (NIR) emissions make it suitable for in vivo imaging. The phosphorescence
emission at 795 nm increased when the oxygen level decreased—as high as 13.5-fold when
the oxygen level dropped to 0 from 21%, while the emission at 685 nm remained nearly
unchanged. The ratio of the emission intensity between 795 and 685 nm (R7gs/85) increased
nonlinearly as the oxygen level decreased, with the sharpest response in the low oxygen
range (e.g. 0-4% O») (Fig. 1G). As the oxygen levels of hypoxic tumors have been reported
to vary between 0-3% in both clinical and preclinical studies, and the sensitivity of tumors
to RT begins to decrease with decreasing oxygen at a threshold of 3.3-3.9% O, (1), the large
response range of the probe over a narrow oxygen range (0-4%) is well-suited to detect
hypoxia-mediated changes in radiosensitivity (< 3.9% O,). Importantly, this ratiometric
approach cancelled out variations in probe concentration in different tumors and different
regions of tumors in quantifying hypoxia.
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The response of the phosphorescence emission of the Pd complex to oxygen is based on
energy transfer from the triplet excited state of the Pd complex to the triplet ground state of
molecule oxygen (32), therefore, the response of the nanoprobe to the oxygen level was fully
reversible (Fig. 1H), unlike 2-nitroimidazole based PET and immunohistochemistry probes
that irreversibly form adducts with biomolecules after reduction (33,34). The RHyLI
nanoprobe exhibited nearly no response to other stimuli, including pH (3-9), hydrogen
peroxide (up to 32 uM), and hydroxy! radical (up to 8 uM) (Supplementary Fig. S3A, B, C).
The uptake of the RHyLI nanoprobe (5 pg/mL) in HeLa cells indicated strong red
fluorescence signal in confocal imaging (Supplementary Fig. S4A).

The response of the RHyLI nanoprobe to tumor hypoxia

After testing the cytotoxicity of the RHyLI nanoprobe in HeLa (Supplementary Fig. S4B)
and RWPE-1 cells (Supplementary Fig. 5A, B, C), we evaluated its response to the hypoxic
conditions of solid tumors. As shown in Supplementary Fig. S6A, same amount of the
nanoprobe (0.1 mg/mL in 40 pL PBS) was injected into the HeLa tumor xenograft on the
right rear thigh and normal tissue on the contralateral thigh of a nude mouse for NIR
ratiometric imaging. To corroborate the hypoxia measurement from the ratiometric image,
oxygen partial pressures (PO5) in tumor and normal tissues were directly measured using a
needle-type oxygen microelectrode, showing an excellent correlation with RHyLI
(Supplementary Fig. S6B). The emission spectra of the signals from tumor and normal
tissues indicated that the 800 nm signal was selectively enhanced in the hypoxic tumor tissue
(Supplementary Fig. S6C), which agrees with the /in vitro hypoxia response of the nanoprobe
(Fig. 1F).

Intravenous (i.v.) administration of the probe is generally preferred to intratumoral delivery
for /n vivoimaging. We first validated that intravenously injected nanoprobe was able to
sufficiently accumulate in and efficiently distribute across tumors, including both perfused
and hypoxic regions. Nude mice bearing HeLa tumors (N = 3) were i.v. injected with the
nanoprobe (2 mg/kg) and sacrificed 24 h later to quantify the biodistribution of the
nanoprobe by ex vivoimaging in the 700 nm channel (Supplementary Fig. S7A) as well as
ICP-MS analysis of Pd (Supplementary Fig. S7B). ICP-MS showed the probe accumulation
in tumor tissues of 7.4+1.6% ID/g tissue, which is higher than the average level reported for
nanomedicines (35).

To characterize the delivery of the nanoprobe across the tumor, the excised HeLa tumors
were processed for immunofluorescence staining. The frozen sections of the tumor tissues
were stained with CD31 and pimonidazole (PIMO) antibody (green) to reveal the tumor
blood vessels and hypoxic regions of the tumors, respectively (Fig. 2A, B). The distribution
of the nanoprobe within the tumor tissues was followed by its fluorescence signal at the 700
nm channel (red). Three different regions of the tumor including periphery (exhibiting the
most abundant blood vessels and lowest hypoxia staining), semi-periphery (0-400 pm away
from the periphery), and center were analyzed in the selected regions of interest (ROl 1&2
in Fig. 2A, B). From the periphery to the semi-periphery to the center, the tumor vasculature
density (CD3L1 staining per area) decreased by 83% and 72%, and the hypoxia level (PIMO
staining per area) increased by 4.5- and 7.1-fold, while the nanoprobe concentration
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decreased to 41-45% and 54-61% of that in the periphery, respectively (Fig. 2C, D). The
ratio of the probe concentration to the vascular density in the semi-periphery and the center
was found to be 2.4- and 1.9-fold higher than that in the periphery (p<0.01), respectively
(Fig. 2E), indicating that although the semi-periphery and the center of the tumor tissue have
relatively low vascular density, the blood vessels in these regions tend to be more efficient in
the delivery of nanoprobes, likely due to their defective structure in the hypoxic regions of
the tumors (36,37). As shown in Fig. 2F, G, the nanoprobe could extravasate from the blood
vessels and penetrate into the hypoxic regions. Similar results were also observed when the
nanoprobe was tested in H460 tumors (Supplementary Fig. S8A, B). As hypoxia in solid
tumors is known highly heterogenous, the effective distribution of the RHyLI nanoprobe
across the tumor including non-hypoxic and various hypoxic conditions (moderate to severe)
renders it suitable for /n vivo hypoxia measurement.

Longitudinal, reversible imaging of tumor hypoxia by RHyLI

Next, the nanoprobe (2 mg/kg) was injected intravenously into nude mice bearing HeLa
tumor (6 mm) for hypoxia imaging. NIR ratiometric imaging was performed at various time
points (1, 4, 8, 24, 48 h, and 7 days p.i.) (Fig. 3A). The tumor signals in the 700 nm channel
showed prolonged retention of the nanoprobe in the tumor for 7 days after a single i.v.
injection (Fig. 3B), indicating its ability to longitudinally image tumor hypoxia. The
ratiometric images reported the level of tumor hypoxia (Fig. 3C). The “mean ratio” (the
mean intensity of all the pixels in the tumor in the ratiometric image) was calculated to
represent the mean hypoxia conditions of the tumor, which should be contributed by both
intracellular and extracellular oxygen considering the cell uptake of the nanoprobes
(Supplementary Fig. S4).

Using the RHyLI nanoprobe, we compared the hypoxia levels in different tumor sizes and
types. The nanoprobe was i.v. injected to nude mice bearing HeLa tumors at different sizes
(2, 6, 10, or 16 mm, Fig. 3D, Supplementary Fig. S9) or different types of tumor (HeLa,
H460, and H1299) at the same size (8 mm) (Fig. 3E, Supplementary Fig. S10), followed by
tumor hypoxia imaging at 24 h p.i. The size-dependent hypoxic conditions were observed in
the HeLa tumors (Fig. 3F), and the H1299 tumors showed relatively moderate hypoxic
conditions as compared to HeLa and H460 tumors (Fig. 3G). All these measurements with
RHyLI were confirmed by oxygen microelectrode (Fig. 3H, I). These results show that
RHyLI can effectively image oxygen levels in the range of 1-27 mmHg (Fig. 3H, I).

To test the reversibility of the RHyLI nanoprobe to hypoxia /n vivo, the HelLa tumor and
normal tissues were tied with a string to restrict blood flow and induce severe hypoxia,
followed by removal of the string to allow recovery of blood circulation and oxygenation
(Fig. 3J, Supplementary Fig. S11). The mean ratio reported by ratiometric imaging showed
an increase and then decrease over the course of this procedure (Fig. 3K), confirming the
reversibility of the nanoprobe response to changes in hypoxia /in vivo. The reciprocal of
mean ratio showed a linear correlation with the oxygen partial pressure (PO, in mmHg)
measured with the oxygen microelectrode (Fig. 3L), allowing quantification of hypoxia
within a tumor by ratiometric imaging with the RHyLI.
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Imaging tumor hypoxia dynamics during radiotherapy (RT)

After validating the stability of the nanoprobe upon radiation (Supplementary Fig. S12A, B),
we then imaged the tumor hypoxia dynamics over the course of fractionated RT. Typically,
tumor-bearing nude mice were treated with three RT fractions (2 or 10 Gy per fraction) with
an interval of 48 h and tumor hypoxia was noninvasively imaged throughout the RT
treatment period for 144 h (Fig. 4A). The nanoprobe was i.v. injected to mice (2 mg/kg) at
24 h before the first RT fraction. When HelLa tumors (8 mm) were treated with the first RT
fraction at a high dose (10 Gy), the mean ratio increased from 0.280+0.041 pre-RT to
0.442+0.078 at 0.5 h after RT and then gradually decreased to 0.147+0.042 at 24 h after RT
(Fig. 4B, C). These mean ratios corresponded to the mean PO, of 3.02+0.43 mmHg pre-RT,
1.99+0.32 mmHg at 0.5 h and 5.44+1.16 mmHg at 24 h after RT. This result confirms that
the RHyLI nanoprobe can report the subtle dynamic change of tumor hypoxia induced by
RT.

The measured oxygen levels for HeLa tumors treated with three RT fractions at different
doses (10 or 2 Gy per fraction) reveal that RT first induced a transient increase in tumor
hypoxia, followed by a progressive reoxygenation (Fig. 4C, D, Supplementary Fig. S13).
The observed reoxygenation in tumors induced by RT agrees with previous studies with the
oxygen electrode measurement (3,38). However, although reoxygenation is often the
dominating trend in the initial period after RT (e.g. 0.5-24 h), the long-term evolution of
tumor hypoxia with an interval of 24 h is not always declining and may vary depending on
the RT dose (Fig. 4E). For instance, a high RT dose (10 Gy) decreased the mean ratio from
0.280+0.041 pre-RT to 0.147+0.042 at 24 h after the first RT fraction (p<0.01) but increased
to 0.307%0.031 after the third RT fraction (at 144 h). However, a small fractional RT dose (2
Gy) increased the mean ratio from 0.293+0.032 pre-RT to 0.446+0.035 at 48 h after the first
RT fraction (p<0.01).

The long-term evolution of tumor hypoxia obtained by ratiometric imaging can provide
valuable predictive information for the treatment effect of RT, since the change of tumor
hypoxia induced by the prior RT fraction will directly impact the effectiveness of subsequent
fractions. Tumor response as measured by change in tumor volume demonstrated that the
high RT dose but not the low RT dose resulted in tumor control (Fig. 4F). On the other hand,
the short-term dramatic change of tumor hypoxia in the first 24 h after each fraction
monitored by ratiometric imaging can reflect the combined effects of multiple factors on
oxygenation such as radiation-induced direct and indirect cell death, changes in blood
perfusion, acute and chronic vascular damage, change of interstitial fluid pressure (IFP), and
tumor stromal fibrosis (3,39) (Fig. 4C, D). These factors may modulate oxygenation in
contradictory ways. To quantify the combined contributions of these factors, we proposed
the use of a term--reoxygenation efficiency, defined by the ratio of the decrease in hypoxia
during the reoxygenation-dominated period (0.5-24 h) (difference between the mean ratio at
0.5 h and at 24 h) to the increase in hypoxia immediately after RT (0-0.5 h) (difference
between the mean ratio at 0.5 h after RT and pre-RT). Fig. 4G shows that high RT doses (10
Gy) produced better reoxygenation efficiency than low doses (2 Gy) in the first fraction
(1.82+0.34 for high dose versus 0.56+0.12 for low dose), but the difference in subsequent
fractions was small between high and low doses. This result suggests the importance of the
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first fraction and its dose in controlling the reoxygenation efficiency and thus tumor hypoxia
level.

To investigate the effect of tumor growth stage on the hypoxia dynamics during RT, HeLa
tumors of a small size (5 mm) were treated with three high dose RT fractions (10 Gy per
fraction) and imaged with the RHyLI nanoprobe. The evolution of tumor hypoxia over time
(Fig. 5A, Supplementary Fig. S14) was compared to that of a larger tumor (8 mm) with the
same treatment (Fig. 4C), showing a significant difference in the periods of the second and
third RT fractions (Fig. 5B). For the large tumors, the two subsequent RT fractions induced
an increase of the mean ratio from 0.175+0.038 before the second RT fraction (at 48 h) to
0.307%0.031 at 144 h (p<0.01). For the smaller tumors, however, the mean ratio showed no
significant change from 0.192+0.030 at 48 h to 0.172+0.021 at 144 h (p>0.05). This result
indicates that while the first fraction of large dose radiation improved tumor reoxygenation,
the improvement tended to persist longer in small tumors than large tumors during the
course of RT.

The dynamics of tumor hypoxia during RT were also studied in different tumor types. H460
tumors (8 mm) were treated with three high dose RT fractions (10 Gy per fraction). The
evolution of tumor hypoxia was monitored over one week (Fig. 5C, Supplementary Fig.
S15) and compared with the result of HeLa tumors with the same tumor size and RT dose
(Fig. 4C). While H460 tumor cells are known to being radiosensitive and HeLa
radioresistant (40,41), they showed similar hypoxia levels before the first RT fraction (mean
ratio 0.280+0.041 for HeLa versus 0.301+0.070 for H460; Fig. 5D) and their long-term
evolution trend was similar in the first fraction period (0-48 h). However, in the two
subsequent RT fractions (48-144 h), tumor hypoxia started to increase in HelLa tumors but
not in H460 tumors. H460 tumors exhibited higher reoxygenation efficiency than HelLa
tumors in the second and third RT fractions (Fig. 5E). This result implies that intrinsic
characteristics of tumor cells may play a key role in defining the evolution of hypoxia in
response to fractionated RT. While the first fraction of large dose radiation improved tumor
reoxygenation in both radiosensitive and radioresistant tumors, subsequent fractions
produced more efficient reoxygenation in radiosensitive tumors than in radioresistant
tumors.

The effects of the first RT fraction on tumor hypoxia dynamics and treatment outcome were
tested on H460 tumor xenografts. Nude mice bearing H460 tumors (2-4 mm) were i.v.
injected with the RHyLI nanoprobe (2 mg/kg) before treated with two RT fractions (group 1:
2 Gy + 10 Gy; group 2: 10 Gy + 2 Gy; n = 10 mice per group, Fig. 5F). The tumor hypoxia
was monitored for the first 3 days and the tumor growth was measured over 15 days. Group
1 and 2 had similar tumor hypoxia levels before RT (mean ratio 0.176+0.045 vs
0.171+0.058, Fig. 5G). But the mean ratio increased to 0.472+0.104 (group 1) vs
0.231+0.067 (group 2) at 24 h after the first RT fraction and 0.482+0.089 (group 1) vs
0.211+0.046 (group 2) at 24 h after the second RT fraction. Therefore, even with the same
total radiation dose, a higher dose in the first fraction (group 2) led to a lower tumor hypoxia
level (smaller ratio) and slower tumor growth (Fig. 5H).
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To further explore the correlation between tumor hypoxia and tumor growth of fractionated
RT, the increase of tumor volume from day 0 to 15 was correlated with the hypoxia levels at
various time points or the reoxygenation efficiency during the two RT fractions for each
mouse in the two groups (n = 20, Supplementary Fig. S16A-E) (17). The tumor volume
increase showed better correlation with the reoxygenation efficiency in the first fraction
(P=0.0190) than that of the second fraction (P=0.4805). Besides, better correlation was
observed for the hypoxia levels after RT (P=0.0706 after 15t fraction and 0.0472 after 2nd
fraction) than that before RT (P=0.1883). These results suggest that the information of tumor
hypoxia during fractionated RT, especially the reoxygenation efficiency after the first
fraction, may be valuable for predicting treatment outcome.

Both HeLa and H460 tumors are very hypoxic, exhibiting a mean PO, of 3 mmHg at a
tumor diameter of 8 mm (Fig. 31). The mean ratio measured in these two tumors during RT
ranged from 0.124 to 0.588, corresponding to PO5s of 1.56 to 6.42 mmHg, representing
severe hypoxia. To evaluate the RHyLI nanoprobe in tumors with moderate hypoxia, which
have been frequently reported in clinical studies (1), H1299 tumors (8 mm, mean PO, 26.4
mmHg) were treated with three RT fractions (10 Gy per fraction) and imaged with RHyL
(Supplementary Fig. S17&18). The mean ratio was found to vary in the range of 0.036—
0.230 during RT, corresponding to a PO, range of 3.57-26.4 mmHg. Therefore, the RHyLI
nanoprobe is able to image tumor hypoxia over an oxygen range of 1.56-26.4 mmHg /n
Vivo.

To improve the effectiveness of RT, a variety of adjuvants are being developed to alleviate or
compensate for tumor hypoxia. These can also be evaluated using the RHyLI nanoprobe.
Nude mice bearing A549 tumors were treated with papaverine hydrochloride (PPV, 2 mg/kg)
by i.v. injection, a drug that has been shown to inhibit mitochondrial complex 1 and
correspondingly oxygen consumption in tumors to reduce tumor hypoxia (42). A gradual
decrease in tumor hypoxia was observed by ratiometric imaging after drug administration
(Supplementary Fig. S19A,B). The mean ratio decreased from 0.160 to 0.096, corresponding
to an increase of PO, from 5.01 to 8.19 mmHg. This result agrees with the recent findings
reported in the literature (42).

Discussion

In this work we have designed a new hypoxia imaging nanoprobe (RHyLI) that can
quantitatively measure and monitor tumor hypoxia in real time over the course of RT. In
comparison to existing hypoxia imaging probes, RHyL I offers several advantages: 1) RHyLI
quantitatively measures oxygen levels by ratiometric imaging, in contrast to qualitative
measurement of PET probes; 2) RHyLI provides direct and reversible measurement of
hypoxia, in contrast to irreversible and nitroreductase-dependent response of 2-
nitroimidazole based PET probes (33); 3) RHyLI uses NIR imaging that is nonradiative and
low-cost; 4) RHyLI can report on the oxygen level beyond blood vessels, unlike fMRI and
PA methods that measure hemoglobin oxygen saturation within vessels only (43,44); 5)
RHyLI can facilitate long-term measurement of tumor hypoxia over one week; and 6)
RHyLI is sensitive to oxygen levels between 1.56-26.4 mmHg and is particularly suited to
imaging tumor hypoxia dynamics during RT. This hypoxia range (0-30 mmHg O5) has been
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reported to associate with positive or negative responses to RT. For example, patients with
median tumor oxygen tensions of >10 mmHg exhibited post-RT disease-free survival rates
of 78% v.s. <10 mmHg with 22% (45).

This novel approach towards imaging hypoxia /n vivo has several limitations. Firstly, NIR
imaging has a limited tissue penetration depth of a few centimeters, a major disadvantage in
comparison to PET that limits it in the clinical setting to superficial targets, those accessible
with an endoscope or intraoperative imaging. In the current study, the imaging of tumor
hypoxia dynamics during RT was performed on the subcutaneous tumors with the diameter
of 2 to 8 mm, which was within the penetration depth of NIR light. Furthermore, while the
difference in wavelength between the constitutive and oxygen-sensitive channels allows their
independent detection and quantitation, it also presents the possibility that the wavelength-
dependent differences in tissue absorption and scattering may interfere with the
quantification in ratiometric imaging. However, the quantification of tumor oxygenation in
this work was calibrated with oxygen electrode measurement performed in animal (Fig. 3L),
which should minimize the impact of wavelength-dependent tissue absorption and
scattering. Finally, the nanoprobe needs to penetrate into the hypoxic regions of tumor
tissues to measure the local hypoxia, which may be inefficient in some tumor types
considering the multiple barriers for the penetration of nanoparticles (46). However, the
nanoprobe can still report the hypoxia in or near the blood vessels, similar to the hypoxia
imaging methods that measure hemoglobin oxygen saturation.

Longitudinal measurement of tumor hypoxia during RT with the RHyLI nanoprobe revealed
a similar short-term evolution pattern in each RT fraction period regardless of tumor size,
type, and RT dose, which was comprised of a transient increase in hypoxia followed by
reoxygenation. Several factors may contribute to this pattern in combination, for example,
acute damage to endothelial cells that are rapidly proliferating and inherently sensitive to
radiation (47), the increased blood perfusion, reduced oxygen metabolism of tumor cells,
decreased IFP, and HIF-1a-regulated angiogenesis (10,39,48). The long-term evolution of
tumor hypoxia in fractionated RT was found to vary with RT dose, tumor size, and type.
Higher fractional doses improved tumor reoxygenation efficiency, which persisted longer for
smaller and more radiosensitive tumors. Our observations also indicate the importance of the
first fraction in dictating the results of a fractionated course of RT. High reoxygenation
efficiency in the first fraction can contribute to a relatively lower hypoxia level in all the
follow-up fractions and has been found to be correlated with a better treatment outcome. In
addition, the ability of the RHyLI nanoprobe to quantify small changes in tumor hypoxia in
real time may also make it valuable for mechanistic studies of the effect of RT on tumor
hypoxia as well as in the development of hypoxia-modulating drugs.

In summary, a new NIR ratiometric imaging nanoprobe (RHyLI) has been developed for
quantitative and reversible measurement of hypoxia in the range of 0-30 mmHg. The
nanoprobe was applied for imaging tumor hypoxia dynamics during fractionated RT at
different radiation dose, tumor size and type. The first radiation fraction was found to be
crucial for controlling the tumor hypoxia levels during fractionated RT and the
reoxygenation efficiency in the first fraction might be key information for predicting
radiation treatment outcome.
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This study presents a novel nano-agent for the visualization and quantification of tumor

hypoxia.

Significance
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Synthesis and photophysical properties of the nanoprobe. A, Design of the RHyLI
nanoprobe and its hypoxia sensing mechanism. B, A representative TEM image of the
nanoprobe. C, Size distribution of the nanoprobe under TEM. D, Hydrodynamic diameter of
the nanoprobe in distilled water by DLS. E, Stability test of the nanoprobe in PBS (1%, pH
7.4). Results are presented as mean + SD (N = 3). F, Emission spectra of the RHyLI
nanoprobe in distilled water (5 pug/mL) at various oxygen levels (0-21%). Excitation: 630
nm. G, The ratio between the emission intensities at 795 and 685 nm at various oxygen
levels. The region of oxygen level related to tumor resistance to RT is highlighted. H,

Reversible response of the nanoprobe to the change of oxygen level.
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Figure 2.
Intratumor distribution of the nanoprobe after i.v. injection. A,B, Nude mice bearing HelLa

tumor were i.v. injected with the nanoprobe (2 mg/kg) and the tumor tissues were collected
at 24 h p.i. The frozen sections of the tumor tissues were stained with (A) CD31 antibody
and (B) pimonidazole (PIMO) antibody (green). The nanoprobe was observed by collecting
its 685 nm emission (red) and nuclei of cells were stained with DAPI (blue). Two regions of
interest (ROIs) in the whole tumor sections were selected and enlarged in bottom two rows
(white boxes). ROI 1 contained two regions as divided by the white line: the tumor periphery
on the right side and semi-periphery (0-400 pm to the periphery) on the left side; ROI 2 was
in the center of the tumor. Scale bars: 200 um for whole tumor and 50 pum for the ROls.
C,D,E, The probe distribution in three different regions of the tumor tissues (periphery,
semi-periphery, and center) is compared to levels of (C) vascular density (CD31 staining
intensity per area) or (D) hypoxia (PIMO staining intensity per area). The signal intensities
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per area of the probe, CD31 and PIMO in various regions were normalized by the average
probe signal intensity per area in the periphery, average CD31 staining intensity per area in
the periphery, and average PIMO staining intensity per area in the center, respectively. E,
The ratios of probe concentration to vascular density in the three different regions were
compared. Results are presented as Mean + SD (N = 3). ** p < 0.01, in comparison among
the probe-to-CD31-ratio values of various tumor regions by one-way ANOVA with Geisser-
Greenhouse correction. F,G, Penetration of the nanoprobes from the blood vessels to the
hypoxic regions of the tumor tissue. The hypoxic regions were determined by (F) low
vascular density or (G) PIMO staining. The white dashed line in F indicates a hypoxic
region.
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Ratiometric imaging of tumor hypoxia after i.v. injection of the nanoprobe. A, Nude mice
bearing HeLa tumor (6 mm) on the right rear thigh were i.v. injected with RHyLI (2 mg/kg)
and imaged by ratiometric imaging over time. B, The tumor signal intensities in the 700 nm
channel in A show the accumulation and retention of the nanoprobe in the tumor tissues over
7 days. C, Plot of the values of the mean ratio (the mean signal intensity of all the pixels in
the tumor region) for the tumor in the ratiometric images in (A) versus time. D-I,
Ratiometric imaging of hypoxia in tumors with indicated size or type. Nude mice bearing
(D) HelLa tumors with a size of 2, 6, 10, or 16 mm (N = 3 for each group), or (E) HeLa,
H460, or H1299 tumor with a size of 8 mm (N = 3 for each group) were i.v. injected with the
nanoprobe (2 mg/kg) and imaged at 24 h p.i. F,G, The values of mean ratio of tumors in the
ratiometric images. H,I, Partial oxygen pressure (PO,) in tumors in (D,E) measured by the
needle-type oxygen microelectrode. J,K, Reversible response of the nanoprobe to hypoxia.
Nude mice bearing HeLa tumor (2 mm) were i.v. injected with the nanoprobe (2 mg/kg). At
24 h p.i., the tumor tissue on the right thigh (red arrow) or the normal tissue on the left thigh
(white arrow) was tied with a string to induce the temporal increase of hypoxia and then
untied for the recovery of blood circulation. (J) Mice were monitored by ratiometric imaging
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and (K) tumor hypoxia in the ratiometric images was quantified by the values of mean ratio.
Results are presented as Mean = SD (N = 3). ** p < 0.01, when comparing the mean ratio
values of the tied state with those of loosen states by one-way ANOVA with Geisser-
Greenhouse correction. L, Correlation of the reciprocal of the mean ratio with the
corresponding oxygen partial pressure measured by the oxygen microelectrode. The values
of mean ratio and PO, used for correlation are the measurement results of HeLa tumors at
various tumor sizes by ratiometric imaging (F,G) and oxygen microelectrode (H,I).
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Figure 4.
Real-time monitoring tumor hypoxia dynamics in fractionated RT. A, Timeline of the

experiment. Tumor-bearing mice were treated with three RT fractions with a 48 h interval.
The nanoprobe was i.v. injected to the mice (2 mg/kg) at 24 h before the first RT fraction.
Tumor hypoxia was imaged before RT and at 0.5 to 48 h after each RT fraction. B,
Ratiometric images of a mouse bearing a HeLa tumor (8 mm) at indicated time points during
three RT fractions (10 Gy per fraction). C,D, Evolution of the mean ratio over time when
HeLa tumors (8 mm) were treated with three RT fractions (C: 10 Gy; D: 2 Gy per fraction;
N = 3 per group). E, Long-term evolution of tumor hypoxia measured with a 24 h interval in
HeLa tumors (8 mm) received indicated RT doses (10, 2, and 0 Gy as control). Results are
presented as Mean £+ SD (N = 3). * p < 0.05, ** p < 0.01, when comparing the mean ratio
values of the RT-treated groups with those of the control group at various time points by
one-way ANOVA with Geisser-Greenhouse correction. F, Tumor growth curves of HelLa
tumors (8 mm) treated with different RT doses (10, 2 and 0 Gy as control). ** p < 0.01, ‘ns’
(not significant) p > 0.05, when comparing the tumor volumes of the RT-treated groups with
those of the control group at 144 h time point by one-way ANOVA with Geisser-Greenhouse
correction. G, Reoxygenation efficiency, defined by the ratio of hypoxia decrease in 0.5-24
h (the difference between the mean ratio at 0.5 h and 24 h) to hypoxia increase in 0-0.5 h
after each RT fraction (the difference between the mean ratio between 0.5 h and pre-RT) of
HeLa tumors for each RT fraction at different RT doses. Results are presented as Mean = SD

Cancer Res. Author manuscript; available in PMC 2020 March 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zheng et al.

Page 22

(N =3). ** p < 0.01, in comparison between the reoxygenation efficiencies under different
RT doses in the 15t RT fraction by two-tailed t-test with Welch’s correction.
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Figure5l.
Tumor hypoxia dynamics in RT at different tumor size/type and the effect of the first

fraction dose on tumor hypoxia dynamics and treatment outcome. A,C, Evolution of tumor
hypoxia over time when nude mice bearing (A) HeLa tumor (5 mm) or (C) H460 tumor (8
mm) were treated with three RT fractions (10 Gy per fraction). B,D, Comparison of the
long-term evolution of hypoxia of (B) HeLa tumors with indicated size (large: 8 mm; small:
5 mm) or (D) different tumor types (HeLa or H460) at the same tumor size (8 mm). Results
are presented as Mean + SD (N = 3). ** p < 0.01, in comparison between the mean ratio
values at different (B) tumor sizes or (D) tumor types at 144 h time point by two-tailed t-test
with Welch’s correction. E, The reoxygenation efficiency of HeLa and H460 tumors in each
RT fraction. Results are presented as Mean = SD (N = 3). * p < 0.05, in comparison between
the reoxygenation efficiency of HeLa and H460 tumors in the 2" and 3" RT fraction by
two-tailed t-test with Welch’s correction. F,G,H, The effect of first fraction dose on tumor
hypoxia dynamics and treatment outcome. (F) Timeline of the experiment. Nude mice
bearing H460 tumors were treated with two RT fractions at day 0 and day 2 (group 1: 2 Gy
+ 10 Gy, group 2: 10 Gy + 2 Gy, n = 10 per group). The nanoprobe was i.v. injected to the
mice (2 mg/kg) at 24 h before the first RT fraction. (G) The evolution of tumor hypoxia was
monitored from day 0 to day 3 and (H) the tumor growth was recorded from day 0 to day 15.
The black arrows indicate RT treatment. * p < 0.05, ** p < 0.01, in comparison between the
(G) mean ratio or (H) tumor volume of the two groups by two-tailed t-test with Welch’s
correction.
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