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Abstract

Nanoscale perfluorocarbon (PFC) droplets have enormous potential as clinical theranostic agents. They
are biocompatible and are currently used in vivo as contrast agents for a variety of medical imaging
modalities, including ultrasound, computed tomography, photoacoustic and ?F-magnetic resonance
imaging. PFC nanodroplets can also carry molecular and nanoparticulate drugs and be activated in situ by
ultrasound or light for targeted therapy. Recently, there has been renewed interest in using PFC
nanodroplets for hypoxic tumor reoxygenation towards radiosensitization based on the high oxygen
solubility of PFCs. Previous studies showed that tumor oxygenation using PFC agents only occurs in
combination with enhanced oxygen breathing. However, recent studies suggest that PFC agents that
accumulate in solid tumors can contribute to radiosensitization, presumably due to tumor reoxygenation
without enhanced oxygen breathing. In this study, we quantify the impact of oxygenation due to PFC
nanodroplet accumulation in tumors alone in comparison with other reoxygenation methodologies, in
particular, carbogen breathing.

Methods: Lipid-stabilized, PFC (i.e., perfluorooctyl bromide, CF3(CF,)7Br, PFOB) nanoscale droplets
were synthesized and evaluated in xenograft prostate (DU145) tumors in male mice. Biodistribution
assessment of the nanodroplets was achieved using a fluorescent lipophilic indocarbocyanine dye label
(i.e., Dil dye) on the lipid shell in combination with fluorescence imaging in mice (n23 per group). Hypoxia
reduction in tumors was measured using PET imaging and a known hypoxia radiotracer, ['8F]FAZA (n2 3
per group).

Results: Lipid-stabilized nanoscale PFOB emulsions (mean diameter of ~250 nm), accumulated in the
xenograft prostate tumors in mice 24 hours post-injection. In vivo PET imaging with ['8F]FAZA showed
that the accumulation of the PFOB nanodroplets in the tumor tissues alone significantly reduced tumor
hypoxia, without enhanced oxygen (i.e., carbogen) breathing. This reoxygenation effect was found to be
comparable with carbogen breathing alone.

Conclusion: Accumulation of nanoscale PFOB agents in solid tumors alone successfully reoxygenated
hypoxic tumors to levels comparable with carbogen breathing alone, an established tumor oxygenation
method. This study confirms that PFC agents can be used to reoxygenate hypoxic tumors in addition to
their current applications as multifunctional theranostic agents.
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Introduction

Perfluorocarbons (PFCs) are hydrocarbons with  inert, are both lipophobic and hydrophobic, and have
all or most of the hydrogen atoms replaced by  high gas solubility. PFCs can be stabilized by lipids
fluorine atoms. PFCs are chemically and biologically  [1,2], polymers [3-5], proteins [6,7], or fluorosurfac-
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tants [8,9] to form nanoscale droplets (<500 nm in
diameter) for intravenous injection. These PFC
droplets have been widely exploited as a theranostic
tool in biomedicine. For example, various PFC
nanodroplets have been used to label cells for tracking
by YF-MRI [10,11], and droplets with metastable PFC
cores have been formulated as droplet-to-bubble
phase-shift agents for photoacoustic and ultrasound
imaging [8,12-14] or for image-guided drug delivery
[15,16]. Heteroatoms (e.g., bromide) present in PFC
molecules offers X-ray attenuation for contrast-
enhanced CT imaging [17,18]. For therapy, dispersed
PFC nanodroplets have been used in combination
with MRI-guided focused ultrasound and laser light
for targeted drug delivery [4,5,19,20], vascular
disruption [21,22] and tumor ablation [10,23-26].

One of the earliest applications of stabilized
nanoscale PFC emulsions was to carry oxygen as red
blood cell substitute agents [27,28]. These PFC
emulsions were also used in other medical treatments,
including the reoxygenation of hypoxic tumors. It is
known that hypoxia is one of the major causes of
radioresistance in many types of solid tumors [29-31],
and tumor oxygenation has been positively correlated
with radiotherapy efficacy [32-34]. Fluosol DA, an
albumin-stabilized perfluorodecalin and perfluorotri-
butylamine emulsion, was used in combination with
enhanced oxygen (i.e., hyperbaric oxygen (HBO)/
carbogen) breathing to sensitize tumors to radiothera-
py in preclinical models [7,35,36] and in Phase 1/1I
clinical trials [37-39]. Later, second-generation PFC
agents were developed towards improved stability
and ease of use. For example, Oxygent, a lipid-
stabilized perfluorooctyl bromide (CF3(CF)sBr,
PFOB) nanoemulsion, similarly demonstrated tumor
radiosensitization in preclinical tumor models
[2,40,41] that was presumed to be due to increased
oxygenation in the tumor [42,43]. These results were
attributed to the increased oxygen-carrying capacity
of the PFCs in the bloodstream when applied with
enhanced oxygen breathing (i.e., carbogen or HBO).
For optimal radiosensitization, the PFC agents and
carbogen/HBO breathing needed to be administrated
concurrently and immediately before radiotherapy
delivery. It was found in both preclinical and clinical
studies that if the PFC agents were used alone, limited
radiosensitization was observed [35,44].

More recently, led by multidisciplinary advances
in cancer nanomedicine, several nanosized PFC
emulsions have been designed to accumulate in solid
tumors through the enhanced permeability and
retention (EPR) effect [4,20,45-47]. When applied to
hypoxic tumors, several recent studies have shown
improved radiotherapeutic outcomes using PFC
agents, even without HBO/carbogen breathing
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[48-50]. The conventional strategy for PFC emulsion
use relied on increasing the PFC concentration in
systemic blood circulation as oxygen carriers and
delivering radiotherapy soon after the injection of
PFC emulsions. In contrast, in these recent studies,
radiotherapy was delivered 24 hours after the
administration of the PFC agents, thereby allowing
sufficient time for PFC nanodroplets extravasation
into tumors via the EPR effect. This new approach is
exciting because this means that the same PFC agent
validated for tumor imaging and therapy may also be
used for radiosensitization. The use of injectable PFC
agents for radiosensitization can reduce the toxicity
and discomfort of alternative clinical tumor
reoxygenation approaches (e.g., carbogen breathing)
for patients. Also, the use of the EPR effect could
substantially lower PFC agent doses for tumor
radiosensitization to prevent acute hemodilution
arising from the large PFC agent doses required to
increase oxygen transportation in studies using
Fluosol DA and Oxygent [51,52]. Finally, if
reoxygenation using PFC nanoscale agents alone can
be accomplished, PFC nanoscale agents can be
combined with other methods that are currently used
for reoxygenation and radiosensitization for greater
therapeutic impact.

An unresolved question is whether the observed
radiosensitization effect due to PFC nanosized agent
administration without carbogen in previous studies
was a result of tumor reoxygenation or some other
mechanism. These previous preclinical studies did not
measure tumor oxygen levels at all [49], or measured
tumor hypoxia indirectly through non-quantitative
immunohistochemical staining of hypoxia markers
(e.g., hypoxia-inducible factor 1-alpha, carbonic
anhydrase IX, and/or pimonidazole) post-sacrifice
[48,53], or measured hypoxia via the use of invasive
Eppendorf microelectrodes that cannot accurately
measure whole tumor oxygenation [44,49,54].
Moreover, it is known that PFC agents can sensitize
tumors to radiotherapy by means other than direct
tumor reoxygenation. For example, metastable PFC
droplets are known to spontaneously vaporize at
physiological temperature after their accumulation
[55] and cavitation-induced vascular damage and cell
death signaling initiated from damaged endothelium
can facilitate tumor growth delay in combination with
radiotherapy [56,57]. Also, even if PFC emulsions
alone can directly oxygenate tumors, it is unclear how
this approach compares with previously well-
established oxygenation approaches (i.e.,, carbogen
breathing alone).

In this study, we aim to determine if PFC
nanoemulsions can oxygenate hypoxic tumors in the
presence and absence of carbogen breathing in a
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xenograft mouse model of hypoxic human prostate
cancer [58]. To directly and non-invasively quantify
tumor oxygenation due to PFC nanoemulsions in vivo,
we use positron emission tomography (PET) in
combination with [8F]fluoroazomycin-arabinoside
(['*FIFAZA) as the hypoxia-specific tracer [53,59].
High boiling point and high stability lipid-stabilized
PFOB nanoemulsions that are resistant to
spontaneous in vivo cavitation and with known
oxygenation capabilities were selected as the
representative PFC agents to be evaluated [27].

Method

Preparation and characterization of PFOB
nanoemulsions

PFC nanoemulsions were prepared from PFOB
(SynQuest Laboratories, Alachua, FL, USA), soybean
lecithin (Fisher Scientific, Ottawa, ON, Canada) and
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy (polyethylene glycol)- 2000] (ammonium
salt) (DPPE-PEG2000, Avanti Lipids, Alabaster, AL,
USA). Briefly, lecithin and DPPE-PEG2000 were
mixed and dissolved in chloroform (VWR, Radnor,
PA, USA) at a mass ratio of 5:13 (DPPE-PEG2000:
lecithin) to a total lipid concentration of 18 mg/mL.
This lipid solution was evaporated in a round-bottom
flask to form a dry lipid-film using rotary evaporation
(R215, Buchi, New Castle, DE, USA) at 100 mBar.
Fluorescently labeled PFOB nanoemulsions were
prepared using fluorescent lipophilic indocarbocya-
nine dye, Dil (Sigma-Aldrich, Oakville, ON, Canada),
pre-dissolved in diethyl ether and mixed with the
lipid solution in chloroform before evaporation to
load the hydrophobic molecules on the shell of the
PFOB nanodroplets [60]. The dried lipid film was
rehydrated using deionized water and sonicated in a
bath sonicator (2510 ultrasonic cleaner, Branson
Ultrasonics, Danbury, CT, USA) for 10 minutes to
disperse the lipids in the water phase. PFOB was
added to the lipid suspension with a mass ratio of 4:1
(water: PFOB) and this two-phase mixture was
emulsified using a probe Sonifier with a 1/8” microtip
(5-250 Digital Sonifier, Branson, USA) at 10% power
output (with 1-sec.-on-1-sec.-off pulse) in an ice water
bath for a total sonication time of 10 min. The PFOB
nanoemulsion was then centrifuged at 4000 RPM for
10 min (Centrifuge 5430, Eppendorf, Hamburg,
Germany). After centrifugation, the supernatant was
then removed and the PFOB nanodroplet pellet was
resuspended in deionized water. This wash process
was repeated twice more to remove free lipids,
micelles, liposomes and small droplets in the
supernatant. The final emulsion was reconstituted in
0.9% saline and filtered through a 0.45 um syringe
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filter (Pall Corporation, Port Washington, New York,
USA) to remove larger droplets or aggregates. The
prepared PFOB nanoemulsion was stored at 4°C until
use.

Size-distribution, mean diameter and the
polydispersity index (PDI) of both the plain and
Dil-labeled PFOB nanoemulsions were acquired at
room temperature using a dynamic light scattering
(DLS) particle sizer (Malvern Zetasizer Nano-ZS
3000HS, Worcestershire, U.K.). The fluorescence
emission of Dil was measured using a Horiba Jobin
Yvon FluoroMax-4 Spectrofluorometer (Horiba
Scientific, Edison, NJ, USA) at an excitation
wavelength of 549 nm. For stability assessment, both
plain and Dil-labeled PFOB nanoemulsions were
stored as-formulated (200 mg PFOB per mL) and in
diluted form (1 mg PFOB per mL) at different
temperatures (4 °C, 22 °C, and 37 °C) up to 20 days.

Animal model for in vivo assessment

An androgen-independent human prostate
tumor cell line (DU145) was obtained from ATCC
(Manassas, VA, USA). Cells were cultured in
Dulbecco’s modified Eagle medium with 10% (v/v)
fetal bovine serum, 100 U/ml penicillin and 0.1
mg/mL  streptomycin (Gibco, = ThermoFisher,
Waltham, Massachusetts, USA). The cells were grown
in a humidified 5% CO, atmosphere at 37 °C. Cells
were detached from the flasks for subculture using
0.25% trypsin and 0.02% EDTA (ThermoFisher) when
the cell growth reached 80% confluency.

Radioresistant NOD-SCID mice (NRG) purch-
ased from the Ontario Cancer Institute (Toronto, ON)
were inoculated with 5 x 10¢ cells in a volume of 50 pL.
subcutaneously into the left flank. NRG mice were
selected for compatibility with later radiosensitization
studies. Animals were housed under regulated
temperature and humidity (40-60%) conditions and
light/dark cycles (12h on and 12h off) with free access
to food and water. Caliper measurements of tumor
length (L) and width (W) were performed every three
days. The tumor volume (V) was obtained using the
formula V= (W2xL)/2 [61].

Fluorescence imaging for biodistribution
assessment

The mice were randomized into three groups for
biodistribution assessment after the average tumor
volume reached 210 mm?. All mice were anesthetized
under isoflurane through face masks. In all
experiment groups, 170 pL Dil-labeled PFOB
nanoemulsions (100 w/v% of PFOB to a final dose of
10g PFOB/kg) was delivered via i.v. injection. Groups
I (n=3), I (n=4), and III (n=3) were sacrificed at 3 h, 6
h, and 24 h post PFOB nanoemulsion injection,
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respectively. The heart, lung, spleen, left kidney, liver,
muscle, and tumor were resected from each animal
and immediately imaged using a Maestro hyper-
spectral fluorescence system (Cambridge Research &
Instrumentation, Inc (Cri), Woburn, MA, USA)
selected to measure Dil’s secondary emissions peak at
610 nm (Supplementary Figure S1). All exposures
were determined automatically to avoid any
saturation. The emissions filter range was set from
550-660 nm and all samples were placed central to the
field-of-view, and image acquisition occurred
immediately after organ resection. The regions of
interest (ROIs) were drawn over each organ and
analyzed using 2D fluorescence imager (Maestro, Cri
Version 2.10.0) [62-65].

In vivo PET imaging of hypoxia assessment

In this study, FAZA-PET image acquisitions took
place once the tumors reached an average volume of
254 mm3. The animals were randomized into four
groups: Group 1 (n=3) was the untreated control
group, group 2 (n=4) received carbogen for 2h prior to
imaging, group 3 (n=3) was injected with PFOB
nanoemulsion 24h before imaging, and group 4 (n=4)
were injected with PFOB nanoemulsion 24h before
imaging and received carbogen for 2h prior to
imaging. The experimental groups 3 and 4 were
administrated 170 pL of PFOB nanoemulsions (10g
PFOB/kg) via i.v. tail-vein injection 24h prior to
imaging as this was the time point for maximum
PFOB nanoemulsion accumulation as determined in
the biodistribution study.

The PET hypoxia tracer, ['®F]JFAZA, used in this
study was produced by CanProbe (Toronto, ON,
Canada) using a TRACERlab FXFN (GE Healthcare)
automated synthesis unit with good manufacturing
practices and Health Canada standards and had an
overall average yield of 10% at the end of synthesis.
The radiochemical purity was always >95% at the
release of the product and all other quality control
specifications were met [66,67]. The mice were
injected with ~13 MBq [*®F]FAZA in a volume of ~100
uL. PET acquisitions were obtained using a FOCUS
220 pPET (Siemens, USA). Acquisitions started at 2h
post-injection of [8FJFAZA as this has been deemed
the ideal time point at which ["8F]JFAZA accumulation
reaches steady-state within the tumor area [53]. The
acquisition lasted 20 minutes for the emission scan
[68] (Supplementary Figure S2). Attenuation
correction was carried out using an 8-minute
transmission scan over an external radioactive
positron-emitting source (’Cu source). CT images
were obtained using a GE Locus Ultra (80kVp and 50
mA) immediately post PET acquisition using the same
animal bed, to facilitate accurate co-registration
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between the anatomical (CT) and molecular (PET)
modalities. Images were later co-registered and
analyzed using IRW (Inveon Reseach Workplace,
version 4.0, Siemens). ROIs were determined using
CT data to accurately delineate and quantify tumor
margins.

Results and Discussion

PFOB nanoemulsion synthesis and
characterization

PFOB was selected for this study because of its
previous use in patients as oxygen carriers [27] and its
strong potential in other tumor imaging and therapy
applications [69-72]. Also, compared to pure PFC
materials used in other studies, the higher boiling
point and the increased lipophilicity of PFOB hinders
coalescence and spontaneous vaporization such that
stable nanoscale droplets can be evaluated in vivo [27].

The PFOB nanodroplets consisted of a PFOB core
surrounded by a lipid shell comprised of a mixture of
lecithin and DPPE-PEG (Figure 1A). The average
hydrodynamic mean diameter (i.e., Z-average) of the
PFOB nanodroplets as formulated were 208 + 10 nm
with a PDI=0.19 £ 0.01 (n=6). After centrifugation to
remove smaller droplets, liposomes and micelles
formed by excess lipids, the mean diameter increased
to 254 £ 7 nm, with improved monodispersity (PDI=
0.11 = 0.01) (n=6). After filtration to remove larger
droplets, the mean diameter remained unchanged but
the PDI was further reduced to below 0.1 (Figure 1B,
Table 1), indicating a narrowing size distribution.
Incorporation of the lipophilic dye (i.e., to a final
concentration of 0.5 mg/mL Dil in PFOB) did not
significantly change the mean size or PDIs (Figure 1B,
Table 1). The final mean size after purification
determined by DLS is comparable with other PFOB
emulsions prepared using similar procedures
[3,71,73,74].

Table 1. The mean size (Z-average) and PDI of both plain and
Dil-labeled nanodroplets through the preparation and purification
procedure.

Sample Post- Post- Post-
sonication centrifugation filtration
Plain Diameter (nm) 207 +9 254 +7 254+ 4
nanodroplets  PDI 0.19£0.01 0.11+0.01 0.08 £0.01
Labeled Diameter (nm) 206 +11 255+7 259+4
nanodroplets  PDI 0.17+0.02 0.10+0.02 0.08 +0.01

The size stability of both plain PFOB nanodrop-
lets and Dil-loaded PFOB nanodroplets were
analyzed over a 20-day period at 4 °C (storage
temperature), 22 °C (room temperature), and 37 °C
(physiological temperature) (n=3 for each condition).
The samples stored at 4 °C were more stable, with
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average sizes increasing from 250 + 5 nm to 316 + 13
nm over the 20-day period, compared to the samples
stored at 22 °C and 37 °C, where the average sizes
increased to 345 + 27 nm and 390 * 25 nm,
respectively. Diluted samples were found to be less
stable than the concentrated samples at 22 °C and 37
°C, with the mean sizes increasing to 409 + 23 nm and
434 *+ 26 nm, respectively (Figure 1C). However, no
substantial increase in size was observed between the
groups at 24 hours (Figure 1C), the expected time
frame for maximal PFOB accumulation in tumors
[49,50].

Similar to previously published data, although
bromination of the fluorinated molecule can increase
the inherent lipophilicity of the PFC, the mean size of
the prepared emulsion still significantly increased
after long-term storage [75-77]. It is possible to
increase stability by adding perfluorodecyl bromide
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(PFDB), a fluorocarbon-hydrocarbon diblock com-
pound, to the PFOB core to reduce Ostwald ripening,
the primary cause of the emulsion destabilization
during long-term storage [27]. To counteract the
expected nanodroplet size changes over time, for all in
vivo studies conducted here, the PFOB nanoemulsion
were prepared the day of injection and all the animal
experiments were limited to approximately 24 hours.

PFOB nanodroplet biodistribution assessment
in vivo

Fluorescent imaging was applied to determine
the biodistribution of Dil-labeled PFOB nanodroplets
in vivo. The prostate tumor cell line DU145 has been
widely used to establish hypoxic tumors [58]. The
fluorescence of resected hearts, kidneys, lungs, livers,
muscle, spleens, and tumors of mice bearing DU145
subcutaneous tumor xenografts 3h, 6h, and 24h post-
injection of Dil-labeled PFOB nanodrop-
lets were measured (Figure 2A). Three
hours post-injection, uptake of the Dil-
labelled PFOB nanodroplets were predo-
minantly localized within the liver,
spleen, and lungs; primary organs of the
reticuloendothelial system responsible for
clearance of nanoscale agents. Consistent
with previous observations, nanoscale
agents were preferentially taken up by the
liver, spleen, and lungs in decreasing
concentration, respectively [78]. In
comparison, limited uptake of Dil-labelled
PFOB nanodroplets in the heart, kidney
and muscle tissue was observed. Maximal
hepatic uptake occurred at 3h and
decreased by approximately half at 6
hours. In contrast, tumor uptake of the
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30 nanodroplets increased 3-fold from 6 h to
24 h post-injection with the maximum
uptake occurring at 24 h (Figure 2B). This
short-term biodistribution assessment was
consistent with our previous studies of
similar PFC materials [1]. Moreover, the
24h time point confirmed a significant
increase in PFOB nanodroplet accumula-
tion in the tumor, which was consistent
with recent radiosensitization studies
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Figure 1. (A) Schematic of Dil-loaded, PFOB nanodroplet with a PFOB core and a lipid shell
comprised of lecithin and DPPE-PEG2000. The hydrophobic tails of lipids face inward towards the
slightly lipophilic PFOB, while the hydrophilic heads of the lipids face outward along with the
water-soluble PEG chains. (B) Hydrodynamic mean diameter (Z-average) distribution of both plain
and Dil-labeled PFOB nanodroplet as measured by DLS immediately after preparation and
purification. (C) Size stability of both plain and Dil-labeled PFOB nanodroplet at two different
concentrations, | mg/mg and 200 mg/mL. All samples were tested at three temperatures (22 °C,
37 °C, and 4 °C) for 20 days. Error bars indicate the standard deviation of the replicated samples

(n=3).

using advanced PFC emulsion admini-
stration [48-50]. Thus, the 24h time point
was selected for subsequent in vivo tumor
reoxygenation assessment.

In vivo hypoxia tumor reoxygenation

PET/CT imaging provided unique
insight into the whole-body distribution
of [F]JFAZA 24 hours post-injection of
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PFOB nanoemulsions, with and without carbogen
breathing and untreated controls. The tumor and
reference tissues were contoured after co-registration
of the PET images with CT to quantitatively measure
the FAZA distribution (Figure 3A). Coronal, sagittal,
and axial segmented images of a central tumor slice
from a representative animal from each group is
shown in Supplementary Figure S3. The FAZA signal
was normalized as the percentage of injected dose
(decay corrected) per gram tissue (%ID/g) (Figure
3B). In addition to the tumor, FAZA signals from
muscle and the heart were also included as
well-oxygenated controls. A significant reduction in
tumor hypoxia for the group of animals which
received PFOB nanoemulsions administered 24 hours
prior to PET imaging was found compared to the
non-treated controls (p<0.05). No significant change
in hypoxia was found in the heart or muscle tissue
across treatment groups. Of significance, the level of
hypoxia reduction due to the PFOB nanoemulsions
alone was similar to that of the group breathing
carbogen alone (p>0.90). This observed decrease in
the [®FJFAZA signal demonstrates that the
administration of PFOB nanoemulsions can
significantly decrease hypoxia in solid tumors after
their passive accumulation into tumors, even without
carbogen breathing. In the presence of carbogen
breathing, a further significant decrease in [¥F][FAZA
uptake in the tumors was observed (P<0.05)
indicating that the combination of PFOB
nanoemulsions and carbogen breathing can further
ameliorate tumor hypoxia. However, as the hypoxia
level in the tumor after carbon breathing alone and
PFOB nanoemulsions alone were close to background
levels as found in muscle and heart tissue, a
significant decrease in tumor hypoxia was not found.

In addition to comparing the absolute signal
from [8F]JFAZA, normalized data presented in the
form of tumor-to-muscle (T/M) ratios for each animal
is shown to rule out the influence of differences
between individual animals (Figure 3C). The average
T/M ratio of the group receiving PFOB nanoemulsion
alone and carbogen breathing alone were comparable,
with no significant difference between these two
groups (p=0.30) (Figure. 3B). However, both treated
groups were significantly lower compared with the
untreated control group (p<0.05). Furthermore, the
group that received both carbogen breathing and
PFOB nanoemulsions also did not demonstrate a
reduced T/M ratio compared with the groups of only
carbogen breathing or only PFOB injection. That is
because either PFOB nanoemulsion alone or carbogen
alone already reduces the T/M ratio back to 1.

Since oxygenation of the hypoxic tumors was
maintained after the nanoemulsions were cleared

140

from the bloodstream [79] and without additional any
enhanced oxygen breathing, this suggests that the
enhanced radiotherapy observed in recent studies
may indeed be attributed to the increase in tumor
oxygenation conferred by PFC nanoemulsion admini-
stration alone [49]. This observed oxygenation effect is
somewhat surprising because the total volume of the
nanosized PFC emulsion trapped inside the tumor is
expected to be very limited [49], so the oxygen dissol-
ved in PFC nanodroplets trapped in the tumor will be
low. Also, given that any oxygen dissolved in the PFC
nanoemulsion is expected to immediately balance
with the surrounding tissue and not be retained inside
the nanoemulsions for extended periods of time (i.e.,
24 hours), such significant reoxygenation of tumors
without carbogen breathing is unexpected.
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Figure 2. Biodistribution of Dil-labeled PFOB nanodroplets in NRG mice
bearing DU145 tumor xenografts: (A) Representative ex vivo fluorescence
images of organs and tumor tissues acquired at 3h, 6h, and 24h post-injection of
PFOB nanodroplets.) (B) The quantitative fluorescence signal of Dil acquired
from organs and tumors tissues acquired at 3h, éh, and 24h post-injection (n23,
p-value <0.005 from Tukey test was shown as **¥).
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Tukey test was shown as *, *¥, and *¥¥).

141

It is possible that the presence of PFC
nanodroplets in the tumor alters the diffusion status
of the oxygen in the tumor tissue. This is similar to
what has been observed using PFCs in bioreactors or
tissue engineering where mixing PFC nanoemulsions
into a medium or a gel can significantly increase their
oxygen diffusivity and solubility to keep encased cells
alive [80,81]. Unlike hemoglobin, PFC droplets do not
chemically chelate oxygen. Instead, PFCs dissolve
oxygen with solubility directly proportional to the
gas’s partial pressure. Thus, the PFC droplets can
release oxygen in the direction of lower oxygen partial
tension (e.g., the hypoxic tumor) while it continually
equilibrates with the relatively higher oxygen partial
tension from the bloodstream, resulting in an increase
in the tissue’s oxygen permeability [82].

The Krogh model, a mathematical diffusion
model which has been widely used to study and
predict the oxygen diffusion pattern from a
microvessel into surrounding tissues, can
theoretically evaluate the oxygenation effect of PFC
nanodroplets accumulation in a tumor [83-85].
However, according to this model, oxygenation of
hypoxic tissue due to PFC nanodroplets can only
become comparable with enhanced oxygen breathing
when the amount of PFC material is both evenly
distributed in the tissue and is greater than 8% of the
total tumor volume (Supplementary Figure S4).
However, since no more than ~10% of total injected
nanoscale agents typically accumulate inside solid

tumors through the EPR effect [86], practically
achieving such a high volume ratio in the tumor as
predicted by the model is unlikely.

This discrepancy between the model prediction
and experimental observations may be due to several
reasons. First, although carbogen breathing
definitively increases the oxygen partial tension in the
blood circulation, it also causes other complicated
systematic effects not captured by the simple model.
Carbogen breathing changes the blood flow rate, heart
rate, blood vessel diameter, oxygen affinity to the
hemoglobin, the blood pH, and the carbon dioxide
transportation in the blood [87,88], compromising the
predicted oxygenation of the tumor. Second, in the
model, the increased oxygen diffusivity is only based
on the volume ratio of the PFC material in the tissue
[89,90]. However, previous studies have shown that
the size of the PFC droplets may play a crucial factor
in oxygenation [73]. The smaller the PFC droplets in
the emulsion, the larger its surface-to-volume ratio
which can increase oxygen diffusion both into and out
of the PFC nanodroplets. Furthermore, PFC droplet
size will also impact biodistribution and accumulation
in tumor tissue. For example, smaller droplets may
have a greater chance to migrate deeper into the

http://lwww.ntno.org



Nanotheranostics 2019, Vol. 3

tumor rather than accumulate perivascularly, impact-
ing oxygenation performance [45]. More detailed
studies will be required to determine the relationship
between tumor reoxygenation and PFC emulsion size.

PFOB agents are currently being extensively
explored as tumor imaging or therapeutic agents. This
study demonstrates the possibility to expand the use
of this theranostic agent towards tumor reoxygena-
tion as well, which can not only sensitize tumors to
radiotherapy but also potentially to many other types
of therapy including chemotherapy [31,91] and
photodynamic therapy (PDT). For example, in type II
PDT, a photosensitizer produces singlet oxygen (1Oz)
when irradiated by light of a specific wavelength to
instantaneously damage biomolecules. Since this
process also consumes oxygen in the tumor,
aggravating hypoxia and limiting the therapeutic
effect [92], there is great potential in directly
replenishing the oxygen in the tumor using PFC
nanodroplets. The quantitative measurement of
oxygenation in a tumor due to PFC accumulation as
determined in this study can guide the concurrent
delivery of PFC nanodroplets with photosensitizers
for PDT, through co-injection or even directly loading
of photosensitizers onto PFC nanodroplets [93,94].

Furthermore, enhanced oxygen breathing is
poorly tolerated by patients and is difficult to deliver
consistently patient to patient [95]. Since PFOB
nanoemulsions have already been tested as a blood
substitute agent in patients [96], it may be possible to
use this same agent in the clinic as a means to
potentially overcome poor treatment efficacy of
cancer therapy in hypoxic tumors alone or as a means
to increase the efficacy of carbogen or HBO breathing
[97].

Conclusion

This study demonstrated that lipid-stabilized
PFOB nanodroplets approximately 250 nm in size can
accumulate in the tumor 24 hours after administration
and oxygenate hypoxic prostate cancer tumor xeno-
grafts in mice without carbogen breathing. Hypoxia
was directly measured in vivo using [F]JFAZA-PET
imaging. This reoxygenation due to PFOB nanodrop-
let administration alone is comparable with carbogen
breathing alone in the same model, which shows the
potential of using this multimodal agent to replace
carbogen breathing as a mean to sensitize hypoxic
tumors to therapies including radiotherapy, chemo-
therapy, and PDT.
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