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Abstract

Tumors are usually hypoxic, which limits the efficacy of current tumor therapies, especially radiotherapy in
which oxygen is essential to promote radiation-induced cell damage. Herein, by taking advantage of the ability
of perfluorocarbon (PFC) to promote red blood cell penetration, we developed a simple but effective
two-stage oxygen delivery strategy to modulate the hypoxic tumor microenvironment using PFC nanoparticles.

Methods: We first examined the two-stage oxygen delivery ability of PFC nanoparticles on relieving tumor
hypoxia through platelet inhibition. To evaluate the effect of PFC nanoparticles on radiation sensitization, CT26
tumor and SUM49PT tumor model were used.

Results: In this study, PFC was encapsulated into albumin and intravenously injected into tumor-bearing mice
without hyperoxic breathing. After accumulation in the tumor, PFC nanoparticles rapidly released the oxygen
that was physically dissolved in PFC as the first-stage of oxygen delivery. Then, PFC subsequently promoted red
blood cell infiltration, which further released Oz as the second-stage of oxygen delivery.

Conclusion: The hypoxic tumor microenvironment was rapidly relieved via two-stage oxygen delivery,
effectively increasing radiotherapy efficacy. The safety of all substances used in this study has been clinically
demonstrated, ensuring that this simple strategy could be rapidly and easily translated into clinical applications

to solve the clinical problems associated with tumor hypoxia.
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Introduction

Hypoxia resulting from abnormal tumor blood
vessels, excessive tumor cell proliferation and an
aberrant lymphatic system is a common malignant
phenomenon in almost all solid tumors [1, 2].
According to previous research, tumor hypoxia has
been shown to be one of the vital causes of tumor
therapy failure [1, 3]. In particular, for radiotherapy,
oxygen is the essential element for generation of the
reactive oxygen species that kill tumors [4]. Therefore,
the hypoxic tumor microenvironment is often a vital
cause of radiotherapy resistance.

Recently, different strategies have been
proposed to reverse tumor hypoxia and obtain better

radiotherapy outcomes, but still, no good oxygen
donor is yet available for clinical use to relieve tumor
hypoxia [5-7]. In particular, although hyperoxic
breathing can increase the sensitivity of tumor
therapy by increasing the oxygenation status of
systemic cells, the apparent side effects, such as lung
injury and neurotoxicity, would significantly limit its
clinical application [8, 9]. In addition, due to its good
chemical oxygen-carrying capacity, hemoglobin is
also widely used to relieve tumor hypoxia, but it can
cause acute nephrotoxicity and acute hypertension,
which pose a serious threat to patient lives [10, 11].
Currently, tumor environment-responsive oxygen
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delivery strategies, such as manganese dioxide, have
also been shown to be effective in reversing hypoxic
tumors to a certain extent [5, 12]. However, the tumor
re-oxygenation levels achieved by this method are still
seriously restricted by the limited amount of H,O» in
the tumor surroundings and the toxicity to normal
cells of Mn?* itself [13]. Other methods, such as
normalizing tumor vessels or reducing tumor
interstitial pressure via enzymes, can also effectively
reverse tumor hypoxia to a certain extent [14, 15].
Nevertheless, the obvious drawbacks of normalizing
tumor vessels, including the narrow effective dosage
window and enhanced tumor metastasis, limit its
wide use [16, 17]. Therefore, the search for more
effective oxygen carriers for relief of tumor hypoxia
has become an urgent problem.

PFCs, a group of chemically inert synthetic
molecules with excellent biocompatibility, have been
widely studied or used in the clinic for various
purposes, including artificial blood substitution,
organ preservation, ultrasound imaging and fluorine
magnetic imaging [18-20]. More importantly, due to
their high oxygen solubility, PFCs have been
extensively explored as oxygen suppliers to increase
the therapeutic outcome of radiotherapy or
photodynamic therapy [13, 21-23]. However, the
effectiveness of this strategy is still limited because the
release of oxygen dissolved in PFCs occurs only by
simple diffusion according to the oxygen
concentration gradient, which is inefficient and needs
to be triggered by external stimulus, such as
near-infrared light laser or ultrasound [13, 24-27].

Currently, directly increasing the number of red
blood cells at the tumor site is one of the most
effective ways to relieve tumor hypoxia [28].
Increasing evidence has shown that platelet inhibition
could increase tumor blood vessel permeability,
which in turn enhances red blood cell infiltration and
promotes Oy delivery at tumor sites [29, 30]. PFC has
been studied as a blood substitute for more than half a
century. However, one phenomenon that has been
neglected is that PFC itself has platelet inhibition
capability, which might be used to increase red blood
cell infiltration into tumors and thus improve the O

supply in tumors [31].

Through  screening, we  found  that
perfluorotributylamine (PFIBA) possessed the
strongest platelet inhibition effect of all the

perfluorocarbon compounds. Therefore, in this study,
we took advantage of the platelet inhibition effect of
PFTBA to establish a two-stage O. delivery system
(PFTBA@HSA) by using albumin as a carrier (Figure
1). After intravenous injection, PFTBA@HSA
nanoparticles accumulated at the tumor site due to the
EPR effect and released its physically bound O (1t

stage oxygen supply). At the same time, PFTBA
effectively inhibited platelet activation in the tumor
blood vessels to disrupt well-maintained tumor vessel
barriers, which then lead to an increase in RBCs (red
blood cell) infiltration and oxygen delivery by RBCs
in the tumor (2"d stage oxygen supply). Our work
presents a simple but effective method to reverse the
resistance of tumor hypoxia to radiotherapy. This
technique shows great promise for future clinical
translation since all agents, including PFTBA and
albumin, are readily available in the clinic and have
been verified as nontoxic.

Methods

Chemicals and reagents

PFTBA and PPA (perfluorotripropylamine) were
acquired from Silworld Chemical Co. Ltd. (Wuhan,
China). HSA (human serum albumin) was purchased
from CSL Behring AG (Switzerland). Evans Blue dye
was obtained from Aladdin Industrial Corporation
(Shanghai, China). CT26 cells and SUM149PT cells
were acquired from the Cell Bank of Shanghai
Institutes for Biological Sciences, Chinese Academy of
Sciences (Shanghai, China). Balb/C mice were
purchased from Yangzhou University Medical Centre
(Yangzhou, China).

Synthesis and characterization of
PFTBA@HSA nanoparticles

In general, 96 mg HSA and dithiothreitol were
dissolved in 2.4 mL deionized water, followed by
stirring for 10 min. Then, 200 pL alcohol was added to
the solution, followed by shaking for another 3 min.
Finally, 0.6 mL PFTBA or 0.48 mL PPA and 0.12 mL
FDC (perfluorodecalin) were injected under 300 W
sonication (Xokeji, XO-650D, China) for 6 min in an
ice bath to form PFTBA@HSA or PPA@HSA
nanoparticles. The size of the PFC@HSA
nanoparticles was determined by dynamic light
scattering (DLS, 90Plus, Brookhaven Instrum. Corp).
The morphology and structure of the PFTBA@HSA
nanoparticles were characterized via transmission
electron microscopy (TEM, JEM-2100, Japan). The
stability of PETBA@HSA in H>O, PBS and Plasma was
evaluated by size determination.

Platelet-rich plasma preparation

The blood of Balb/C male mice was collected
into centrifuge tubes containing moderate sodium
citrate. The blood was centrifuged at 203 xg for 10 min
to collect PRP (platelet-rich plasma). After addition of
125 ng/mL PGI,, the PRP was further centrifuged at
1028xg for 5 min. Platelets in the bottom of the
centrifuge tubes were re-suspended in modified
Tyrodes-HEPES bulffer (134 mM NaCl, 2.9 mM KCJ,
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Figure 1. Schematic illustration of the two-stage oxygen delivery system. After intravenous injection, PFTBA@HSA nanoparticles accumulate at the tumor site due to
the EPR effect and release physically bound O; (15t stage oxygen supply). At the same time, PFTBA could effectively inhibit platelet activation in the tumor blood vessels to disrupt
well-maintained tumor vessel barriers, which then leads to increased RBCs (red blood cell) infiltration and oxygen delivery by RBCs in the tumor (24 stage oxygen supply).

0.34 mM Na;HPO,.12H;O, 12mM NaHCOs;, 20 mM
HEPES and 1 mM MgCl,, pH 7.3) to a final density of
4x108 cells/mL for further assays.

Clot retraction assay

Platelets were prepared as mentioned
previously. The platelets (4x10% cells /mL) were
mixed with 50 pL Vehicle (32 mg/mL HSA) or 50 pL
PFTBA@HSA. The solution was adjusted to 1 mL with
modified Tyrodes-HEPES buffer, followed by
addition of 5 pL red blood cells. Fibrin clot formation
was initiated by addition of 5 pL thrombin (200
U/mL). Finally, a glass capillary was added. Clot
formation and retraction were observed over a period
of 90 min at 37 °C. Clot weight and extruded serum
weight were measured as markers for clot retraction.

Platelet aggregation assay

The platelet aggregation assay was performed
and detected using UV microplate reader at 650 nm in
the presence or absence of PFTBA@HSA. Generally,
60 pL PRP was prepared and incubated with 12 pL
PFTBA@HSA or Vehicle (32 mg/mL HSA) for 30 min
at 37 °C. Then, 5 pL thrombin (200 U/mL) was added
to activate the platelets. The ultraviolet absorption at
650 nm was detected before and after thrombin
addition. Platelet aggregation rates were calculated as
follows: platelet aggregation rate (%) = (1 - AbStrombin®
/ Absrombin’) * 100%, where AbStrombin” represents the
ultraviolet absorption of platelet solution at 650 nm
before thrombin addition, and Abswrombin® represents
the ultraviolet absorption of platelet solution at 650
nm after addition of thrombin.

ATP secretion assay

ATP secretion assays were performed through
luminescence  aggregometry  using luciferase

luminescence substrate. In general, 60 pL PRP was
prepared as mentioned previously via co-incubation
with 12 pL PFTBA@HSA or Vehicle for 30 min at
37 °C. Then, 5 pL thrombin (200 U/mL) was added to
activate the platelets. The ATP secreted from washed
platelets was measured according to the luminescence
level.

Oxygen-carrying capability of PFTBA@HSA

4 mL of as-prepared PFTBA@HSA nanoparticles
or Vehicle (32 mg/mL HSA) was stored in an aseptic
oxygen chamber (O» flow rate = 5 L/min) for 1 min for
PFCs oxygenation. The oxygen concentrations were
measured using Unisense™ oxygen probe.

Cells and tumor models

CT26 cells were cultured with RPMI 1640
medium supplemented with 10% fetal calf serum and
1% 200 mM L-glutamine. SUM149PT cells were
cultured with DMEM supplemented with 10% fetal
calf serum and 1% 200 mM L-glutamine.

All animal tests and experimental procedures
were approved by the Administration Committee of
Experimental Animals in Jiangsu Province and the
Ethics Committee of Nanjing University. The animals
were housed with free access to food and water.

To establish CT26 tumor-bearing mice, the hair
on the right flank of the mice was removed. Male
Balb/C mice subcutaneous tumor models were
established by subcutaneous injection of 1x100 CT26
cells into the mice. Tumors were collected and cut into
small pieces (~2 mm?®) when the tumor volume grew
to approximately 150 mm?. The tumor pieces were
subcutaneously implanted into other mice to establish
CT26 tumors. To establish the SUM149PT tumor
model, SUM149PT cells (4x10¢ cells in 100 uL. DMEM,
50% Matrigel) were implanted into the second
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abdominal mammary pads of the Balb/C female
mice.

Quantification of intra-tumor hemoglobin

Generally, CT26 tumors bearing mice were
selected and treated with Vehicle or PETBA@HSA (10
mL/kg).1h, 5h or 10 h later, the mice were sacrificed
to collect tumors. Then, these tumors were
homogenized in Drabkin’s reagent (Sigma) for 24 h at
room temperature, followed by centrifugation at
15000 xg for 10 min. The hemoglobin concentration of
the supernatants was measured by using absorbance
at 540 nm via UV-VIS spectrophotometry (Shimadzu).

In vivo hypoxia assessment

For HIF-1a-based hypoxia detection, 10 mL/kg
PFTBA@HSA nanoparticles, 10 mL/kg PPA@HSA
nanoparticles or Vehicle were intravenously injected
into CT26 tumor-bearing mice (~200 mm?) to research
the effects of PFC@HSAs" medicated two-stage
oxygen delivery on relieving tumor hypoxia. At 12 h
or 24 h later, the mice were sacrificed to collect the
tumors, embedded into OCT and cut into 8 pm slices.
Tumor sections were incubated with Alexa-Fluor
488-labeled anti-mouse HIF-la antibody (dilution
1:200, Thermal Fisher Inc.) at 4 °C overnight. The
tumor cell nuclei were stained with DAPI for 5 min.
Finally, fluorescence images of the slices were
observed via fluorescence microscopy (Nikon, Japan).

For HIF-la-based hypoxia detection, 10 pL
PFTBA@HSA nanoparticles, 10 pL PPA@HSA
nanoparticles or Vehicle were intratumorally injected
into CT26 tumor-bearing mice (~200 mm?) to research
the effects of PFC@HSAs physically bound
oxygen-mediated one-stage oxygen delivery on
relieving tumor hypoxia. After 12 h, the mice were
sacrificed, embedded into OCT and cut into 8 pm
slices. Tumor sections were incubated with
Alexa-Fluor 488-labeled anti-mouse HIF-1a antibody
(dilution 1:200, Thermal Fisher Inc.) at 4 °C overnight.
Tumor cell nuclei were stained with DAPI for 5 min.
Finally, fluorescence images of the slices were
observed via fluorescence microscopy (Nikon, Japan).

For Pimonidazole-based hypoxia detection, 10
mL/kg PFTBA@HSA nanoparticles, 10 mL/kg
PPA@HSA  nanoparticles or Vehicle were
intravenously injected into CT26 tumor-bearing mice
(~200 mm®) to research the effects of
PFC@HSAs-mediated two-stage oxygen delivery on
relieving tumor hypoxia. 3 hours later, 90 mg/kg
Pimonidzole was given through tail vein injection
after different treatments. After 12 h or 24 h, the mice
were sacrificed, embedded into OCT and cut into
8-pm slices to detect the Pimonidazole accumulation
levels. Tumor sections were incubated with

FITC-labeled rat anti-mouse Pimonidazole antibody
(dilution 1:200, HPL.) at 4 °C. The tumor cell nuclei
were stained with DAPI for 5 min. Finally,
fluorescence images of the slices were observed via
fluorescence microscopy (Nikon, Japan).

For Pimonidazole-based hypoxia detection, 10
pL PFTBA@HSA nanoparticles, 10 pL. PPA@HSA
nanoparticles or vehicle were intratumorally injected
into CT26 tumor-bearing mice (~200 mm?3) to research
the effects of PFC@HSAs" physically bound
oxygen-mediated one-stage oxygen delivery on
relieving tumor hypoxia. 3 hours later, 90 mg/kg
Pimonidzole was given through tail vein injection
after different treatments. After another 12 h, the mice
were sacrificed, embedded into OCT and cut into
8-um slices to detect Pimonidazole accumulation
levels. Tumor sections were incubated with
FITC-labeled rat anti-mouse Pimonidazole antibody
(dilution 1:200, HPI) at 4 °C. The tumor cell nuclei
were stained with DAPI for 5 min. Finally,
fluorescence images of the slices were observed via
fluorescence microscopy (Nikon, Japan).

In vivo combination radiotherapy in a CT26
tumor model

Balb/C mice bearing subcutaneous CT26 tumors
(~50 mm?) were randomly divided into four groups
(n=5): (1) Vehicle (32 mg/mL HSA, 10 mL/kg); (2)
PFTBA@HSA nanoparticles (10 mL/kg); (3)
PPA@HSA nanoparticles (10 mL/kg); 4) 5 Gy
irradiation; (5) PFITBA@HSA nanoparticles (10
mL/kg) co-treated with 5 Gy radiation (6) PPA@HSA
nanoparticles (10 mL/kg) co-treated with 5 Gy
radiation. The mice were treated with radiation
therapy 10 h after PFTBA@HSA or PPA@HSA
pretreatment. The treatments or drugs were
administered at day 0 and day 4 via tail vein injection.
Calipers were used to measure the tumor volume,
which was calculated as follows: axb2x0.5, where a
represents the length of tumor, and b represents the
width of the tumor. At the 14t day, the tumors were
removed by dissection, followed by tumor weighing
and imaging.

Some of the tumors and major organs were
collected 24 h after the various treatments. H&E

staining, = Tunel  (terminal  deoxynucleotidyl
transferase dUTP nick end labeling)
immunohistochemical  staining and  yH2AX

immunohistochemical staining were used to stain the
tumor slices. For H&E staining, the 8-pm paraffin
slices were stained with H&E, and images were
acquired with a digital microscope (Nikon, Japan). For
the Tunel assay, Tunel staining was applied following
the instructions of In situ Cell Death Detection kit
(Roche, USA).
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In vivo combination radiotherapy in the
SUMI149PT tumor model

Balb/C nude female mice bearing subcutaneous
SUM149PT tumors (~200 mm?3) were randomly
divided into four groups (n=6): (1) Vehicle (32
mg/mL HSA, 10 mL/kg); (2) PFTBA@HSA
nanoparticles (10 mL/kg); (3) 2 Gy radiation; or (4)
PFTBA@HSA nanoparticles (10 mL/kg) combined
with 2 Gy radiation 10 h later. Vehicle or
PFTBA@HSA was given via tail vein injection. These
drugs or treatments were administered given twice
every week. Calipers were used to measure tumor
volume, which was calculated as follows: axb2x(0.5,
where a represents the length, and b represents the
width of the tumor.

The experiment was stopped on the 25t day, and
the tumors were removed by dissection followed by
tumor weighing. H&E, TUNEL and yH»AX staining
were used to stain the tumor slices to detect the
efficacy of these treatments. The tumors and normal
tissues were collected on the 25% day. For Hé&E
staining, the slices were stained with H&E, and
images were acquired with a digital microscope
(Nikon, Japan). For the TUNEL assay, fluorescent
TUNEL staining was applied following the
instructions of the In situ Cell Death Detection kit
(Roche, USA).

Statistical analysis

Data are presented as the mean * SD. Statistical
analysis was performed via one-way ANOVA test.
Meanwhile, post hoc analysis was performed using
the Wilcoxon rank sum test with a Bonferroni
correction if needed. *p<0.05 was considered
statistically significant, **p<0.01 and ***p<0.001 were
considered extremely significant.

Results

Synthesis and characteristics of PFTBA@HSA

Since PFCs are very hydrophobic, they must be
prepared with hydrophilic nanoparticles for
intravenous injection. In this study, albumin was

chosen as the drug carrier to encapsulate
perfluorocarbon into nanoparticles wusing our
previously developed “unfolding self-assembly”

method (Figure 2A) [32, 33]. Briefly, the hydrophobic
regions of albumin were first exposed by cutting off
disulfide bonds and then self-assembled with
perfluorocarbon to form nanoparticles. The average
size of PFTBA@HSA was approximately 150 nm with
a PDI of 0.0846, as determined by dynamic light
scattering (DLS) (Figure 2B). Using transmission
electron microscopy (TEM), PFTBA@HSA was found
to exhibit a uniform size distribution, which is

consistent with the DLS data (Figure 2C). The zeta
potential was approximately -35 mV, indicating
excellent stability in aqueous solution (Figure S1).
After mixing with H>O, PBS or Plasma, the mean
particle size of PFTBA@HSA was constant for at least
24 h (Figure 2D). In addition, cell viability test
revealed that PFTBA@HSA showed no toxicity on
tissue cells, including normal cells and tumor cells
(Figure S2). The oxygen-carrying and oxygen-release
capabilities of PFTBA@HSA were evaluated using an
oxygen meter to measure the dissolved oxygen
concentration in aqueous solution [26, 34, 35]. The
dissolved oxygen concentration in PFTBA@HSA at 25
°C under 1 atm was approximately 500 pM [13], which
is consistent with results reported in the literature
(Figure 2E).

Effects of PFTBA@HSA on platelet function
and RBC infiltration

Recent reports have indicated that platelets play
an important role in maintenance of tumor vessel
integrity by secreting active ingredients, such as
serotonin and angiogenin-1[36]. Platelet inhibition can
effectively decrease endothelial cell numbers, destroy
endothelial cell arrangements and reduce endothelial
cell tight junctions [37, 38]. Therefore, blocking of
platelets can destroy tumor vessel integrity, causing
increased RBC infiltration into the tumor and
enhancing tumor oxygenation.

The oxygen-loading ability of PFCs has been
widely studied, and PFCs have been clinically used as
blood substitutes. Although PFCs are chemically
inert, they might adversely affect blood platelets,
resulting in thrombocytopenia [39, 40]. Thus, we
screened a series of PFCs through clot retraction assay
and found that PFTBA possessed the most obvious
inhibition effect on platelet function (Figure S3). For
this reason, we used PFTBA as the main oxygen donor
in this study to construct the nanoparticles. The
inhibition effect of PFTBA@HSA on platelets was
studied in the presence of thrombin because thrombin
can effectively induce platelet activation and
aggregation (Figure 3A). After addition of
PFTBA@HSA, thrombin-induced platelet activation
was obviously inhibited (Figure 3A-C). Finally, the
blood was completely coagulated, and the fibrin
network shrunk due to the action of the platelet
thrombin-contracting protein, which caused the
serum to precipitate and the blood clot to shrink. The
degree of contraction was closely related to the
quantity and function of the platelets (Figure 3D). In
the presence of PFTBA@HSA, the shrinkage of blood
clots was significantly inhibited, which resulted in an
increase in blood clot weight and reduced serum
release (Figure 3E-F). Thus, PFTBA@HSA possessed
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Figure 2. Synthesis and characteristics of PFTBA@HSA. (A) ‘Unfolding self-assembly’ method. Briefly, hydrophobic regions of albumin were first exposed by cutting off
disulfide bonds followed by self-assembly with perfluorocarbons to form PFTBA@HSA nanoparticles. (B) PFTBA@HSA diameters detected via dynamic light scattering. (C)
TEM images of PFTBA@HSA. (D) Stability of PFTBA@HSA mixed with different solutions: H2O, PBS and plasma. (E) The oxygen release profile of O;-adsorbed PFTBA@HSA

under | atm. Data are shown as mean * SD.

good platelet inhibition capability. In fact, previous
research showed that PFC may absorb onto the
surface of the cell membrane [41]. We used energy
dispersive spectrometry and TEM to evaluate the
concentration of fluorine in the platelet membranes.
The results showed that some fluorine from
PFTBA@HSA exists on the surface of platelets. Thus,
we thought that the platelet activation pathway or
membrane glycoprotein may be effectively covered by
PFTBA@HSA, which may lead to platelet inhibition
(Figure S4).

Many recent studies have demonstrated that
platelets play an important role in maintenance of
tumor vessel integrity. Thus, we speculated that
inhibition of platelets by PFTBA@HSA could disrupt
blood vessel integrity and increase RBCs penetration
at the tumor site. We first used Evans Blue dye to
study the effect of PFTBA@HSA on blood vessel
integrity. Results showed that the permeability of
blood vessels to Evans Blue was significantly
increased by PFTBA@HSA administration to
tumor-bearing mice (Figure S5). We also studied RBC
infiltration into tumor tissue at 1, 5, and 10 h after
PFTBA administration. The results revealed that the
number of RBCs within the tumor was significantly
increased at 5 and 10 h after PFTBA@HSA
administration (Figure 3G-H). Additional platelet
administration inhibited the increase in the number of
red blood cells (Figure 3G). These findings showed
that the effects of PFTBA@HSA on increasing RBCs
infiltration in the tumor were at least partially
directed by platelet inhibition (Figure 3G). As we
deduced, increased RBCs infiltration further
increased the supply of O in the tumor to improve

the oxygen partial pressure in the tumor. More
interestingly, PFTBA@HSA had no effect on the
hemoglobin content or RBCs infiltration in normal
tissues, including the heart, liver, spleen, lung and
kidney (Figure S6). In tumor, vascular endothelial
cells are fewer and irregularly arranged. Abundant
inflammatory factors are abnormally expressed in the
tumor, leading to reduced endothelial cell tight
junctions and increased endothelial cell damage [36,
42-44]. However, in the normal blood vessel,
endothelial cells are more abundant and in a state of
dense connection. These well-arranged endothelial
cells do not need activation of platelets to maintain the
integrity of blood vessels [36, 42-44]. Thus, platelets
inhibition has no effect on the hemoglobin content or
RBCs infiltration in normal tissues. Together, these
results indicate that PFCs can selectively inhibit
platelets in tumor vessels.

Reversal of tumor hypoxia via two-stage
oxygen delivery by PFTBA@HSA

To further demonstrate the selectivity of
PFTBA@HSA for platelet inhibition in tumors, IR775
was loaded into PFTBA@HSA for near-infrared (NIR)
imaging. IR-775-labeled PFTBA@HSA nanoparticles
were found to primarily accumulate in the tumor site
after intravenous injection and thus showed
significant tumor targeting capacity. The preferential
accumulation in tumors might be due to the enhanced
permeability and retention (EPR) effect and active
tumor cell targeting due to high SPARC (secreted
protein acidic and rich in cysteine) expression on the
tumor cell membrane (Figure S7). Meanwhile, the
accumulation of PFTBA in tumor was determined by
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Figure 3. Effects of PFTBA@HSA on platelet function and RBCs infiltration. (A) Representative image of platelet aggregation activated by thrombin in the presence
of vehicle or PFTBA@HSA. White arrows denote the position of platelet aggregation; scale bar = 50 um. (B) Platelet aggregation induced by thrombin. The data were calculated
as the absorbance ratio before and after activation (n=6). (C) ATP release from platelets activated by thrombin (n=6). (D) Representative photos of clot retraction. (E)
Quantification of serum weight (n=8). (F) Quantification of clotting weight (n=8). (G) H&E staining of PFTBA@HSA-treated tumor slices at different times. White arrows
denote RBCs; scale bar = 25 pm. (H) Quantification of hemoglobin after vehicle or PFTBA@HSA administration (n=6). Data are shown as the mean * SD. Statistical analysis was

performed via one-way ANOVA test. *p<0.01; ***p<0.001.

gas chromatography (Figure S8). It reached its
maximum at 48 h, which was consistent with the
results detected by NIR imaging. These results
indicated that nanoparticles were highly accumulated
at the tumor site at 48 h post-injection. All these
results in our study indicated that PFTBA@HSA can
achieve high accumulation in the tumor.

PFCs have been demonstrated to be good O:
carriers and can release O, at low oxygen partial
pressures [45, 46]. Due to tumor hypoxia, O, was
released by free diffusion from PFTBA@HSA when
the nanoparticles circulated to the tumor tissue site,
namely, the first-stage oxygen release. In this study,
PPA@HSA was used as an ideal control in these
studies as one-stage oxygen delivery with only
physically bound oxygen. The results showed that
PPA@HSA (~160 nm) obtained similar nanoscale and
shape as PFTBA@HSA (~150 nm) (Figure S9).
Meanwhile, the oxygen solubility of PPA@HSA (~480
pM) was also similar to that of PFTBA@HSA (~500
pM) (Figure S10). We found that tumor hypoxia was

obviously relieved at 5 h after intratumoral injection
of PFEC@HSAs, as indicated by Pimonidazole (Figure
4A-B). However, PFTBA@HSA was unable to relieve
tumor hypoxia over a long period because no
difference in HIF-la staining or Pimonidazole
accumulation was observed 12 h after treatments
(Figure 4A-E). Meanwhile, the western blot analysis
of HIF-1a also proved that PFTBA@HSA could not
effectively relieve hypoxia for a long period after
intratumoral injection (Figure 4F-G). Therefore,
oxygen supplied by PFEC@HSA itself (1ststage oxygen
delivery) was not sufficient to relieve long-term tumor
hypoxia, which significantly limited its potential
clinical usage.

Interestingly, we had previously demonstrated
that PFTBA@HSA was able to increase RBCs
infiltration at the tumor site. The increase in the
number of red blood cells at the tumor site would
likely endow PFTBA with second-stage oxygen
release capability (Figure S11). To validate this
hypothesis, we evaluated the two-stage oxygen
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delivery effects of PFTBA@HSA on relieving tumor
hypoxia via tail vein injection. Results showed that
the HIF-la expression in the tumor cells was
significantly decreased at both 12 and 24 h after
PFTBA@HSA treatment (Figure 5A-C and Figure
S$12). Meanwhile, the western blot analysis of HIF-1a
also proved that PFTBA@HSA could effectively
relieve hypoxia for a long period via two-stage
oxygen delivery realized by platelet
inhibition-mediated enhanced RBCs infiltration in
tumor and dissolving of physical oxygen (Figure

hypoxia indicator (Pimonidazole) in the tumors
showed results similar to those obtained with HIF-1a
assessment (Figure 5F-H). However, PPA@HSA did
not exhibit the same effect on relieving long-term
tumor hypoxia after tail vein administration (Figure
5), although its structure is similar to that of PFTBA.
This result might be due to the fact that PPA@HSA
did not show the inhibitory effect on platelets that
PFTBA@HSA possessed (Figure S3). Therefore, our
well-designed  two-stage PFTBA@HSA  oxygen
delivery system simultaneously relieved short-term
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Enhanced radiotherapy efficacy of used to induce DNA damage and apoptosis [47, 48].
PFTBA@HSA in SUMI49PT tumors Tumor hypoxia can significantly limit the formation
of stable organic peroxides, causing significantly

Radiotherapy is currently a widely applied
reduced radiotherapy efficacy [47, 48]. Thus,

cancer therapy strategy in which ionizing radiation is
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PFTBA@HSA could serve as a radiotherapy enhancer
by increasing the oxygen supply via two-stage oxygen
delivery. The SUM149PT breast tumor model was
used to verify this hypothesis. Results showed that
PFTBA@HSA itself did not have an effect on tumor
growth (Figure 6A-B). When PFTBA@HSA was
combined with radiotherapy, the tumor growth rate
(Figure 6C-D) and the tumor weight (Figure 6F) were
significantly reduced compared to the effects of
radiotherapy alone.

Subsequently, H&E staining, TUNEL staining
and yHAX immunological staining were used to
evaluate pathological changes in the tumors. The

results showed that tumor necrosis and apoptosis
were significantly improved by co-treatment of
SUM149PT  tumors with PFITBA@HSA and
radiotherapy (Figure 6G). yH>AX immunofluores-
cence staining was used to evaluate DNA
double-strand breaks caused by radiation, and
additional DNA double-strand breaks were generated
when radiotherapy was co-treated with PFTBA@HSA
(Figure 6G). Meanwhile, no significant changes in
body weight were observed after PFTBA@HSA
treatment (Figure 6E). Therefore, PFTBA@HSA could
be used as a radiotherapy enhancer due to its capacity
for two-stage oxygen delivery.
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Figure 6. Effects of PFTBA@HSA on radiotherapy in the SUMI149PT tumor model. (A-D) Tumor growth curves of SUM149PT tumor-bearing mice after different
treatments (n=6). (E) Relative mice bodyweight curves (n=6). (F) Tumor weight detected at day 25 post-treatments (n=6). (G) Representative images of H&E staining, yH2AX
staining and TUNEL staining of SUMI49PT tumors; scale bar = 50 pm. Data are shown as the mean * SD. Statistical analyses were performed via one-way ANOVA test.
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Enhanced radiotherapy efficacy of PFTBA@
HSA in more hypoxic CT26 colon tumors

Colon cancer tumors are even more hypoxic than
breast cancer tumors [49-51]. The average oxygen
partial pressure of normal mammary tissue is 60
mmHg, whereas the average oxygen partial pressure
in colon cancer tumors is 30 mmHg [49]. However, in
patients with colon cancer, the degree of hypoxia in
colon cancer tumor tissue is more obvious, with an
average oxygen partial pressure of only
approximately 10 mmHg [50, 51]. Therefore, to verify
the efficacy of the two-stage PFTBA@HSA oxygen
delivery system, a more hypoxic CT26 colon cancer
model was chosen to study the radio-sensitization
effect of PFTBA@HSA. Results showed that
radiotherapy combined with PFTBA@HSA effectively
inhibited tumor growth (Figure 7A) and reduced
tumor weight (Figure 7B). Meanwhile, PPA@HSA
with only one-stage oxygen delivery could only

slightly enhance the efficacy of tumor radiotherapy
(P=0.11), meaning that two-stage oxygen delivery
may better sensitize radiotherapy than one-stage
oxygen delivery. These findings demonstrated that
enhanced radiotherapy efficacy could be conferred by
PFTBA@HSA compared with the efficacy of
radiotherapy alone or PPA@HSA (one-stage oxygen
delivery) (Figure 7A-C).

Furthermore, some mice were randomly selected
and euthanized for tumor collection at 24 h after
various treatments. Subsequently, H&E staining and
TUNEL and yH>AX immunohistochemical staining
were used to assess pathological changes in the
tumors. The results showed that tumor cell necrosis,
tumor cell apoptosis and the production of DNA
double-strand breaks were significantly amplified
with PFTBA@HSA and radiotherapy co-treatment
(Figure 7D). More importantly, no significant changes
in bodyweight were noted after PFTBA@HSA
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treatment (Figure 7C). Taken together, these results
suggest that PFTBA@HSA can significantly enhance
the sensitivity of CT26 colon cancer to radiotherapy
with a high level of biosafety.

In vivo toxicity tests of PFTBA@HSA

The in vivo toxicity tests were conducted via
normal tissue sections and serum biochemistry
analysis. The results showed that PFTBA@HSA
possessed no hemolytic effect (Figure S13). Moreover,
results of H&E staining further confirmed that
PFTBA@HSA had no short-term or long-term
significant toxicity in normal tissues (Figure S14-S15).
In addition, the main liver function markers including
aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) suggested that no obvious
influence was found on liver function after
PFTBA@HSA treatment (Figure S16). The detection of
kidney function markers (blood urea nitrogen, BUN
and creatinine, Cre) also showed that PFTBA@HSA
did not induce obvious toxicity in terms of renal
function (Figure S16). Thus, PFTBA@HSA possessed
good biosafety in vivo.

Discussion

Currently, PFCs, a class of chemically inert
molecules with good biocompatibility and biosafety,
are widely used in the clinic for different purposes,
including artificial blood substitution, organ
preservation, ultrasound imaging and fluorine
magnetic imaging [18-20]. PFCs can actively carry
oxygen via physical dissolution at a rate of
approximately 20 times that of water and twice that of
blood at normal atmospheric pressure [21]. Therefore,
PFCs are also widely used as O delivery vehicles.
However, the efficacy of PFCs in supplying oxygen to
tumors is still insufficient due to the following
inherent drawbacks. Generally, PFCs cannot
completely release dissolved O even at extremely low
partial oxygen pressure due to physical effects [9, 21].
Moreover, during the process of PFC cycling to the
tumor, the majority of dissolved oxygen has already
been released by simple physical diffusion in the
blood, further reducing the O» delivery efficiency [9,
21]. Therefore, the usage of PFCs as oxygen suppliers
still requires further enhancement.

In this study, we found that PFTBA could
significantly increase RBCs infiltration at tumor sites,
thereby improving the efficacy of RBCs-mediated O;
supply. We selected and screened a series of PFCs,
including PFTBA, FDC and PPA, among which
PFTBA showed the most significant effect on RBCs
infiltration. The increased RBCs infiltration at the
tumor site combined with the dissolved oxygen
characteristics of perfluorocarbon itself formed our

two-stage oxygen delivery system. Compared with
the one-stage oxygen delivery strategy mediated by
the physical oxygen-binding ability of PFC@HSAs,
PFTBA@HSA could effectively relieve tumor hypoxia.
As a result, tumor hypoxia was efficiently relieved for
a long period, which lead to almost entirely inhibited
tumor growth after radiotherapy. Our work presents
a simple but effective method to reverse the resistance
to radiotherapy caused by tumor hypoxia.
PFTBA@HSA shows great promise for future clinical
translation since all agents, including PFTBA and
albumin, are readily available in the clinic and have
been verified as nontoxic.

One of the possible mechanisms by which
PFTBA increased the vascular permeability of tumors
is tumor-targeted platelet inhibition, likely caused by
the longest hydrophobic carbon chain of PFIBA.
Platelets have recently been shown to play a crucial
role in the maintenance of tumor vessel integrity by
secreting active ingredients, such as serotonin,
angiogenin-1 and transforming growth factors [44,

52-54]. These active ingredients can effectively
increase  endothelial cell numbers, optimize
endothelial cell arrangements and increase

endothelial cell tight junctions [44, 52-54]. Thus,
PFTBA can improve the vascular permeability of
tumors via targeted platelet inhibition, leading to
significantly ~increased RBCs penetration and
enhanced cell oxygenation at the tumor site. In this
study, PFTBA was encapsulated in albumin to form
nanoparticles, which accumulated in tumor tissue via
the EPR effect. In addition, PFTBA@HSA actively
accumulated at the tumor site due to the high affinity
between albumin and highly expressed SPARC on the
tumor surface. Finally, PFTBA accumulated at the
tumor site selectively inhibited platelets in the tumor
to improve tumor vascular permeability and O»
supply.

On the other hand, platelets also play a vital role
in promoting tumor metastasis.[55, 56] Platelets can
actively combine with circulating tumor cells to form
tumor thrombi that are able to avoid the damage
induced by blood shear force and natural killer cell
recognition and killing, ultimately enhancing tumor
cell survival in the blood [55]. At the same time, ATP
released by activated platelets can significantly
enhance the penetration and infiltration of tumor cells
at distant metastasis sites [56]. Currently, platelet
inhibition has already been shown to be the most
efficient way to inhibit tumor metastasis [57].
Therefore, we speculate that the two-stage oxygen
delivery system designed in this study can further
inhibit tumor metastasis. To confirm this hypothesis,
we preliminarily studied the anti-tumor metastasis
ability of PFTBA@HSA in 4T1 tumors. The results
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showed that the number of 4T1 tumor Ilung
metastases was 5.612.4 after PFTBA@HSA treatment,
whereas the number in the blank group was 23.2+8.70,
indicating that PFTBA@HSA inhibited in situ tumor
metastasis through effective platelet inhibition
(Figure S17-518).

Recently, platelet inhibition has also been
demonstrated to be an effective approach for
sensitizing tumors to immunotherapy [58]. Platelets
can activate latent TGF-p through the GARP protein
on their surface [58, 59], and increased TGF-
activation can significantly inhibit T cell activity [60].
Through platelet inhibition, the amount of activated
TGF-p in the blood can be significantly reduced,
thereby enhancing the effect of T-cell immunotherapy
[58]. Therefore, we speculate that PFTBA can also
effectively increase T-cell activity through platelet
inhibition to sensitize tumors to immunotherapy
(Figure S19).

Conclusion

In this study, we found that PFTBA could
increase RBCs infiltration and O. delivery via
physically dissolved oxygen. Then, we established a
two-stage O, delivery system using PFTBA as oxygen
carrier and albumin as PFTBA carrier. The tumor
growth rate in response to radiotherapy of breast
cancer (SUM149PT) decreased from 40% to 14% when
compared with the vehicle after application of the
two-stage oxygen delivery system. For the more
hypoxic colon cancer (CT26), the tumor growth rate
also decreased from 30% to 15%. Our work provides a
simple but effective method to reverse tumor hypoxia
and thus reverse tumor resistance to radiotherapy.
PFTBA@HSA shows great promise for future clinical
transition since all agents, including PFTBA and
albumin, are readily available in the clinic and have
been verified as nontoxic.
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