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Introduction: Limited by tumor vascular barriers, restricted intratumoural T cell infiltration
and nanoparticles accumulation remain major bottlenecks for anticancer therapy. Platelets are
now known to maintain tumor vascular integrity. Therefore, inhibition of tumor-associated
platelets may be an effective method to increase T cell infiltration and drug accumulation at
tumor sites. Herein, we designed an ultrasound-responsive nitric oxide (NO) release nano-
system, SNO-HSA-PTX, which can release NO in response to ultrasound (US) irradiation,
thereby inhibiting platelet function and opening the tumor vascular barrier, promoting drug
accumulation and T cell infiltration.

Methods: We evaluated the ability of SNO-HSA-PTX to release NO in response to US
irradiation. We also tested the effect of SNO-HSA-PTX on platelet function. Plenty of
studies including cytotoxicity, pharmacokinetics study, biodistribution, blood perfusion,
T cell infiltration, in vivo antitumor efficacy and safety assessment were conducted to
investigate the antitumor effect of SNO-HSA-PTX.

Results: SNO-HSA-PTX with US irradiation inhibited tumor-associated platelets activation
and induced openings in the tumor vascular barriers, which promoted the accumulation of
SNO-HSA-PTX nanoparticles to the tumor sites. Meanwhile, the damaged vascular barriers
allowed oxygen-carrying hemoglobin to infiltrate tumor regions, alleviating hypoxia of the
tumor microenvironment. In addition, the intratumoral T cell infiltration was augmented,
together with chemotherapy and NO therapy, which greatly inhibited tumor growth.
Discussion: Our research designed a simple strategy to open the vascular barrier by
inhibiting the tumor-associated platelets, which provide new ideas for anti-tumor treatment.
Keywords: intratumoural T cell infiltration, nanoparticles accumulation, tumor vascular
barriers, nitric oxide, tumor-associated platelets

Introduction

Cancer immunotherapy has become a powerful clinical strategy for cancer treat-
ment that has achieved remarkable breakthroughs.'™ However, despite recent
successes, some cancer patients are resistant to immunotherapy, which may be
due to the inability of T cells to infiltrate the tumors. Many groups have demon-
strated that the number of CD8+ and CD4+ T cells in tumors was closely associated
with a good clinical outcome.*® Tumors induce vascular barriers which inhibit
T-cell homing, thereby weakening the efficacy of immunotherapy.”® Moreover, the
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tumor vascular barriers also impair the delivery efficiency
of antitumor drugs, leading to ineffective antitumor
therapy.'®'? New strategies aimed at breaking tumor vas-
cular barriers with enhanced intratumoral T cells infiltra-
tion and improved drug accumulation are urgently needed
to advance the field of anticancer therapy.

Besides maintaining hemostasis, platelets play a crucial
role in promoting cancer progression, particularly in main-
taining tumor vascular integrity.'*'* Tumor blood vessels
always show vascular damage and decreased endothelial
connections, which is called an enhanced permeability and
retention (EPR) effect. Nanoparticles penetrate the tumor
microenvironment through EPR effect.'>'® However, the
activated platelets repair broken blood vessels by adhering
to the vascular endothelium, thus restraining vascular per-
meability, and hindering the diffusion of immune cells and
medicines into solid tumors. In addition, it has been
reported that the depletion of platelets in tumor-bearing
mice can cause loss of vascular integrity, leading to mas-
sive bleeding in the tumors.'®** Platelet depletion has
been shown to promote the intratumoral accumulation of
chemotherapeutic drugs, thereby enhancing the anti-tumor
effect.’** Considering the vital role of platelets in main-
taining tumor vascular barriers, we hypothesized that
a specific blockade of tumor-associated platelets may
represent a new method to destabilize tumor vasculature,
leading to increased endothelial permeability and efficient
infiltration of immune cells and drugs. Although several
interesting works have shown that the systemic platelet
depletion significantly improved tumor vascular perme-
ability and enhances the efficacy of cancer therapy.”> %
However, systemic depletion of platelets in cancer patients
is not a therapeutic option due to severe side effects on
hemostasis.

As an endogenous platelet inhibitor, nitric oxide (NO)
suppresses multiple platelet functions, including preventing
its aggregation and adhesion to the vascular endothelium,
thereby preventing thrombus and atherosclerosis.”® 2’
Recently, it has been validated that NO molecules hold
great potential in tumor therapy due to its unparalleled
killing effect on cancer cells at high concentrations.>*!
Small
(SNOs), metal-NO-complexes, sydonomines, diazenium-
diolates (NONOates), and NO-drug hybrids.>*> However,
the application of these NO-release strategies still limited

molecule NO donors include S-nitrosothiols

by nonbiodegradable components, uncontrollable release
and insufficient tumor perfusion, which leads to the leakage
of NO into normal tissues and restricted killing effect of

NO.*-* Therefore, an ideal NO release therapeutic system
should have good biocompatibility and release high levels
of NO locally and controllably under specific stimuli, which
can be conveniently applied to tumor sites, such as ultra-
sound (US), laser and magnetism.

Herein, we designed an ultrasound-responsive NO
release nanosystem, SNO-HSA-PTX, which was con-
structed by loading an anticancer drug (paclitaxel, PTX)
into a NO donor-modified albumin shell (Figure 1A). We
have demonstrated the SNO-HSA-PTX stimulated by US
irradiation achieved the on-demand release of NO for the
inhibition of tumor-associated platelets activation. As
shown in Figure 1B, when the SNO-HSA-PTX nanoparti-
cles were administered intravenously into the mice, they
reached into tumor regions via the leaky tumor vascula-
ture. The US irradiation was performed to trigger the NO
release from SNO-HSA-PTX, which locally inhibited
tumor-associated platelets activation. The absence of pla-
telets in tumors induced openings in the tumor vascular
barriers, which promoted the accumulation of SNO-HSA-
PTX nanoparticles to the tumor sites. Meanwhile, the
damaged vascular barriers allowed oxygen-carrying hemo-
globin to infiltrate tumor regions, alleviating hypoxia of
the tumor microenvironment and reverse tumor immuno-
suppression. In addition, a significant amount of NO was
fast released from SNO-HSA-PTX under US irradiation to
reach a high concentration, directly killing cancer cells as
NO gas therapy. PTX also exerted the chemotherapeutic
effect and further induced tumor cell apoptosis.>> Finally,
the intratumoral infiltration of T cells was augmented,
together with chemotherapy and NO therapy, which
greatly inhibited tumor growth. We for the first time to
reveal the role of NO in opening the tumor vascular barrier
through the platelet pathway. Systemic administration of
SNO-HSA-PTX to mice with US irradiation resulted in
enhanced tumor vascular leakage, accompanied by
increased drug accumulation, tumor hypoxia alleviation
and T cells infiltration, ultimately leading to tumor
suppression.

Experimental Section

Materials

Human serum albumin solution (HSA) was purchased from
Octapharma. 2-iminothiolane, DTPA and 2-mercaptoethanol
were provided by Aladdin Industrial Co. (Shanghai, China).
Paclitaxel (PTX) was purchased from Dalian Meilun
Biotechnology (Dalian, China). Isopentyl nitrite and IR780
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Figure | Schematic illustration of improved efficacy of US-triggered NO release nanosystem mediated platelet blockade. (A) Schematic diagram of preparation of SNO-
HSA-PTX nanoparticles. (B) The NO released by SNO-HSA-PTX under US stimulation inhibited platelet activation thus opening the tumor vascular barrier, leading to

enhanced T cells infiltration, drug accumulation and tumor hypoxia relief.

were brought from J&K Scientific Co. (Beijing, China). BCA
kits, NO probe and Griess kits were obtained from Beyotime
Biotechnology (Shanghai, China). CFSE were obtained from
Sigma Chemical Co. (Shanghai, China). The CCK-8, DAPI
and DIL were purchased from Dojindo Molecular
Technologies (Rockville, USA). All other reagents were

used directly as supplied without any further purification.

Animal Model

All animal procedures were approved by Laboratory
Animal Management Committee at Nanjing Tech
University (SYXK(Shu) 2016-0031). All animal proce-
dures were performed according to the guidelines of the
Administration Committee of Experimental Animals in
Jiangsu Province and the Ethics Committee of Nanjing

Tech University. BALB/c female mice were brought

from  Qinglongshan  Laboratory = Animal Center
(Yangzhou, China). Mice were housed in groups of six
maintaining free water and food supply. The 4T1 cells (1 x
107/mL, 50 uL) were subcutaneous injected into the lower
flanks of the mice. The tumor was taken off when its
volume reached 150 mm?® and processed into small pieces
of about 4 mm>. Then, these pieces were implanted sub-
cutaneously into BALB/c mice to establish the subcuta-

neous tumor models.

Synthesis of SNO-HSA

S-nitrosated human serum albumin (SNO-HSA) was
obtained by modifying the S-Nitrosothiol groups on the
surface of HSA. Briefly, 400 mg of HSA (200 mg/mL,
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2 mL) was reacted with 3 mM of 2-iminothiolane dis-
solved in 20 mL of phosphate buffer for 1 h. The reaction
product was concentrated by an ultrafiltration cup to obtain
S-thiolated HSA (SH-HSA). The concentration of SH-
HSA was adjusted to 0.2 mM and then 15 mM of isopentyl
nitrite was added to react at 37°C for 3 h. The reaction
solution was concentrated and purified to obtain the final
product SNO-HSA through an ultrafiltration cup. The con-
centration of nitric oxide (NO) and protein in SNO-HSA
was measured by Griess Reagent and BCA Kits,

respectively.

Preparation and Characterization of

SNO-HSA-PTX Nanoparticles

SNO-HSA-PTX nanoparticles were prepared by encapsu-
lating hydrophobic drugs paclitaxel (PTX) in the hydro-
phobic cavities of proteins. Briefly, 2-mercaptoethanol was
added to HSA or SNO-HSA solution (2 mg/mL, 100 mL)
to open the hydrophobic regions of proteins. PTX dis-
solved in ethyl alcohol (10 mg/mL, 2 mL) was dropped
uniformly and slowly into the above HSA or SNO-HSA
solution to form HSA-PTX and SNO-HSA-PTX nanopar-
ticles. In addition, 2 mg of IR780 was added to PTX ethyl
alcohol to form IR780-labeled SNO-HSA-PTX. The
obtained nanoparticle dispersions were enriched by ultra-
filtration. SNO-HSA-PTX nanoparticles were freeze-dried
and stored at —20 4 °C. The particle size of SNO-HSA-
PTX was monitored by Malvern Zetasizer (Nano ZS,
Malvern, UK). The shape of SNO-HSA-PTX was
observed under a transmission electron microscopy
(TEM, JEM-2100, Japan). The PTX concentration was
quantified using high-performance liquid chromatography
(HPLC).

Drug loading of PTX = (actual PTX content in nano-
particles/weight of nanoparticles) x 100%

Encapsulation efficiency of PTX = (actual drug loading
of nanoparticles/theoretical drug loading of nanoparticles)
x 100%

US-Triggered Drug Release

The effect of US irradiation on PTX release was studied.
The SNO-HSA-PTX solution (20 mg/mL) was dealt with
US irradiation (1 MHz, 2 W/cm?) for different times (1, 2,
3, 4, 5 min), and the NO generation was measured by
Griess Reagent. Similar, different concentration of SNO-
HSA-PTX (2.5, 5, 10, 15, 20 mg/mL) was dealt with US
irradiation (1 MHz, 2 W/em?, 5 min), and the NO

generation was measured by Griess Reagent. The effect
of US irradiation on PTX release was also studied. The
SNO-HSA-PTX solution (PTX: 2 mg/mL) was dealt with
US irradiation (1 MHz, 2 W/cm?) for 5 min. The SNO-
HSA-PTX solution with or without US irradiation was put
into a dialysis bag to study its release behavior in 0.2% (w/
v) Tween 80-PBS.

Platelet Preparation

Whole blood was quickly collected from the retro-orbital
sinus of BALB/c mice into tubes with sodium citrate
(Blood: sodium citrate=9:1). Then, the anticoagulated
blood was centrifuged at 200xg for 8 min to obtain the
supernatant, which is platelet-rich plasma (PRP).
Centrifuge PRP at 1000 xg for 8 min and discard the
supernatant to obtain white platelet pellet. Finally, the
platelet suspension was obtained by resuspending the pla-
telet pellet with modified Tyrode’s buffer for future use.
Tyrode’s buffer was composed of 137 mM NaCl, 2 mM
KCl, 12 mM NaHCOs;, 0.3 mM NaH,PO,, 1 mM MgCl,,
2 mM CaCl,, and 5 mM HEPES.

Platelet Aggregation Assay
SNO-HSA-PTX, HSA-PTX or saline was added into pla-
telet suspensions followed by US irradiation (1 MHz, 2 W/
cm?) for 5 min (platelets: 4x107/mL, PTX: 2 pug/mL and
NO: 2 uM). After that, 5 pL of thrombin (200 U/mL) was
added to activate the platelet aggregation. The ultraviolet
absorption of platelet suspensions was measured at 650 nm
before and after thrombin addition. Changes in absorbance
reflect platelet aggregation. The saline group served as the
positive control. The supernatant was collected for ATP
detection according to the luminescence level.

The platelets labeled with CFSE (5(6)-
Carboxyfluorescein diacetate,

were
succinimidyl ester) to
directly show platelet aggregation. After treating platelets
as described above, the platelet suspensions were dropped
onto the glass slide to capture the aggregated platelets by

the fluorescence microscope.

Platelet Adhesion Assay

SNO-HSA-PTX, HSA-PTX or saline was added into
CFSE-labeled platelet suspensions followed by US irradia-
tion (1 MHz, 2 W/em?) for 5 min (platelets: 4x107/mL,
PTX: 2 pg/mL, NO: 2 uM). Then, the processed platelet
suspensions were added to the collagen I-coated 96-well
plates and incubated for 1 h at 37°C. After that, the
collagen I-coated 96-well plates were washed three times
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with buffer. The adhesion of platelets was observed under
the microscope. The number of the platelets in the field of
view was counted to characterize platelet adhesion. The
served as

adhesion of saline-treated platelets was

a positive control.

Cell Culture

The mouse breast cancer cell lines 4T1 cells were pur-
chased from American Type Culture Collection (ATCC,
Manassas, VA, USA).

Intracellular NO Generation

DAF-FM DA (Ex/Em =495/515 nm) was a typical NO
indicator to characterize the intracellular NO production.
The 4T1 cells were seeded in 24-well plates 24 h in
advance. The cells were incubated with DAF-FM DA (5
puM) for 20 min then washed by PBS. Next, HSA-PTX or
SNO-HSA-PTX (PTX: 2 ug/mL, NO: 2 uM) was added to
the cells and incubated for 2 h. After incubation, the
extracellular nanoparticles were removed, the cells were
dealt with US irradiation (1 MHz, 2 W/cm?) for 5 min.
The fluorescence was captured by confocal laser scanning
microscopy (CLSM) and a fluorescence microplate. The
cells after the above treatments were collected for intra-
cellular NO analysis by the flow cytometry analysis
(ACEA Biosciences).

In vitro Cytotoxicity

4T1 cells were prepared in 96-well plates. HSA-PTX and
SNO-HSA-PTX were added to the cells and incubated for
2 h and then washed to remove extracellular nanoparticles.
Cells were exposed to US irradiation (1 MHz, 2 W/cm?)
for 5 min per well followed by the addition of a mixture of
CCK-8 (10 pL) and fresh medium (100 pL). After incuba-
tion for another 2 h, the cell viability was analyzed by
measuring the absorbance at 450 nm by an Infinite F50
microplate reader (Tecan Life Sciences, Mannedorf,
Switzerland).

In vivo Pharmacokinetics Study

Healthy SD rats were randomly divided into 3 groups
(n=3). PTX, HSA-PTX and SNO-HSA-PTX were admi-
nistered via the tail vein at the dose of 20 mg PTX/kg,
respectively. At predetermined time intervals (0.5, 1, 2, 4,
8, 12, 24, 48 and 72 h), blood samples were collected with
heparin and centrifuged to obtain the plasma. The concen-
tration of PTX in plasma was determined by HPLC. Drug
and statistics (DAS) software (version 2.1.1, Mathematical

Pharmacology Professional Committee, China) was uti-
lized to calculate the pharmacokinetics parameters.

In vivo Imaging and Biodistribution
To study the biodistribution of SNO-HSA-PTX, the NIR
fluorescent dye IR780 was applied to label SNO-HSA-
PTX. Briefly, 200 pL of IR780-labeled SNO-HSA-PTX
(IR780: 80 pg/mL) was injected into mice when the tumor
size reached approximately 150-200 mm?>. Then, these
groups received US irradiation (1 MHz, 2 W/cm?, 5 min)
at 3 h after injection. At a different time after US irradia-
tion (0, 4, 24, 48 h), the fluorescence images of IR780 (Ex/
Em = 740/810 nm) in mice were obtained using the
Maestro system (Cri Inc., Woburn, MA, USA). IR780
fluorescence data were analyzed using IVIS Living ima-
ging software (PerkinElmer).

4T1 tumor-bearing mice were injected with HSA-PTX
and SNO-HSA-PTX via the tail veins (PTX: 2 mg/mL,
NO: 2 mM, 200 pL), and then received US irradiation (1
MHz, 2 W/cm2, 5 min) at 3 h after injection. The tumor
tissues were collected and weighted at 0, 6, 24 and 48
h after US irradiation. The PTX in tumors was extracted
with dichloromethane. Then, the extracted PTX was
further concentrated by evaporating the dichloromethane
using a nitrogen blower, and then dissolved in acetonitrile
for HPLC detection.

In vivo NO Generation

4T1 tumor-bearing mice were injected with SNO-HSA-
PTX via the tail veins, and then received US irradiation (1
MHz, 2 W/cm2, 5 min) at 3 h after injection. The tumors
were removed for anti-nitrotyrosine antibody staining 24-h
post-injection to observe the NO generation in vivo. Also,
tumor slices were stained with CD62P to investigate the
activation of platelets.

In vivo Tumor Vessel Permeability Assay

A typical Evans blue assay was used to evaluate the tumor
vascular permeability. 4T1 tumor-bearing mice were
injected with SNO-HSA-PTX via the tail veins, and then
received US irradiation (1 MHz, 2 W/cm2, 5 min) at 3
h after injection. After 3 h, the mice were intravenously
injected with Evans blue (40 mg/kg). After another 5 h, the
tumors were collected and weighed. Then, the tumors were
homogenized with formamide to extract Evans blue, and
the ultraviolet absorption of Evans blue was detected at
620 nm. The fluorescence of Evans blue was observed
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using a fluorescence microscope by frozen sections of
tumors.

In vivo Blood Perfusion

4T1 tumor-bearing mice were injected with SNO-HSA-
PTX via the tail veins, and then received US irradiation (1
MHz, 2 W/cm2, 5 min) at 3 h after injection. The changes
in tumor blood flow were observed by laser speckle con-
trast imaging at different time after US irradiation.
One day later, the mice were sacrificed to collect tumors
for H&E staining. Then, these tumors were homogenized
in saline and centrifuged to obtain supernatant. The hemo-
globin concentration was measured using a hemoglobin
assay kit (Jiancheng, Nanjing). Also, tumor slices were
stained with anti-mouse HIF-la antibody for HIF-la-
based hypoxia detection.

In vivo Analysis of T Cells

For the evaluation of T cell infiltration, 4T1 tumor-bearing
mice were injected with SNO-HSA-PTX via the tail veins,
and then received US irradiation (1 MHz, 2 W/cm2, 5
min) at 3 h after injection. Two days after the treatment,
the mice were sacrificed, and the tumors were collected for
FACS analyses. Briefly, tumor tissues were cut into small
pieces and digested in digestion solution at 37°C for 30
min. The digested tissues were filtered to obtain single-cell
suspensions. For CD8+ T cells infiltration and regulatory
T cells (Tregs) evaluation, cells were stained with anti-
CD3-FITC, anti-CD8-PE, anti-CD4-APC, and anti-FoxP3-
PE-CY7 antibodies (BD Pharmingen). For intracellular
Foxp3 staining, the cells were further fixed and permeabi-
lized using a Foxp3/Transcription Factor Buffer Set (BD
Pharmingen). The immunofluorescence staining of CD8
was also performed and captured by fluorescence
microscopy.

In vivo Antitumor Efficacy

When the tumor size reached approximately 80 mm?>, 4T1
tumor-bearing mice were randomly assigned into six
groups (n = 6). The mice were intravenously injected
with 200 pL of saline (groups 1 and 2), HSA-PTX
(PTX: 2 mg/mL; groups 3 and 4), and SNO-HSA-PTX
(NO: 2 mM and PTX: 2 mg/mL; groups 5 and 6). Groups
2, 4, and 6 additionally received US irradiation (1 MHz, 2
W/em?, 5 min) 3 h post-injection. The treatments were
given on mice on days 1, 3, and 5. The tumor size and
body weight were recorded every 2 days, and tumor
volume was calculated as width® x length/2. On day 15,

the tumors were collected and weighted. To evaluate the
therapeutic efficacy of the different treated groups, the
tumor-bearing mice were treated as describedand tumors
were removed on day 2 for H&E staining and TUNEL
staining. The images were acquired by a digital micro-
scope (Nikon, Japan).

Biosafety of SNO-HSA-PTX in vivo

The blood biochemical analyses of alanine aminotransfer-
ase (ALT), aspartate aminotransferase (AST) and alkaline
phosphatase (ALP) were performed to indicate the biosaf-
ety of SNO-HSA-PTX. After treatment with saline and
SNO-HSA-PTX for 1 day, the whole blood was collected
for analysis. In addition, tail blooding test was used to
evaluate the effect of US-triggered release NO nanoparti-
cles on the hemostatic function of platelets. The mice were
intravenously injected with saline or SNO-HSA-PTX
(PTX: 2 mg/mL, NO: 2 mM, 200 pL) and were then
exposed to US irradiation (1 MHz, 2 W/em?, 5 min) at 3
h after injection. Twelve hours after administration, the tail
tips were truncated and the tails were soaked immediately
in the saline at 37 °C. The tail bleeding time of mice was
recorded.

Statistical Analysis

Multiple comparisons were analyzed by ANOVA or
Tukey’s post hoc tests. All data were presented as the
mean = SD or the mean + SEM. Significance was
expressed as *p < 0.05, **p < 0.01, and ***p < 0.001.

Results and Discussion

Preparation and Characterization of
SNO-HSA-PTX

A previous study reported that the characteristic absorption
peak of S-NO exists at 340 nm.>® As shown in Figure 2A,
there was an obvious absorption peak at 340 nm in SNO-
HSA compared with HSA, indicating the successful synth-
esis of SNO-HSA. There was 6.32+1.19 mol of SNO per
mol of SNO-HSA. The SNO-HSA-PTX nanoparticles were
constructed by encapsulating PTX into the hydrophobic
cavity of SNO-HSA through hydrophobic interaction. The
average size of SNO-HSA-PTX was ~13943.22 nm
obtained by dynamic light scattering (DLS) (Figure 2B).
As shown in the representative TEM images in Figure 2C,
the synthesized SNO-HSA-PTX nanoparticles were regular
spherical and uniform in size with an average diameter of
about 136+4.13 nm. The concentration of PTX was detected
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Figure 2 Characterization of SNO-HSA-PTX. (A) UV-vis absorption spectra HAS, SNO-HSA and SNO-HAS-PTX. (B) Particle size distribution of SNO-HSA-PTX. (C) The
TEM images of SNO-HSA-PTX. (D) Concentration and US time-dependent changes of NO generated from SNO-HSA-PTX.

by HPLC, and the load capacity of PTX in SNO-HSA-PTX
nanoparticles was about 10.5+0.89%. The encapsulation
efficiency of PTX in SNO-HSA-PTX was approximately
78.66+2.12%. The load capacity of SNO in SNO-HSA-
PTX nanoparticles was about 0.68+0.04%. It was observed
that SNO-HSA-PTX nanoparticles exhibited good stability
in physiological media (Figure S1). These results indicated
the successful preparation of SNO-HSA-PTX.

In order to evaluate the ultrasound (US) stimuli-
responsive NO release behavior of SNO-HSA-PTX, the
accumulative release of NO was measured by a typical
Griess assay. NO can react with Griess assay to form diazo
compounds, which can be measured by 540 nm ultraviolet
light. The NO released from SNO-HSA-PTX increased with

the prolongation of US time (Figure S2). As shown in Figure
2D, treating SNO-HSA-PTX with US irradiation resulted in
an obvious release of NO. We also observed that the NO
release rates of SNO-HSA-PTX after US irradiation were
increased and reached the maximum at 5 min. Therefore, we
determined the optimal time of US irradiation was 5 min.
The evaluation of the NO generation revealed that SNO-
HSA-PTX displayed a clear US responsive NO release
profile. The US response release of NO from SNO-HSA-
PTX may be attributed to the instability of the S-NO bonds
under ultrasonic energy, resulting in the breaking of the
S-NO bond thus releasing NO. In addition to triggering the
release of NO, US stimulation also showed an acceleration
effect on the release of PTX (Figure S3). We inferred that
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this may be due to the energy of US irradiation destroying
the nanostructure of SNO-HSA-PTX, causing the leakage of
PTX thus leading to a faster release of PTX.

The Inhibitory Ability of SNO-HSA-PTX
on Platelets

Platelets act as the crucial modulator in regulating angiogen-
esis and maintaining vasculature function in the tumor
microenvironment.>” The tumor site is called a non-healing
wound, allowing platelets to accumulate at the tumor site to
maintain the integrity of the tumor blood vessel wall, thus
limiting the delivery of drugs to the tumor site. As an
endogenous inhibitor of platelets, NO can prevent platelets
from activation, inhibiting platelet adhesion and aggrega-
tion. In order to study whether SNO-HSA-PTX has the
effect of enhancing tumor vascular permeability, we first
study the anti-platelet aggregation effect of NO released by
SNO-HSA-PTX. Platelets labeled with CFSE were

A
HSA-PTX

HSA-PTX+US

SNO-HSA-PTX" . SNO-HSA-PTX+US

-

120

incubated with HSA-PTX or SNO-HSA-PTX, and US irra-
diation was used to trigger the generation of NO.

As shown in Figure 3A, it can be clearly observed that
platelets treated with SNO-HSA-PTX+US irradiation still
maintain their individual shape, suggesting that the plate-
lets were inactive. While the platelets in the other treat-
ment groups aggregated and stuck into clumps. Then, the
platelet aggregation rate of the platelets with different
treatments was detected (Figure 3B). The platelet aggrega-
tion induced by thrombin served as a positive control.
Compared with the HSA-PTX (91.67+6.14%), HSA-PTX
+US (89.87£8.53%) and SNO-HSA-PTX (81.68+6.08%)
groups, the platelet aggregation of the SNO-HSA-PTX
with US irradiation pretreatment group was minimal
(30.2446.18%). These results indicated that the NO pro-
duced by SNO-HSA-PTX in response to US irradiation
can effectively prevent platelet aggregation.

Activated platelets can release ATP. The release of ATP
from platelets is an important indicator of platelet
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Figure 3 The inhibitory ability of SNO-HSA-PTX on platelets. (A) Aggregation images of CFSE-labeled platelets treated with HSA-PTX, HSA-PTX+US, SNO-HSA-PTX or
HSA-PTX+US (I MHz, 2 W/cm?, 5 min). Scale bar = 50 pum. (B) The aggregation rates of platelets with different treatments induced by thrombin. ***p < 0.001. (C) ATP
release from platelets activated by thrombin. *p < 0.05. (D) Representative image of platelet adhesion. Scale bar: 50 um. (E) Quantification of platelet adhesion after
treatment with HSA-PTX, HSA-PTX+US, SNO-HSA-PTX or HSA-PTX+US (I MHz, 2 W/cm?, 5 min). ¥%p < 0.001.
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activation.”® Next, we analyzed the ATP levels in the
supernatant obtained by centrifuging the platelets suspen-
sion after different treatments (Figure 3C). The ATP
released from platelets under thrombin stimulation was
used as a positive control. SNO-HSA-PTX with US irra-
diation significantly reduced the ATP levels, while other
treatments without NO generation did not reduce ATP
levels, indicating that the released NO possessed the cap-
ability of inhibiting platelet activation.

The platelet adhesion was examined to assess the abil-
ity of US-triggered release from SNO-HSA-PTX in pre-
venting platelets from adhering to the vascular
endothelium. As shown in Figure 3D and E. SNO-HSA-
PTX with US irradiation significantly reduced the adherent
platelets to collagen-coated plates, as reflected by the
decreased quantification of platelet adhesion rate.
Together, these results indicated that SNO-HSA-PTX

under US irradiation possessed the ability to inhibit plate-
let aggregation, activation and adhesion.

Intracellular NO Generation and
NO-Assisted Cytotoxicity

To confirm the US responsive NO generation in 4T1 cells,
the released NO was stained with the DAF-FM DA fluor-
escence probe. As revealed in Figure 4A, only after expo-
sure to US irradiation, SNO-HSA-PTX groups showed
significant green fluorescence, and the quantitative flow
cytometry analysis also demonstrated the large amount of
NO generation (Figure 4B), indicating the on-demand US
responsive NO release. Simultaneously, the US responsive
NO release of SNO-HSA-PTX was further validated by
quantitative of DAF-FM fluorescence (Figure 4C). Taken
SNO-HSA-PTX with US

together, the irradiation
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Figure 4 Intracellular NO generation and cell cytotoxicity. (A) Representative CLSM images of intracellular NO production in 4T cells stained with DAF-FM DA (green)
and DAPI (blue). Scale bars: 20 um. (B) NO generation detected by the flow cytometry. (C) Quantification of NO production by fluorescence microplate reader. (D) The
cell viability of 4T cells treated with HSA-PTX or SNO-HSA-PTX nanoparticles with or without US irradiation (1.0 MHz, 2 W/cm?, 5 min). ¥ < 0.01, **p < 0.001.
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displayed a high level of NO generation and would offer
the opportunity for more effective anti-tumor NO therapy.

Next, we assessed whether the US-triggered NO
release was sufficient to achieve NO-mediated apoptosis,
as the high concentration of NO possesses a killing effect
on tumor cells. The CCK-8 kit was employed to investi-
gate the cytotoxicity of US-triggered NO release nanopar-
ticles on 4T1 cells. As shown in Figure 4D, with the
increased concentration of the loaded drug, the cytotoxi-
city of SNO-HSA-PTX with US irradiation group was
significantly higher than that of HSA-PTX with US irra-
diation group, which could be speculated by the knowl-
edge that the NO released from SNO-HSA-PTX was
considered as the therapeutic accelerator. The carrier of
SNO-HSA-PTX or HSA-PTX did not cause any signifi-
cant toxicity to cells at the same concentration of nano-
particles,

circulation (Figure S4).

indicating the safety of nanoparticles in

In vivo Pharmacokinetics

The pharmacokinetics of PTX, HSA-PTX and SNO-HSA-
PTX were investigated by i.v. injection at a dose of 20 mg
PTX/kg. The time-dependent plasma concentration pro-
files were co-plotted in Figure S5 and pharmacokinetic
parameters were summarized in Table S1. PTX was
cleared from the circulatory system very quickly, while
the clearance (CL) of HSA-PTX and SNO-HSA-PTX was
much slower, which probably related to the reticuloen-
dothelial system (RES) escape and decreased leakiness.
Compared with PTX, the blood circulation of HSA-PTX
/SNO-HSA-PTX was prolonged with 7.85/8.71 times
longer half-life (t1/2), 1.93/2.05 times larger area under
the curve (AUC), and 4.70/4.88 times higher mean reten-
tion time (MRT) respectively. The prolonged PTX pre-
sence in the circulation system might be attributed to the
protein shell, which contributed to the enhanced accumu-
lation of nanoparticles in tumor tissue and effective antic-
ancer activity in vivo. In addition, there was no difference
between HSA-PTX and SNO-HSA-PTX in pharmacoki-
netic parameters, probably owing to the similar carrier
structures and relatively high stability in physiological
condition.

Enhancement of Tumor Vascular
Permeability by SNO-HSA-PTX

Previous studies have identified platelets as the key reg-
ulators of tumor vascular integrity. Therefore, strategies to

selectively inhibit platelet activation at tumor sites to
increase the accumulation of drugs in solid tumors repre-
sent an important goal of cancer therapy. In addition,
previous papers have reported that NO influence nanopar-
ticles distribution.***' The near-infrared dye IR780 was
loaded into the nanosystems to monitor the accumulation
of SNO-HSA-PTX to the tumor site after US irradiation.
As shown in Figure 5A, there was no significant difference
in the accumulation of HSA-PTX and SNO-HSA-PTX in
the absence of US irradiation (0 h). However, with
increased time, the difference of intratumoral accumula-
tion between the SNO-HSA-PTX group and the HSA-PTX
group gradually widened. The quantified data reveal that
the accumulation of SNO-HSA-PTX in the tumor site was
at levels about 1.5 times higher than that of HSA-PTX as
reflected in Figure 5B. At 48 h after US irradiation, mice
were euthanatized, and the major organs and tumors were
dissected for ex vivo biodistribution analyses (Figure S6).
Strong fluorescence signals and relatively high fluores-
cence intensity were found in the tumors of mice treated
with SNO-HSA-PTX, while weak fluorescence was
observed in HSA-PTX treated mice. We speculated that
this probably due to the NO triggered by US irradiation
enhanced the tumor vascular permeability through inhibit-
ing platelets and subsequent breaking the tumor vascular
barrier, thereby increasing the accumulation of nanoparti-
cles in the tumor site.

In order to verify our speculation, it is very important
to confirm NO release and platelet inhibition in vivo. To
verify NO generation in vivo, the tumor sections were
stained by anti-nitrotyrosine antibody, which is
a standard marker indicating NO released in vivo.** As
shown in Figure 5C, compared with the other groups,
treated with SNO-HSA-PTX+US displayed
a significant increase in nitrotyrosine signals, which indi-

tumors

cated the effective NO generation within the tumors. The
intratumoural accumulation of PTX was assessed after US
irradiation. Quantitative analysis displayed that the PTX
content in the tumors treated with SNO-HSA-PTX+US
was nearly twice that of the HSA-PTX+US treatment
group (Figure 5D). Platelet surface CD62P is the “gold
standard” marker of platelet activation.*® In order to inves-
tigate whether released NO possessed the ability to reduce
platelet activation in vivo, we supplemented immunohis-
tochemistry assay for CD62P in tumor tissue after treat-
ment with HSA-PTX, HSA-PTX+US, SNO-HSA-PTX or
SNO-HSA-PTX+US. As shown in Figure 5E, platelet-
positive area was reduced in the SNO-HSA-PTX+US
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Figure 5 Effect of SNO-HSA-PTX treatment on tumor targeting and tumor vascular permeability in vivo. (A) The in vivo distribution of IR780-labeled HSA-PTX and IR780-
labeled HSA-PTX at different time points after US irradiation (1.0 MHz, 2 W/cm?, 5 min) in 4TI tumor-bearing mice. (B) Quantitative analysis of IR780 fluorescence
intensity. ***p < 0.001. (C) Immunofluorescence images of tumors slices stained with anti-nitrotyrosine from mice with different treatments. Scale bar: 200 um. ***p < 0.001.
(D) The content of PTX in tumor tissues after treatments. (E) Immunohistochemistry images of tumor sections stained with anti-CD62P antibodies. Scale bar: 50 pm. (F)
Representative fluorescence images of Evans blue (red) in tumor frozen sections (DAPI; blue). Scale bar: 100 um. (G) Quantitative determination of Evans blue in tumors by

spectrophotometry at 620 nm. **p < 0.001.

treatment, suggesting that the released NO can effectively
reduce the number of intratumor platelets. In view of the
important role of platelets in maintaining the tumor vascu-
lature integrity, our SNO-HSA-PTX nanosystem combined
with US irradiation may possess the capacity of disrupting
vascular barriers.

Next, the typical Evans blue assay was used to char-
acterize the integrity of the tumor vascular barriers in mice
with different treatments. Three hours after US irradiation,

4% Evans blue was injected via the tail veins and the
tumors were collected 5 h later. As shown in Figure 5F,
the SNO-HSA-PTX+US treatment showed strong red
fluorescence, indicating higher Evans blue delivery to
solid tumors compared with other treatments. Extensive
extravasation of Evans blue was detected in the SNO-HSA
-PTX with the US irradiation group (Figure 5G). The
content of Evans blue in tumors of SNO-HSA-PTX with
US irradiation was at least twice that of the other groups,
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indicating increased vascular leakage and impaired vascu-
lar barrier caused by US-triggered NO.

Enhancement of Tumor Hemorrhage by
SNO-HSA-PTX

It has been shown that the blockade of platelets in tumor-
bearing mice caused damage to the vascular barrier,
thereby facilitating the delivery of drugs to the tumor
site. Interestingly, we found severe intratumor hemorrhage
from the mice treated with SNO-HSA-PTX+US. As
shown in Figure 6A, increased blood cells infiltration
was observed by H&E staining in the tumors of mice
treated with SNO-HSA-PTX+US, reflected as the signifi-
cant increase in hemoglobin content (Figure 6B), while no
obvious effect of the other treatments was observed, indi-
cating an increase in leakage of the tumor vessels caused
by US-triggered NO. To visualize the change of tumor
blood flow upon administration of SNO-HSA-PTX, the

A

Control Control+US SNO-HSA-PTX

o

SNO-HSA-PTX+US

mice were treated with saline or SNO-HSA-PTX followed
by US irradiation. As shown in the laser speckle contrast
imaging of the tumors (Figure 6C), only a small amount of
blood flow was seen in the tumors before applying US
irradiation. However, in mice treated with SNO-HSA-PTX
+US, the blood flow increased from 338.5+14.85 to 640
+52.33 in 4 hours (Figure 6D). No obvious enhancement
of blood flow was found in the controls. These results
confirmed that the US-triggered release of NO in SNO-
HSA-PTX destabilized tumor vascular integrity in tumors,
leading to profound tumor hemorrhage.

It is well known that hemoglobin has the function of
carrying oxygen. The increase in hemoglobin content in the
tumors would likely endow SNO-HSA-PTX with the ability
to increase oxygen perfusion to relieve tumor hypoxia. To
validate this hypothesis, the tumors after treated with saline,
saline+US, SNO-HSA-PTX and SNO-HSA-PTX+US were
collected for HIF-la immunofluorescence staining. As
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Figure 6 SNO-HSA-PTX combined with US irradiation enhanced tumor hemorrhage and relieved tumor hypoxia. (A) Red blood cells infiltration in tumors as visualized by
H&E staining 24 h after the treatments of saline, saline+US, SNO-HSA-PTX, or SNO-HSA-PTX+US. The upper right corner was the photo of the representative tumor.
Scale bar: 100 um. (B) The content of hemoglobin inside the tumors detected by the hemoglobin assay kits. **p < 0.01. (C) Laser speckle contrast imaging of blood flow
signals in 4T | tumor-bearing mice after intravenous injection of saline or SNO-HSA-PTX with US irradiation. (D) Flux of blood flow measured by Doppler flow imaging. *p <
0.05, **p < 0.01. (E) HIF-la staining of tumor sections harvested from mice treated with saline, saline+US, SNO-HSA-PTX or SNO-HSA-PTX+US. Scale bar: 50 pm.
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shown in Figure 6E, the hypoxic tumor microenvironment
led to high expression of HIF-1a in the tumors of the control
group, while the expression of HIF-la level was signifi-
cantly downregulated in SNO-HSA-PTX+US treatment.
Those results demonstrated the damage of the tumor
endothelial integrity leads to the enhanced red blood cells
infiltration, thereby increasing the oxygen perfusion and
relieving tumor hypoxia.

Enhancement of Intratumoral T Cells

Infiltration by SNO-HSA-PTX

It has been previously shown that the NO triggered by
US irradiation from SNO-HSA-PTX damaged the
tumor vascular barrier, leading to increased drug accu-
mulation and blood perfusion. It can be questioned
whether the intratumoral infiltration of lymphocytes
could be augmented in the same manner.** The levels

of CD8+ T cells in tumors were further analyzed by

>

Control+US HSA-PTX HSA-PTX+US

Control

CD8+/DAPI

C Control

immunofluorescence staining. As shown in Figure 7A
and B, only slightly increased the CD8+ T cells infil-
tration in the tumor treated with HSA-PTX. The CD8+
and CD4+ T cells infiltration exhibited a significant
increase in SNO-HSA-PTX+US treatment, suggesting
that the US-triggered NO generation would signifi-
cantly improve the intratumoral T cells infiltration.
The quantification of CD4+ T cells and CD8+ T cells
in tumors were further investigated using flow cytome-
try assay (Figure 7C). The proportions of CD8+ T cells
gating on CD3+ cells from SNO-HSA-PTX with US
irradiation treatment were remarkably increased com-
pared with those from the control group (approximately
30.9% vs 14.6%). The percentage of CD8+ T cells in
tumors of SNO-HSA-PTX+US group accounted for
approximately 3-fold higher than that from saline-
treated mice (Figure 7D), indicating that the specific
release of NO induced by US irradiation contributed to
increased CD8+ T cells infiltration in tumors. In recent
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Figure 7 SNO-HSA-PTX combined with US irradiation enhanced intratumoral T cells infiltration. (A) Representative fluorescent images of CD8+ T cells infiltration after
SNO-HSA-PTX treatment with or without US irradiation. (CD8+ T cells: red color; DAPI: blue color). Scale bar: 100 um. (B) Statistical analysis of CD8+T cells positive
fluorescence in tumor slices calculated by Image ] software. **p < 0.01. (C) Representative flow cytometry analysis images of CD4+ T cells and CD8+ T cells gating on CD3
+ cells. (D) Quantification of CD8+ T cells percentages in tumors treated with saline, saline+US, SNO-HSA-PTX or SNO-HSA-PTX+US. **p < 0.001. (E) Representative
flow cytometry analysis images of Foxp3+ T cells gating on CD4+ T cells. (F) Ratios of CD8+ T cells versus Tregs (Foxp3+ T cells) in the tumors after treatment. ***p <
0.001.
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years, extensive evidences have uncovered that the
hypoxic tumor microenvironment could induce the dif-
ferentiation of T cells into Tregs in tumors, thereby
maintaining the immunosuppression tumor
microenvironment.*>*® Considering the ability of our
US-triggered NO release nanoparticles on relieving
tumor hypoxia, we thus inferred that SNO-HSA-PTX
combined with US may have the effect of inhibiting
Tregs in tumors. As shown in Figure 7E, the ratio of
Foxp3+ Tregs gating on CD4+ T cells in SNO-HSA-
PTX+US treatment was lower than that in the other
treatments, implying that SNO-HSA-PTX+US treat-
ment may decrease the distribution of Tregs at tumor
sites. Also, the ratio of the CD8+ T cell/Tregs within
the tumor was significantly improved in SNO-HSA-
PTX+US treatment as shown in Figure 7F. In general,
SNO-HSA-PTX with US irradiation treatment
increased the number of anti-tumor CD8+ and CD4+
T cells in the tumors, while reducing the proportion of
tumor-promoting Tregs. This NO-based nanosystem

can increase the homing of T cells by breaking the

vascular barrier, and at the same time reverse tumor
immunosuppression by improving the tumor hypoxic
microenvironment.

In vivo Antitumor Efficacy

To investigate the antiplatelet-assisted therapeutic strategy
based on our US-triggered NO release platform in tumor
growth, the therapeutic efficacy of SNO-HSA-PTX was
evaluated in 4T1 tumor-bearing mice. As shown in Figure
8A, US irradiation had no obvious effect on tumor growth.
SNO-HSA-PTX+US
a significant inhibitory effect on tumor growth when com-
pared to HSA-PTX, HSA-PTX+US or SNO-HSA-PTX
treatments, which also be reflected from the tumor weight
and the tumor photos (Figure 8B and C). As shown in the
H&E staining images of tumors (Figure 8D), the con-
tracted nuclei were found in tumors of SNO-HSA-PTX
+US treatment, indicating cell apoptosis. The cell death

In contrast, treatment showed

was accompanied by obvious intratumoral hemorrhage in
SNO-HSA-PTX+US treatment. US-triggered NO release
of SNO-HSA-PTX promoted tumor apoptosis, which was
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Figure 8 In vivo antitumor efficacy of SNO-HSA-PTX combined with US irradiation in 4T | tumor-bearing mice. (A) The relative tumor growth curves of 4T | tumor-bearing
mice after various treatments for |5 days. **p < 0.001. (B) The average tumor weight in each treatment at day |5. **p < 0.001. (C) The photo images of tumors from
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also proved by the increased positive TUNEL assay
(Figure 8E). The excellent efficacy of SNO-HSA-PTX
with US irradiation on inhibiting tumor growth may be
attributed to the toxic effect of NO, combined with
enhanced drug accumulation and T cells infiltration caused
by the destruction of the tumor vascular barrier.

Biosafety Evaluation of SNO-HSA-PTX

The blood biochemical analyses of alanine aminotransfer-
ase (ALT), aspartate aminotransferase (AST) and alkaline
phosphatase (ALP) were performed to indicate the biosaf-
ety of SNO-HSA-PTX. There were no obvious changes in
the levels of AST, ALT, ALP and CREA in the SNO-HSA-
PTX treated group, which indicated that SNO-HSA-PTX
was safe for the liver and kidney (Figure S7). Considering
the inhibitory effect of our US-triggered NO release nano-
particles on platelets at tumor sites, we evaluated the effect
of SNO-HSA-PTX+US on the normal hemostatic function
of platelets (Figure S8). Compared with the saline group,
the SNO-HSA-PTX+US treatment had no significant
effect on the bleeding time of mice, indicating that the
tumor-specific NO release did not inhibit systemic platelet
functions. All these results demonstrated that the safety of
SNO-HSA-PTX for cancer treatment in vivo.

Conclusion

In summary, we designed a US-responsive NO release
nanosystem, SNO-HSA-PTX, which was constructed by
loading an anticancer drug (paclitaxel, PTX) into a NO
donor-modified albumin shell. We have demonstrated the
SNO-HSA-PTX stimulated by US irradiation achieved the
on-demand release of NO for the local inhibition of tumor-
associated platelets activation. The NO produced by SNO-
HSA-PTX in response to US irradiation can effectively
prevent platelet aggregation. The absence of platelets in
tumors induced openings in the tumor vascular barriers,
which promoted the accumulation of SNO-HSA-PTX
nanoparticles to the tumor sites. Meanwhile, the damaged
vascular barriers allowed oxygen-carrying hemoglobin to
infiltrate tumor regions, alleviating hypoxia of the tumor
microenvironment. In addition, the intratumoral infiltration
of T cells was augmented, together with chemotherapy and
NO therapy, which greatly inhibited tumor growth.
Systemic administration of SNO-HSA-PTX to mice with
US irradiation resulted in enhanced tumor vascular leak-
age, accompanied by increased drug accumulation, tumor
hypoxia alleviation and T cells infiltration, ultimately lead-
ing to tumor suppression.
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