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Background

A co-delivery nanoplatform for a lignan-derived
compound and perfluorocarbon tuning IL-25
secretion and the oxygen level in tumor
microenvironments for meliorative tumor
radiotherapy

Zhenyu Duan,? Qiang Luo,? Lei Gu,” Xiaoling Li,” Hongyan Zhu,** Zhongwei Gu, 2
Qiyong Gong,®® Hu Zhang® and Kui Luo (& *2®

A hypoxic environment in tumors hampers the therapeutic efficacy of radiotherapy. Moreover, radiother-
apy, a localized treatment technique, can barely control tumor metastases. Herein, poly(lactic-co-glycolic
acid) was used to encapsulate perfluorocarbon (PFC) for increasing the oxygen level and a lignan-derived
compound (Q1) for enhancing IL-25 secretion from fibroblasts, thereby boosting the radiotherapeutic
effect on local and distant tumors. The prepared co-delivery nanoplatform, PFC-Q1@PLGA, has a nano-
scale size of around 160 nm and a negative zeta potential (about —13 mV). PFC-Q1@PLGA treatment
leads to an arrest of the G2 phase (4n) in the cell cycle and reduces the mitochondria membrane poten-
tial. A high expression level of IL-25 in fibroblasts is detected after the cells are treated with
PFC-Q1@PLGA, which increases the late apoptosis percentage of 4T1 cells after treatment with IL-25-
containing conditional medium from fibroblasts. The oxygen level in tumors is significantly promoted to
about 52.3% after injection of oxygen-saturated PFC-Q1@PLGA (O,), which is confirmed from the func-
tional magnetic resonance images of the tumor site in mice. The in vivo study demonstrates that the
injection of PFC-Q1@PLGA (O,) into local tumors significantly enhances the radiotherapeutic effect on
local tumors and also inhibits the growth of remote tumors by an enhanced abscopal effect. This study
presents a novel radiotherapy strategy to enable synergistic whole-body therapeutic responses after loca-
lized treatment with PFC-Q1@PLGA (O5).

concentration.” " Thus, reversing the hypoxic environment has

become an effective interventional method to improve the oxy-

The tumor microenvironment plays an important role in the
initiation and development of tumors."” It has been well estab-
lished that a hypoxic microenvironment is a driving force for
breast cancer progression and a contributing factor for a reduced
therapeutic efficacy of radiotherapy.*® As a strong radiosensitizer
agent, oxygen can improve the radiosensitivity and the radio-
therapeutic effect is closely correlated with the local oxygen
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genation of tumor cells for oxygen-sensitized radiotherapy."> ™'

Delivery of oxygen to tumors is a critical step for reversing
the hypoxic tumor microenvironment.'®>* One approach is to
utilize nanoparticles or biofilm systems to encapsulate per-
fluorocarbons (PFCs) for targeted oxygen supply to tumors
through the enhanced permeability and retention (EPR) effect
since PFCs have been widely explored as an artificial blood
substitute and an oxygen carrier due to their chemical and bio-
logical inertness,”® ease of sterilization, and especially reliable
biosecurity and extremely high oxygen solubility.***° A change
in the hypoxic environment by PFC-loaded systems could be
significantly beneficial for the therapeutic effect of radiother-
apy against breast tumors and the inhibitory effect on the
metastasis of tumor cells.**>*

In addition, among all stromal cells that are present in the
tumor microenvironment, tumor-associated fibroblasts (TAFs)
are one of the most abundant and critical components of
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mesenchymal tumors, which not only provide physical support
for tumor cells, but also play a key role in promoting or retard-
ing tumorigenesis in a context-dependent manner.*>"°
Previous reports have indicated that TAFs can express and
secrete IL-25 after stimulation by lignan-derived compounds,
and IL-25 can enhance the anticancer activity."®*' Lignans,
widespread plant natural products, have various chemical
structures and exhibit a myriad of biological activities.*>** A
lignan-derived compound (Q1, methyl(E)-3-[2-(3,4-dihydroxy-
phenyl)-7-hydroxy-3-methoxycarbonyl-2,3-dihydro-1-benzo furan-
5yl] prop-2-enoate) has been shown to enhance the secretion
of IL-25 from TAFs and in turn mediate a pronounced anti-
metastatic effect.’” However, the poor solubility of this small
molecular compound in an aqueous solution and the lack of
targeting ability have hampered its wide application in anti-
tumor/anti-metastatic therapies.** This lignan-derived com-
pound, Q1, as a IL-25 agonist was selected in this study for
special mechanistic regulation of the tumor microenvironment
to treat breast cancer, but an efficient delivery carrier needs to
be developed for Q1.

Poly(lactic-co-glycolic acid) (PLGA) is a biodegradable
polymer approved by the FDA as a pharmaceutical excipient
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and has been widely used in a large number of drug delivery
systems.*™*” PLGA can extend the duration of drug action and
reduce side effects; meanwhile, it can simultaneously load
many functional units with different properties to achieve com-
bination therapy.’®*® Herein, we chose PLGA as a carrier to
encapsulate Q1 and perfluoro-15-crown-5 (PFC). We fabricated a
co-delivery nanoplatform which was expected to tune the
oxygen level and IL-25 secretion in the tumor microenvironment
to enhance the radiotherapeutic effect against breast cancer and
suppress the progress of distant tumors after the nanoplatform
was delivered to the tumor site (Scheme 1). The characterization
of the as-prepared nanoparticles was conducted via trans-
mission electron microscopy (TEM), energy-dispersive X-ray
spectroscopy (EDS) and dynamic light scattering (DLS).
Stimulation of IL-25 secretion by the nanoparticles was evalu-
ated in 3T3 fibroblasts and their in vitro antitumor effect was
examined against 4T1 cells co-cultured with 3T3 fibroblasts.
In vivo anti-local-tumor and anti-distant-tumor effects were
assessed in 4T1 tumor-bearing mouse models. The results
demonstrated that the PFC/Q1l-encapsulated nanoparticles
could tune the oxygen supply and IL-25 secretion in the tumor
microenvironment to achieve meliorative tumor radiotherapy.
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Scheme 1 lllustration of the preparation of a PLGA-based co-delivery nanoplatform for Q1 and PFC and its mechanism for meliorative tumor

radiotherapy.
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Materials and methods

Chemicals and materials

Poly(p,.-lactide-co-glycolide) (PLGA), polyvinyl alcohol (PVA),
acetone, dichloromethane (DCM), and perfluoro-15-crown-5
were purchased from Sigma-Aldrich. Q1 (methyl(E)-3-[2-(3,4-
dihydroxyphenyl)-7-hydroxy-3-methoxycarbonyl-2,3-dihydro-1-
benzo furan-5yl] prop-2-enoate) was synthesized according to a
previous report.’® The cell counting kit (CCK-8) was purchased
from MCE (USA), while the apoptosis analysis kit, cell cycle
analysis kit and live/dead cell staining kit were purchased from
Yeason (China).

Preparation of nanoparticles

10 mg of PLGA was dissolved in 400 pL of DCM, and 50 pL of
PFC was added. 4 mL of 5% PVA in ddH,O was added into the
mixture solution while stirring. The solution was sonicated
with a 20% power output in a controlled way of 3 s on/7 s off
on ice for 5 min. Another 0.5 mL PVA solution was added, and
the obtained mixture in an open vessel was stirred for 5 h at
room temperature to vaporize organic solvents. The product
was centrifuged at 16 000 rpm for 10 min at 4 °C, and then
washed with PBS three times to remove PVA residues. The final
PFC@PLGA product was collected, freeze-dried and stored at
4 °C for future use. To prepare Q1@PLGA, 5 mg of Q1 dis-
solved in 10 pL of acetone was added into 400 pL of DCM with
10 mg of PLGA. To prepare PFC-Q1@PLGA, 50 uL of PFC and
10 pL of acetone with 5 mg of Q1 were added into 400 pL of
DCM with 10 mg of PLGA. 1 mg of Cy5.5 was added to prepare
fluorescence-labeled nanoparticles.

Characterization of the nanoparticles

Elemental analysis of the nanoparticles was performed via
energy-dispersive X-ray spectroscopy (EDS, Bruker 5030,
Germany). The morphology of the nanoparticles was observed
via transmission electron microscopy (TEM, FEI Tecnai
GF20STWIN, USA). UV-vis spectra were recorded on a UV-Vis
spectrophotometer (Shimadzu UV-1800, Japan). The size and
zeta potential of the nanoparticles were measured via dynamic
light scattering (DLS) (Brookhaven Omni, USA).

Evaluation of the encapsulation rate of Q1

The prepared nanoparticles were dissolved in DMSO, and the
amount of Q1 in the nanoparticles was determined via a UV-
vis spectrophotometer at 330 nm. The concentration in the
supernatant was used to calculate the drug loading content
and entrapment efficiency (loading content = weight of drug in
nanoparticle/weight of nanoparticle x 100%; entrapment
efficiency = weight of drug in nanoparticle/initial weight of
drug x 100%). Different concentrations (50, 20, 10, 5 and 1 pg
mL ") of Q1 were used for building a standard curve.

Cell lines and animals

4T1 cells were cultured at 37 °C with 5% CO, in tissue culture
flasks with the Roswell Park Memorial Institute (RPMI) 1640
Medium supplemented with 10% bovine growth serum
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(Gemini, USA) and 1% penicillin-streptomycin (Hyclone, USA).
All animal experiments were strictly carried out in accordance
with the guidelines for animal studies approved by the Ethics
Committee of West China Hospital, Sichuan University
(2018154A). Mice were purchased from Chengdu Dossy
Experimental Animals Co., Ltd.

Cellular cytotoxicity assessment

The 4T1 cells (5 x 10° per well) were planted and cultured in a
96 well plate for 12 h, and they were treated with free Q1 at
different concentrations. After incubation for 24 h, the spent
medium was discarded, and a 10% CCK-8 medium was added
to assess the cell viability. A microplate reader (BioTek, USA)
was used to record the absorbance at 450 nm for each well.
Cells without treatment were used as a control. Results were
presented as the mean cell viability normalized with that of
the control group.

Cell apoptosis analysis

The apoptosis efficacy was evaluated by using a flow cytometer
with a YF®488-Annexin V and PI Apoptosis Kit (Yeasen,
China). Briefly, after the cells were treated with the nano-
particles at an equal concentration in a 6-well culture plate,
they were harvested and suspended in the Annexin V binding
buffer. The cells were then stained with a dye mixture (YF488-
AnnexinV and Propidium Iodide, PI). Apoptosis was assessed
by identifying viable, apoptotic, and necrotic cells with a flow
cytometer (Canto, BD, USA). The level of apoptosis was ana-
lyzed by using the FlowJo V10 software.

Cell cycle analysis

The cell cycle was distinguished by using a flow cytometer with
a cell cycle and apoptosis analysis kit (Yeasen, China) accord-
ing to the manual. After the cells were treated with the nano-
particles, they were harvested and washed twice with PBS.
1 mL of pre-cooled 70% ethanol was added to the cells in an
ice bath. After they were gently pipetted to mix, the cells were
fixed at 4 °C for 24 h. The cells were carefully washed with cold
PBS and stained with PI for 30 min at 37 °C. Then the cells
were detected with a flow cytometer (Canto, BD, USA) in a PE
channel. The cell cycle data were analyzed by using the Modfit
software.

Live and dead cell staining of 3D tumor spheroids

Live and dead cell staining was performed under a fluorescent
microscope with a Calcein-AM/PI Kit (Yeasen, China). 4T1
cells at 2 x 10° cells per well were seeded and incubated in a 96
U-bottom plate (Thermo Fisher Scientific, USA) for 48 h to
form 3D tumor spheroids. 3T3 cells were incubated with the
nanoparticles for 12 h and the conditional 3T3 culture
medium was added to tumor spheroids and incubated for
another 12 h. The cells were stained according to the instruc-
tion of the kit. They were incubated with the kit for 25 min
and washed twice with PBS. The live and dead cells were
observed by using a laser confocal fluorescent microscope. The
normal 3T3 culture medium mixed with the nanoparticles at
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the same concentration was added to 3D tumor spheroids as
controls.

Western blot analysis of IL-25 expression

3T3 cells were treated with PFC-Q1@PLGA, Q1@PLGA,
PFC@PLGA or control agents with 5 ug mL™" Q1 for 48 h. The
cells were collected and cell lysates were prepared with a RIPA
buffer (no. R0010, Solarbio, China). After lysis, the supernatant
was collected by centrifugation, and the loading buffer was added
and boiled for western blot electrophoresis. p-Actin antibodies
were purchased from Cell Signaling Technology (no. 3700T) and
IL-25 antibodies from Affinity Biosciences (no. DF2528).

Measurement of dissolved oxygen in the nanoparticles

The dissolved oxygen in the nanoparticles was detected via a
portable dissolved oxygen meter (JPBJ-608, INESA Scientific
Instrument Co., Ltd, Shanghai, China). 1 mL of a nanoparticle
solution at 5 mg mL™" was added to a sample tube, and then
subjected to pure oxygen saturation for 2 min. The above solu-
tion was injected into 5 mL of deoxygenated distilled water
that was prepared by boiling under a nitrogen atmosphere and
the oxygen concentrations in the solution were measured
before and after the injection. In addition, distilled water was
set as a control group.

Oxygenation determination by functional magnetic resonance
imaging

The mice with tumors were anesthetized with isoflurane and
fixed on the MRI (7T, Bruker, Germany) bed. After the baseline
images were acquired, the mice were injected with
PFC-Q1@PLGA. A series of images were acquired with the fol-
lowing parameters: TR = 30 ms, TE = 5 ms, FOV = 20 mm X
20 mm, matrix = 384 x 384, and scan time = 38 s. The data
were analyzed with the Metalab software.

Accumulation of nanoparticles in tumors

To evaluate the accumulation of nanoparticles in a tumor site,
the Cy5.5-labeled nanoparticles were prepared and injected
into mice bearing tumors. After injection, the fluorescence
intensity of Cy5.5 in the tumors was detected via an in vivo
imaging system (IVIS, Caliper Life Sciences, USA) at 10 min,
30 min, 1 h, 3 h, and 5 h post-injection. Major organs were col-
lected and imaged. The tumor tissues were collected, frozen
sliced and imaged with a fluorescent microscope.

In vivo treatment with the nanoparticles and radiation

Mice were subcutaneously inoculated with 4T1 cells (1 x 10°)
in the right flank. About 7 days after implantation, animals
with a tumor size of 50 mm?® were used for antitumor studies.
The mice were randomly divided into four groups, and
injected with oxygen-saturated Q1@PLGA and PFC-Q1@PLGA
at 100 pg Q1 per kg, and PFC@PLGA at the same PFC concen-
tration as PFC@-Q1@PLGA via the tail vein. Saline was
injected as a control. After 1 h of post-injection, one half of the
mice of each group (n = 5) were anesthetized with pentobarbi-
tal. Only tumors were exposed to 3 Gy X-ray radiation by cover-
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ing other body parts with a lead plate. The mice were treated
every two days and 3 times in total. The tumor size and mice
body weight were measured every two days. Tumor volumes
were calculated using the following formula: V = L x W* x 0.5,
where V, L, and W are the tumor volume, length and width of
the tumors, respectively.

To explore the therapeutic effect of the nanoparticles on
distant tumors, the mice were subcutaneously inoculated with
4T1 cells in the left and right flank. About 7 days after implan-
tation, the animals were used for antitumor studies. The
oxygen-saturated nanoparticles and controls were in situ
injected into the tumors on the right flank and the tumors on
the right flank were exposed to X-ray radiation. The mice were
treated every two days and 3 times in total. The tumor size at
both sides and the mice body weight were measured every two
days.

Statistical analysis

Statistical analysis was carried out by student’s ¢ test for two
groups and one-way ANOVA for more than two groups. Data
were presented as mean + SD. p < 0.05 and p < 0.01 referred to
statistical significance and high significance, respectively.

Results and discussion

The nanoparticles were characterized via TEM and DLS and
the results are shown in Fig. 1. From the TEM images, all
nanoparticles could be clearly observed after negative staining,
and the Q1@PLGA nanoparticles (Fig. 1a, 78 nm) were smaller
than PFC@PLGA (Fig. 1b, 110 nm) and PFC-Q1@PLGA
(Fig. 1c, 120 nm). The hydrodynamic size and zeta potential of
these nanoparticles were measured in water. The hydrodyn-
amic sizes of Q1@PLGA, PFC@PLGA and PFC-Q1@PLGA were
87.1 nm, 123.2 nm and 160.6 nm, respectively (Fig. 1d and
S31). The zeta potentials of the three nanoparticles were
similar (about —13.2 mV, Fig. 1f). The stability of the three
nanoparticles was evaluated via detection of any changes in
the size and zeta potential. After incubation of these nano-
particles with the DMEM cell medium, the size of the nano-
particles was detected at different time points. The hydrodyn-
amic size had a negligible variation over the span of 72 h
(Fig. 1e), which indicated the great stability of the as-prepared
nanoparticles in the aqueous solution. Negligible changes
were also seen in the zeta potential of these nanoparticles
(Fig. 1g).

Different components in the three nanoparticles were dis-
tinguished via EDS. C and O elements were detected in the
Q1@PLGA nanoparticles (Fig. 2a), while except for C and O
elements, the F element was distinguished in both PFC@PLGA
(Fig. 2b) and PFC-Q1@PLGA (Fig. 2c¢) nanoparticles. The
results confirmed that PFC was encapsulated in the
PFC@PLGA and PFC-Q1@PLGA nanoparticles. '®F MRS in
three nanoparticles was also measured in 5% D,0 water. The
peak at around —91.93 ppm belong to perfluoro-15-crown-5
was detected in PFC@PLGA (Fig. 2e) and PFC-Q1@PLGA

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Characterization of nanoparticles. (a—c) TEM images of Q1@PLGA, PFC@PLGA and PFC-Q1@PLGA (scale bar: 100 nm). (d) Hydrodynamic
sizes of three nanoparticles measured by DLS. (e) Colloidal stability of nanoparticles in DMEM containing 10% FBS. (f) Zeta potentials of three nano-

particles. (g) Stability of nanoparticles in water.

(Fig. 2f), instead of Q1@PLGA (Fig. 2d). In addition, high
resolution mass spectrometry (HRMS) of PFC-Q1@PLGA
revealed that Q1 was encapsulated in the PLGA nanoparticles
since there was a peak at m/z = 387.1080 [M + H]" (Fig. S17).
According to the above results, three nanoparticles were suc-
cessfully prepared. The UV spectra of Q1 and the nanoparticles
were recorded by using a UV spectrophotometer (Fig. 2g) and
Q1@PLGA (100.0 pg mL™") and PFC-Q1@PLGA (50.0 pg mL™")
had an equivalent concentration of Q1 2.5 ug mL™". The Q1
loading rate in the Q1@PLGA and PFC-Q1@PLGA nano-
particles was estimated from a standard curve (Fig. S2t). The
Q1 loading rate of Q1@PLGA and PFC-Q1@PLGA was 2.8%
and 5.4%, respectively. The incorporation of PFC in PLGA
improved its loading capacity for Q1, suggesting that fluorine
could facilitate the assembly of the nanoparticles and main-
tain the stability of the nanoparticles.

The cell toxicity of the nanoparticles was analyzed via a
CCK-8 kit. As shown in Fig. 3a, the half maximal inhibitory
concentration (ICsy) of Q1 was 0.53 pM. From the results, the
lignan derivative alone could inhibit the growth of 4T1 cells.
To further identify the causes of cell toxicity, the changes in
the cell cycle and the mitochondrial membrane potential were

This journal is © The Royal Society of Chemistry 2021

measured. In cell cycle analysis (Fig. 3b), based on the propi-
dium iodide (PI) staining of the cellular DNA content, the cells
were significantly arrested in the G2/M phase (4n) when they
were treated with Q1@PLGA and PFC-Q1@PLGA. Quantitative
analysis indicated that the percentage of cells in the G2 phase
after incubation with Q1@PLGA and PFC-Q1@PLGA was
72.6% and 67.1%, respectively, which were significantly higher
than those in the control and PFC@PLGA-treated cells (18.3%)
(Fig. 3c). The cell treated with PFC@PLGA had similar cell
cycle as the cells without any treatment. This result indicated
that Q1 played an important role in cell cycle alteration. A
decrease in the mitochondrial membrane potential is also a
landmark indicator in the early stage of apoptosis. The green
fluorescence intensity significantly increased, while the red
one decreased after treatment with the Q1@PLGA and
PFC-Q1@PLGA nanoparticles compared with those in the
PFC@PLGA-treated group and the control group, which
demonstrated that the membrane potential of cells decreased
after exposure to the Q1@PLGA and PFC-Q1@PLGA nano-
particles (Fig. 3e). As shown in the quantitative analysis results
(Fig. 3d), the ratio of red/green fluorescence in the Q1@PLGA
and PFC-Q1@PLGA treated cells was 0.9 + 0.3 and 1.2 + 0.2,
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particles (scale bar: 50 pm) (" p > 0.05, ** p < 0.01).

respectively, which were significantly smaller than those in the
control and PFC@PLGA-treated cells (p < 0.01).

It has been reported that Q1 can greatly enhance the
secretion of IL-25 in TAFs, resulting in a potent therapeutic
effect against the surrounding carcinoma cells.>* In this study,
the fibroblast-NIH/3T3 cells were used to evaluate the secretion
effect induced by Q1. Live/dead cell staining of 3D tumor
spheroids was conducted to confirm the therapeutic enhance-

13686 | Nanoscale, 2021, 13, 13681-13692

ment of the nanoparticles. The results shown in Fig. 4 indi-
cated that much more dead cells (red fluorescence) were
detected in 3D tumor spheroids after treatment with a 3T3
conditional culture medium (Fig. 4a), while there were less
dead cells in tumor spheroids after exposure to a normal 3T3
culture medium with the nanoparticles (Fig. 4b). In this experi-
ment, Q1 might stimulate 3T3 to generate IL-25, which was
recently reported to confer a high anticancer activity and

This journal is © The Royal Society of Chemistry 2021
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(a) Live/dead cell staining images of 3D 4T1 cell spheroids after incubation with a 3T3 conditional culture medium which was harvested after

incubation of 3T3 cells with nanoparticle-containing cell culture for 12 h (scale bar: 100 pm). (b) Live/dead cell staining images of 3D 4T1 cell spher-
oids after incubation with a normal 3T3 culture medium mixed with nanoparticles (scale bar: 100 pm).

increase the therapeutic efficacy. These results confirmed that
the nanoparticles could enhance the killing effect on tumor
cells after interaction with fibroblast cells.

As shown in Fig. 5a, the apoptosis of 3T3%cells, 4T1 cells
and 4T1 cells co-cultured with 3T3%*" after treatment with the
nanoparticles was analyzed by using a flow cytometer. Very few
apoptotic cells were detected in 3T3 cells after incubation with
the nanoparticles, which suggested that these nanoparticles
were not cytotoxic to 3T3 cells. However, a large population of
late apoptotic cells were detected in the nanoparticle-treated
4T1 cells (Q2 quadrant), and the level of apoptosis in the 4T1
cells co-cultured with or without 3T3 cells was quite different
(free Q1, 25.9 + 5.4% (W) vs. 19.8 + 3.4% (w/0), QL@PLGA 26.5
+ 4.5% (w) vs. 13.3 + 4.3% (w/0), PFC-Q1@PLGA 31.5 + 4.9%
(W) vs. 18.9 £ 2.3% (w/0), p < 0.01). A consistent pattern in the
number of late apoptosis cells was found in the 4T1 cells after
incubation with free Q1 and the Q1-incorporated nanoparticles
when they were co-cultured with 3T3 cells (Fig. 5b). The results
demonstrated that either free Q1 or Q1 in the nanoparticles
could enhance the therapeutic effect against 4T1 cells by co-

culture with 3T3 cells. Different percentages of early apoptosis
in 4T1 cells may be due to the cellular uptake of free Q1 or Q1-
incorporated nanoparticles in 4T1 cells. Western blot was used
to evaluate the expression of IL-25 in the 3T3 cells after incu-
bation with free Q1, Q1@PLGA and PFC-Q1@PLGA. As shown
in Fig. 5c, a higher expression level of IL-25 was detected in
the PFC-Q1@PLGA- and Q1@PLGA-treated groups in compari-
son with those in the control and PFC@PLGA groups.
Quantitative analysis results in Fig. S37 confirmed that the
concentration of IL-25 in the PFC-Q1@PLGA- and Q1@PLGA-
treated 4T1 cells was 1.4 fold higher than those in the control
and PFC@PLGA groups.

It has been demonstrated that PFC has a high oxygen-carry-
ing ability, and it was hypothesized that the PFC-encapsulated
nanoparticles could deliver oxygen to the tumor site. The
oxygen release behavior from the nanoparticles was assessed
in aqueous solutions via a portable dissolved oxygen probe to
determine the dissolved oxygen concentration. As shown in
Fig. 6a, the dissolved oxygen concentration was increased in
deoxygenated distilled water after the addition of oxygen-satu-
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Fig. 5 (a) Apoptosis of 3T3FF, 4T1-3T3%FP and 4T1 cells after incubation with free Q1 and various nanoparticles. (b) Quantitative analysis of the late
apoptosis percentage in different cell groups. (c) The expression of IL25 in 3T3 cells after incubation with nanoparticles (** p < 0.01).
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rated nanoparticles. Within 1 min, the dissolved oxygen con-
centration rapidly increased from 1.5 mg L™ to 7.0 mg L™*
and 7.2 mg L™" after the PFEC@PLGA and PFC-Q1@PLGA nano-
particles were added, respectively. The oxygen concentration
remained unchanged during the next 30 min. However, the
oxygen concentration increased to 4.7 mg L™' in the
Q1@PLGA group in 10 s and remained unchanged after 10 s.
The results demonstrated that the PFC@PLGA and
PFC-Q1@PLGA nanoparticles had an excellent oxygen-carrying
ability. Inspired by an excellent oxygen-carrying ability of the
PFC-Q1@PLGA nanoparticles, we quantified signal intensity
alterations in the tissue oxygen level dependent (TOLD)
signals at the tumor site after injection of the oxygen-saturated
nanoparticles by functional magnetic resonance imaging
(fMRI). Previous studies have demonstrated that the T1 signal
changes of MRI are responsive to an increased oxygen content
in tumor tissues, and TOLD signals primarily depend on the
30752 prom the imaging results,
the T1-measured signal intensity was significantly increased

oxygen pressure in the tissue.

after the injection of the oxygen-saturated nanoparticles, up to
about 52.3% in 60 min (Fig. 6b-d).

To evaluate the accumulation of the nanoparticles in tumor
cells, the Cy5.5-labeled nanoparticles were prepared and
injected into mice bearing tumors. As shown in Fig. 7a, the
fluorescence signal at the tumor site was recorded at different
time points after injection. Semi-quantitative analysis results

13688 | Nanoscale, 2021, 13, 13681-13692

of the fluorescence intensity in tumors are shown in Fig. S5.7
At 30 min post-injection, the fluorescence signal was detect-
able in the mice injected with three nanoparticles, which indi-
cated that these nanoparticles started to accumulate at the
tumor site. The fluorescence signal was continuously intensi-
fied with time, and there was no significant difference in the
signal at the tumor site of the mice injected with three nano-
particles. The results demonstrated that the three nano-
particles had a similar accumulation level at the tumor site.
Major organs were collected and detected by fluorescence
imaging (Fig. 7b). A strong fluorescence signal was detected in
the tumor tissue, which confirmed the accumulation of
PFC-Q1@PLGA-treated tumors rather than in other organs.
The fluorescence signal in the tumor tissue sections was
further observed under a microscope (Fig. 7c); a higher level of
accumulation of PFC-Q1@PLGA in tumor tissues could help
achieving better therapeutic effects of PFC-Q1@PLGA.

The 4T1 murine breast cancer model was employed to
investigate the in vivo antitumor activity of the nanoparticles
in combination with radiation. The therapeutic effect was
firstly evaluated after the intravenous injection of the nano-
particles into mice through monitoring the mice body weight
and measuring the tumor volume during the experimental
period. All nanoparticles were oxygenated before injection. As
shown in Fig. 8a and b, the tumor volume in the Q1@PLGA- or
PFC-Q1@PLGA-treated group without radiation was similar to

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 (a) Individual tumor growth kinetics in different treatment groups after intravenous injection. (b) Average tumor growth kinetics in different
treatment groups after intravenous injection; data were presented as mean + s.e. (n = 5). (c) Body weight shifts of mice during the treatment period;

data were presented as mean + s.e. (n = 5) (** p < 0.01).

those in the PFC@PLGA- and saline-treated groups, while the
tumors significantly shrank in the mice after radiotherapeutic
treatment in conjunction with the injection of Q1@PLGA- or
PFC-Q1@PLGA in comparison with tumors in the PFC@PLGA-
and saline-treated groups, which indicated that the incorpor-
ation of Q1 in the nanoparticles could enhance the radiothera-
peutic effect against breast tumors in vivo. The tumor volume
in the PFC@PLGA-treated group was 541.7 + 94.1 mm?, which
was smaller than that in the saline-treated group after radi-
ation. The results indicated that a high oxygen level could help
boosting the therapeutic effect of radiation, which was further
confirmed by comparing an average tumor volume of 337.2 +
140.2 mm® in the PFC-Q1@PLGA-treated group with a tumor
volume of 543.6 + 67.8 mm?® in the Q1@PLGA-treated group at

This journal is © The Royal Society of Chemistry 2021

the same radiation dosage. The results confirmed our hypoth-
esis that the incorporation of Q1 for enhancing IL-25 secretion
from fibroblasts in the tumor tissue and PFC for increasing
the oxygen level in the tumor microenvironment in the PLGA
nanoparticles could significantly strengthen the radiothera-
peutic efficacy and reduce the volume of breast tumors.
Negligible shifts in the mice body weight indicated that these
nanoparticles had no/low side effects after systemic injection
(Fig. 8c¢).

In radiation therapy, an abscopal effect is described as the
shrinkage of tumors away from the region of localized radio-
therapeutic treatment, which may be induced by immune
responses after irradiation. In this experiment, we also investi-
gated the therapeutic effect of these nanoparticles on distant
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Fig. 9 (a) Individual growth kinetics of tumors on the right side in different treatment groups after in situ injection. (b) Average growth kinetics of
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tumors. Tumor cells were located in both right and left flank
of the mice. After the treatment of tumors on the right side by
the injection of nanoparticles into them with radiation, the
tumor volume on both sides was recorded and analyzed. The
tumor volume changes for those in situ treated tumors (right
side) were similar to those after intravenous treatment, and
the PFC-Q1@PLGA-treated group with radiation displayed the
best therapeutic effect (Fig. 9a and b). The PFC-Q1@PLGA-
treated group with radiation had an average tumor volume of
192.6 + 42.8 mm® on day 17, which was significantly smaller
than that of 512.3 + 54.8 mm? in the Q1@PLGA-treated group
and that of 472.8 + 31.1 mm?® in the PFC@PLGA-treated group.
It was evident that the volume of distant tumors on the left
side without any treatment shrank during the experimental
period. As shown in Fig. 9c and d, the tumor volumes in the
Q1@PLGA and PFC-Q1@PLGA groups without radiation were
significantly smaller than those in other two groups, which
suggested that the treatment with Q1@PLGA and
PFC-Q1@PLGA nanoparticles could inhibit the growth of
distant tumors. Due to the “abscopal effect”, the radiation of
tumors on the right side also inhibited the growth of distant
tumors on the left side for all groups receiving the nano-
particles and the control group. The Ql1@PLGA- (240.8 =
71.0 mm®) and PFC-Q1@PLGA-treated groups (202.0 =
29.9 mm®) after radiation displayed a better inhibitory effect
than other two groups, indicating that the Q1-encapsulated
nanoparticles could help enhancing the inhibitory effect of

13690 | Nanoscale, 2021,13, 13681-13692

radiation. The therapeutic outcomes for distant tumors after
treatment with the PFC/Q1-encapsulated nanoparticles in the
4T1 tumor models confirmed that a high oxygen level and
IL-25 secretion in the tumor microenvironment might
strengthen the abscopal effect of radiotherapy.

Conclusions

We have constructed a co-delivery nanoplatform for a lignan-
derived compound Q1 and perfluorocarbon to increase IL-25
secretion and the oxygen level in the tumor microenvironment,
resulting in an enhancement in the tumor-killing effect by
radiation. Treatment with Q1-encapsulated nanoparticles led
to significant changes in the cell cycle and mitochondrial
membrane potentials, an increase in the expression of IL-25
from fibroblasts and a high level of apoptosis in tumor cells.
The MR images of a tumor site revealed that the tissue oxygen
level in tumors was significantly improved after injection of
oxygen-saturated nanoparticles. Our in vivo study confirmed
that treatment with the Q1/PFC-incorporated nanoparticles
could significantly boost the radiotherapeutic effect and sup-
press the progress of distant tumors in breast cancer. This
study provides a new strategy for manipulating the tumor
microenvironment to improve the radiotherapeutic efficacy on
in situ and distant tumors.

This journal is © The Royal Society of Chemistry 2021
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