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Purpose: Triple-negative breast cancer (TNBC) is challenging to t al “standard of care” therapy due to the lack of

targetable biomarkers and rapid progression to distant mg@mstasis.

problem. Here, we tested a magnetic nanosystem (MNs-PERH [ icelles) loaded with the near-infrared (NIR) photothermal
agent IR780 and doxorubicin (DOX) to achievg@e f'mal and boost antitumor immunity. Intraductal (i.duc) administration
of MNs-PEG/IR780-DOX could increase tj Wt e drug in the tumor while reducing systemic side effects.

Results: We showed more uptake of S
DOX exhibited excellent phototherig in vivo and in vitro. The release of DOX from MNs-PEG/IR780-DOX is pH- and

magnetic field (MF)while avoiding DOX-induced toxicity. More importantly,
MNs-PEG/IR780-DOX
reducing the proporti

munosuppressive microenvironment by increasing tumor CD8" T cells infiltration and

Breast cancer ranks first among the most prevalent malignancies globally.! Triple-negative breast cancer (TNBC) consists

of 12-17% of breast cancer cases.” Due to the absence or low expression of estrogen receptor, progesterone receptor,
and human epidermal growth factor receptor 2 (HER2), hormone therapy and HER?2 inhibitors are ineffective in TNBC,
leading to a poor prognosis of TNBC.

Chemotherapy, particularly doxorubicin (DOX), remains the primary adjuvant treatment for patients with TNBC.?
However, several significant issues, such as severe cardiotoxicity and poor tumor penetration, restrict the DOX use.>®
Therefore, it is necessary to improve the permeability and retention of drugs in tumors while reducing toxicity.
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Nanocarrier-based drug delivery systems developed rapidly to improve anti-cancer therapy.” Compared with the tradi-
tional free drugs, nano carrier-based drug delivery has unique advantages. It can increase preferential tumor accumulation due
to passive targeting® or active targeting by conjugation of ligands that recognize “receptor”” molecules expressed on cancer
cells, such as hyaluronic acid (HA),9 TAT,'® iRGD, " polysorbate 80,'% and chlorotoxin.'® Nevertheless, the complexity of
nano-delivery system design and the lack of molecules specifically expressed on cancer cells limit their therapeutic
effectiveness.'*'> Thus, it is difficult to eradicate tumors using nano-platform chemotherapy alone. Combined with other
therapies, this could break through the limitations of each treatment, resulting in collaborative enhanced super-additive
therapeutic outcomes (namely “1 + 1 > 27).1¢!7

Nanoparticle-mediated photothermal therapy (PTT) has been applied as an adjuvant cancer treatment strategy to improve
the therapeutic effect of chemotherapy.'®'® PTT induces protein denaturation and aggregation, physical alteration of

chromatin, and inhibition of DNA synthesis and repair.”’ Photothermal destruction-induced tumor cg nogenic death

administration may be a promising therapeutic strategy.
Local administration of therapeutics is successfully undergone clinically in ca

(3) pH- and temperature-sensitive to achieve precise temporal an
capacity of IR780 and Fe;0,. We assessed the anti-tumor efficacy
ility of

istry and histological analysis of major organs. We showe ti-tumor efficacy could be improved, and side effects

model via i.duc injection. In addition, the safety and tole

can be reduced through minimally invasive, dual-targeted

Materials and Methods

Cell Lines and Reagents
4T1-luc cells were supplied by

mPEG 2000 was pur
was purchased from

Avitol Pharmaceutical Technology Co., LTD. (Shanghai, China). DSPE-PEG-COOH
nology Co., LTD. (Guangzhou, China). IR780 was purchased from St. Louis,

EG/IR780-DOX

(75 mg), DSPE-PEG-COOH (25 mg), and IR780 (5 mg) were added with 2 mL chloroform
containing doxorub (1.41 mg/mL) ultrasonic dissolution. Add Fe (5 mg) to the solution and mix it by ultrasonic.
The mixture was transferred to an eggplant flask, and 2 mL of deionized water was added. The water and
chloroform were mixed by ultrasound. The eggplant-shaped bottle was connected to the explosion-proof bottle
and put into the rotary evaporation device. Reverse rotary evaporation was carried out at 70°C and 20 rpm. Open the
air valve immediately to prevent the solution from bursting. When the chloroform was completely removed from the
eggplant flask, DSPE-PEG-Fe coated with IR780 was obtained by pure water. Finally, the concentrated DSPE-PEG-

Fe was removed by magnetic separation. The concentration of Fe was determined and set to 1 mg/mL.
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IR780, Fe and DOX Loading Evaluation

100 pL of purified DOX-loaded DSPE-PEG- Fe;0O4 nanoparticles of IR780 were added into 900 mL methanol and
90 mL Tween20 solution for demulsification and ultrasonic dissolution of the drug. The content of DOX in PLGA-PEG-
COOH capsules was determined by UV-vis spectroscopy. The absorption of doxorubicin at 495 nm was calculated.

Characterization

The structure and element distribution of the MNs-PEG/IR780-DOX were analyzed by a transmission electron micro-
scope (TEM, SHZ-D, JEOL, Japan) equipped with an energy-dispersive spectrometer. The zeta-potential and particle size
distributions of the samples were determined by a Malvern Zetasizer (Nano ZS, Malvern, UK).

Calculation of Photothermal Conversion Efficiency
MNs-PEG/IR780-DOX were exposed under 808 nm laser irradiation (0.5, 1.0 and 1.5 V Wn. Deionized
onitored the
420 IR thermal

another 15 min. The

(1

¥ cells in 3.5-cm dishes with coverslips for 24 h and then cultured with
free DOX and MNs-P equal DOX concentration with 4 ug/mL) for 3 h at 37°C, followed by washing

Green (Ex 504 n nm Mglecular Probes, USA) for 30 min and 5 mg/mL Hoechst 33,342 (Ex 345 nm, Em 478
nm, Beyotigg

In vitro Cytotoxicity Assay

The dose-dependent effects of DOX and MNs-PEG/IR780-DOX on 4T1-luc cells viability were determined with Cell
Counting Kit 8 (CCK-8) assay (Dojindo) according to the manufacturer’s instructions.”” 4T1-luc cells were plated in
a 96-well cell culture plate at a concentration of 1 x 10* cells per well and incubated with concentrations of MNs-PEG/
IR780-DOX ranging from 0.007813 to 32 pg/mL. The exact amounts of free DOX were added to parallel wells as
controls. The effects of PBS, MNs-PEG/IR780, Laser, MNs-PEG/IR780 + Laser, MNs-PEG/IR780-DOX + Laser (at
equal DOX concentration with 4 pg/mL) on 4T1-luc cell viability also were assessed. After 24 h treatment, the effect of
treatments on cell proliferation was determined using CCK-8 assay.
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4T |-luc Tumor-Bearing Model and Imaging

Before all the experiments, female BALB/c mice (6-8 months old, 25-30 g) were given free access to food and water. All
animal studies were reviewed and approved by the Laboratory Animal Welfare & Ethics Committee (IACUC) of Renmin
Hospital of Wuhan University (Issue No. 20200702). All animal experiments complied with the Guide for Care and Use of
Laboratory Animals by the Institute of Laboratory Animal Research. The tumor model was grown by i.duc administration 20
uL of 4T1-luc cells with a concentration of 1 x 10° cells in PBS into the 4th right grand of each BALB/c mouse under
anesthesia. Tumors localized injected with PBS were set up as the control group. At different predetermined time points, the
mice were anesthetized and scanned by an in vivo imaging system (PerkinElmer, IVIS Spectrum). The signal of IR780 was
collected. Tumor volume according to bioluminescence intensity is determined by an IVIS imaging system. NIR fluorescence
images were collected with excitation at 710 nm and emission at 780 nm.

Tumor Penetration of MNs-PEG/IR780-DOX

Tumor-bearing (4T1-luc) BALB/c mice were randomly divided into MNs-PEG/IR780-DOX, G/IR780-I@X + MF

DOX of mice were photographed by in vivo imaging system (IVIS) Lumina LT Series III . groups of mice
were sacrificed after being observed; tumors and all major tissues, including the heart, liger, S\acndP idpgy, and lymph nodes

In vivo Tumor and Tissue Distribution of DOX
Tumors and all the major tissues of each group above were fixed
sucrose for 24 h. Sections of the tissues were cut at a thickness
were permeabilized with Triton X-100 and blocked by 10% no calf serun@The DAPI (blue) was used to stain the
nuclei and DOX (red, Ex 488nm, Em 570nm) of both t i

In vivo Photothermal Conversion

The 4T1-luc tumor-bearing model was establigRra
divided the mice into 3 groups (n=3). PBS 2 @

MNS-PEG/IR780-DOX or PBS (20 uL

above. Subsequently, on day 3 after tumor inoculation, we
+ L, MNs-PEG/IR780-DOX + MF + L (DOX, 1 mg/kg).
Wthe 4th right mammary gland with or without MF. The tumor

W/cm? for 10 min. During irradiation, thermal images of the mice were

ed the tumor volumes of the mice. One is to measure the intensity of the bioluminescence signal
through imaging in vivo. Another is to determine tumor size by measuring the length and width of the tumors with
a digital caliper every 3 days. The tumor volumes were calculated as volume (mm?®) = length x width® x 0.5.

Flow Cytometry

Tumors and spleens excised from mice were placed on ice. Tumor single-cell suspensions were obtained by gentleMACS™
dissociator and digestive enzyme (Miltenyi Biotec) according to the manufacturer’s instructions. Spleens were squashed and
filtered (70 pm). The obtained cell suspensions were removed from red blood cells using FACS lysing solution (BD
Biosciences). After 1-2 washes with PBS containing 10% FBS, cells were blocked with anti-CD16/32 Fc blocking antibody
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(1:25, BD Biosciences, 2.4G2) for 20 minutes. Then, cells were incubated for 30 minutes with antibodies targeting the cell-
surface markers anti-CD45 (1:500, eBioscience, 30-F11), anti-CD3 (1:500, Biolegend, 17A2), anti-CD4 (1:500, Biolegend,
RM4-5), anti-CD8a (1:500, Biolegend, 53—6.7), anti-CD11b (1:500, Biolegend, M 1/70), anti-F4/80 (1:500, Biolegend, BMS),
anti-CD86 (1:500, Biolegend, GL-1), anti-CD206 (1:2000, Biolegend, C068C2), anti-CD11c¢ (1:500, Biolegend, N418), anti-
Gr-1 (1:500, Biolegend, RB6-8C5) and anti-CD25 (1:500, Biolegend, 3C7). Flow cytometry analysis was performed using
a CytoFLEX flow cytometer (Beckman Coulter, Fullerton, CA, USA).

Statistical Analysis
All data were collected in triplicate and reported as mean and standard deviation. Comparison between the groups was
performed using a t-test. One-way ANOVA was used to analyze multiple comparisons by GraphPad Prism 8.0. “p > 0.05,
*p < 0.05, *¥p < 0.01, ***p < 0.001, and ****p < 0.0001; ¥p < 0.05, “*p < 0.01, and ***

Results
Synthesis and Characterization of MNs-PEG/IR780-DOX

determined by UV-vis spectroscopy.

We firstly investigated the characterization of MNs-PEG/IR7,
scattering (DLS) measurements indicated MNs-PEG/IR780-
DOX exhibited similar negative zeta potentials within —32

Ns-PEG/IR780-DOX were dimensionally
homogeneous, as shown by TEM (Figure S3). To verify the stSgali -PEG/IR780-DOX in vitro, we incubated it
in a 37°C water bath for 48 h. At 0, 12, 24, and 488 i eta potentials were detected, and photographs
were taken. As shown in Figure S4A and B, there w4 ale change in the 48 h particle size and zeta potentials.
' to 48 h (Figure S4C).
R780-DOX in vitro. MNs-PEG/IR780-DOX were irradiated
of 0.5, 1.0, and 1.5 W/cm? for 5 min; ddH,O was used as
ating and cooling curves of MNs-PEG/IR780-DOX were recorded by an
in Figure 2B, after 0.5, 1.0, and 1.5 W/em? 808 nm laser irradiation for 5

ciency 1 = 50.01%.
Next, we teste 1 effect of MNs-PEG/IR780-DOX in the 4T1-luc-bearing tumor model. Three days

after tumor j#g

PEG/IR73FDOX s-PEG/IR780-DOX (DOX, 1mg/kg) or PBS (20 uL) was administered i.duc into the 4th
right @R ith of without MF. The tumor area was then irradiated with an 808 nm NIR laser at 0.5 W/cm? for
10 min. crmal image of the whole mouse was recorded by the infrared thermal camera post-injection. As shown in

Figure 2C a , the temperature of both MNs-PEG/IR780-DOX and MNs-PEG/IR780-DOX + MF treated mice

°C within 2 min and then was maintained at 53°C. As a control, the temperature of PBS-treated

increased over
mice did not increase over 40°C after NIR irradiation for 10 min.

To evaluate DOX release from MNs-PEG/IR780-DOX at different pH solutions, the MNs-PEG/IR780-DOX were
placed for 12 h in solutions of pH 4.5, 6.0, or 7.4. The samples were tested for DOX release at selected time intervals
using a UV-vis spectroscopy at 495 nm. We found that DOX release rates at pH 4.5 and 6.0 were approximately 3- and
2-times higher than at pH 7.4 (Figure 2E).

Additionally, we evaluated DOX release with or without NIR laser irradiation. As shown in Figure 2F, the cumulative
released DOX was extremely low over 10 min without irradiation. However, when the MNs-PEG/IR780-DOX were
irradiated by NIR laser, the release of DOX was about 1.2-fold higher than that in no NIR laser group, suggesting NIR
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Antitumor Efff®cy of MNs-PEG/IR780-DOX in vitro

In general, anti-cancer drug relies on transport proteins on cell membranes, but nanomaterials always enter cells through
endocytosis pathways,?® which increases the uptake of drugs by cells. To determine whether MNs-PEG/IR780-DOX
might result in enhanced DOX uptake by cells, the 4T1-luc cells were treated with free DOX or MNs-PEG/IR780-DOX
for 1, 2, and 3 h (the concentration of DOX =4 pg/mL). The cellular uptake of DOX was measured quantitatively by the
fluorescence intensity per cell using flow cytometry. As shown in Figure 3A and B, DOX uptake increased with the
incubation time in the free DOX group and the MNs-PEG/IR780-DOX group. However, at a particular time point, DOX
uptake was higher in MNs-PEG/IR780-DOX group than in the free DOX group. In group MNs-PEG/IR780-DOX, the
cell absorption rate reached 77% after incubation for 1 hour, while in free DOX, it was only 15.8%. With the extension of
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Figure 2 Photo®@nal performance and drug release behavior of drug-loaded MNs-PEG/IR780-DOX. (A) Photothermal conversion capability of MNs-PEG/IR780-DOX.
Temperature chang@ ponse to 808 nm NIR laser (1.5 W/cm?) on and off in 1080 s. (B) Thermal images and elevation curves of deionized water (1.5 W/cm?) and MNs-
PEG/IR780-DOX (0.5, %9 1.5 W/cm?) solution upon irradiation of 808 nm NIR laser for 5 min. (C) In vivo, infrared thermal images of the tumor sites in 4T |-luc-bearing
mice irradiated immediately post i.duc injection with PBS, MNs-PEG/IR780-DOX, MNs-PEG/IR780-DOX + MF at 0 min, 0.5 min, 2 min, and 10 min after irradiation. (D)
Temperature variation curves of the tumor sites in 4T | -luc-bearing mice after i.duc injection with different groups followed by NIR laser irradiation. (E) DOX release from
MNs-PEG/IR780-DOX in PBS buffer at pH values of 7.4, 6.0, and 4.5. (F) DOX release from MNs-PEG/IR780-DOX with or without NIR laser irradiation. Data are shown as
means = SD (n = 3). **p < 0.001.

the incubation time, the cell absorption rate of MNs-PEG/IR780-DOX reached 93.0% after 3 h incubation, which was 4
times that of free DOX (21.1%).

To understand the localization of MNs-PEG/IR780-DOX in 4T1-luc cells, confocal laser scanning microscopy (CLSM)
assay was performed. As shown in Figure 3C and D, no obvious DOX fluorescence was detected within 4T1-luc cells treated
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Figure 3 Cytotoxicity o -PEG/IR780-DOX In vitro. (A and B) Flow cytometry based quantitative analysis of cellular uptake of DOX in 4T |-luc cells after treatment

with free DOX and MNs-PESWR780-DOX for I, 2, and 3 h at 4 ug/mL concentrations of DOX. (C and D) Confocal microscopic image and mean fluorescence intensity of
4T |-luc cells incubated with free DOX and MNs-PEG/IR780-DOX for 3h, scale bars: 25 ym. (E) Cytotoxicity comparison of 4T |-luc cells incubated with free DOX or MNs-
PEG/IR780-DOX for 48 h at different DOX concentrations. (F) In vitro cytotoxicity of PBS, MNs-PEG/IR780, Laser, MNs-PEG/IR780 + Laser, MNs-PEG/IR780-DOX + Laser
(at equal DOX concentration with 4 ug/mL). Data are shown as means + SD. #p > 0.05, *p < 0.05, ***p < 0,0001.

with the free DOX (MFI = 6.26), while solid DOX fluorescence appeared in the lysosomes and nuclei within cells treated with

MNs-PEG/IR780-DOX (MFI = 33.66), which was approximately 5-fold higher than the free DOX group (MFI = 6.26).
Next, we performed the cell death assay of MNs-PEG/IR780-DOX against 4T1-luc cells by CCK-8 assay. Figure 3E

shows that both free DOX and MNs-PEG/IR780-DOX showed cytotoxicity to the 4T1-luc cells in a dose-dependent
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manner. However, MNs-PEG/IR780-DOX exhibited more pronounced tumor cell death effects; the IC50 value was
significantly lower for MNs-PEG/IR780-DOX (0.35 pg/mL) than Dox (7.85 pg/mL). In Figure 3F, none of the other
groups could kill tumor cells; only the MNs-PEG/IR780-DOX+Laser group had a more vital killing ability and a stronger
lethality than MNs-PEG/IR780-DOX, indicating that laser can enhance the ability to kill tumor cells. Together, these
results indicated that MNs-PEG/IR780-DOX exhibited more vital anti-tumor ability by exhibiting more effectively
endocytosed in 4T1-luc cells.

Dual System in vivo Imaging Examine Targeting and Retention in Tumor and Tissue of
MNs-PEG/IR780-DOX

The safety and effectiveness of anticancer drugs via i.duc administration have been verified in the previous work.?’
However, the visual evidence of drug aggregation in the tumor is still lacking after intrad
determined the permeability and retention of MNs-PEG/IR780-DOX in tumors by dual i
NIR fluorescence.”®* The tumor model consisted of i.duc injection of 20 uL of 4T1-1

slower than that of the MNs-PEG/IR780-DOX group, indic
tumors. After 24 h post i.duc administration, frozen tumor se
fluorescence was measured at 570 nm, labeled the nucleus
bioluminescence image overlaps well with NIR fl
penetrates well into the tumor.

Next, we used dual imaging to verify drug distrib and major organs in vivo and in vitro. The 4T1-luc
tumor model described above was establi hn viv aging system (IVIS) optical imaging was carried out at 24
of MNs-PEG/IR780-DOX in the tumors. A significantly

vas detected in the tumors in vivo and in vitro of 4T1-luc

tumor-bearing mice (Figure 548 Wititative analysis (Figure 5B) of the fluorescent intensity in MNs-PEG/
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Figure 4 Targeting and retention of MNs-PEG/IR780-DOX to the tumor. (A) Bioluminescence and NIR fluorescence imaging of 4T | -luc tumor-bearing BALB/c mice at 0, I,
3, 6, 12 and 24 h after i.duc administration of MNs-PEG/IR780-DOX. (B) Total fluorescence intensity of MNs-PEG/IR780-DOX with or without MF. (C) Bioluminescence and
NIR fluorescence images tumors from tumor-bearing mice at 24 h post-injection. (D) H&E staining and fluorescence images of primary tumors from tumor-bearing mice.
The blue fluorescence signal indicates cell nuclei stained with DAPI; the red fluorescence signal indicates DOX. Scale bars: 50 pm.
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Figure 5 Tumor and tissue distribution of MNs-PEG/IR780-DOX in vivo. (A and B) Bioluminescence and
heart, lung, liver, spleen, kidney and lymph nodes extracted from tumor-bearing mice. (C) The tissue slic
different major organs. (D) Quantification of the mean fluorescent intensity of DOX in tumors and majo
nodes. RPLN: right popliteal lymph node, LPLN: left popliteal lymph node. Scale bars: 50 pm.

escence intensity of tumor,
ed DOX (red) distribution in

y, DOX accumulation in the heart of the
organs. The staining of DAPI (blue) and DOX
(red) in tissue slices (Figure 5C) and quantitzimms QM signal analysis (Figure 5D) demonstrated the lowest
amounts of DOX in the heart, followed by thg i gs, spleen, and LNs. Interestingly, the concentration of the
drug in the lymph nodes and spleen was fdman the tumor, which might play a role in inhibiting distant
metastasis of the tumor.

Antitumor Efficacy of )-DOX in vivo

inoculation of mouse 4 s initiated 3 days after tumor inoculation (Figure 6A). The 4T1-luc tumor-
bearing mice were div i groups randomly, and 20 uL of PBS, or free DOX, MNs-PEG/IR780-DOX, MNs-PEG/
IR780-DOX + ‘ X+ L, MNs-PEG/IR780-DOX + MF+ L (DOX, 1 mg/kg) was i.duc administered.

Each mouse j as irradiated with an 808 nm at 0.5W/cm?” for 10 min 3 h post-injection.
i r volume in the mice. Tumor volume was measured by bioluminescence intensity by IVIS
imaging. Befo aging, 300" uL of D-luciferin potassium salt buffer solution with a 15 mg/mL concentration was intraper-
itoneally injected W@ each mouse and then incubated for 9 min to maximize the bioluminescence signal intensity (Figure 6B).
The tumor volume wi¥also calculated at 3-day intervals up to the end of the experiment using the following formula: width? x
length % 0.5. As shown in Figure 6C, tumor growth in mice treated with free DOX was slower than in the PBS group, but no
statistical difference was observed on day 24. However, MNs-PEG/IR780-DOX, MNs-PEG/IR780-DOX + MF and MNs-PEG/
IR780-DOX + L significantly inhibited tumor growth compared to PBS. More importantly, MNs-PEG/IR780-DOX combined
with MF and NIR laser irradiation inhibited tumor growth more effectively than other treatment groups.

At the end of the treatment procedure, the tumor-bearing mice were sacrificed, and the resected tumors and
spleens were photographed (Figure 6D and E) and weighed (Figures 6F and G). The average tumor weight of the
MNs-PEG/IR780-DOX+MF+L group was significantly reduced (95.9%) in comparison to the control group.

Together, these results indicate that the novel strategy is the most effective treatment for suppressing tumor growth.
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iy 3. (B) Bioluminescence imaging of 4T | -luc tumor-bearing mice on day 3, 6, 9 and 12 (n =4). (C) Tumor growth curves of mice

Anti-Metastatic Effects of MNs-PEG/IR780-DOX
We evaluate the inhibitory effect of MNs-PEG/IR780-DOX on the development of distant metastasis of tumor. At the
predetermined time point (day 24), the mice were anesthetized and major organs (ie, lung, liver, kidney, and bone) were
excised and scanned by IVIS imaging system, then were fixed with 4% paraformaldehyde and embedded in paraffin. The
tissues and tumors were stained with hematoxylin and eosin (H&E) for further observation by optical microscopy.

As shown in Figure 7A and B, lung, liver, kidney, and bone metastases were observed in the PBS group, while lung and
liver metastases were seen in free DOX, MNs-PEG/IR780-DOX, MNs-PEG/IR780-DOX + MF. Significantly, MNs-PEG/
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A PBS Free DOX MNs-PEG/IR780 MNs-PEG/IR780- MNs-PEG/IR780- MNs-PEG/IR780-
DOX + MF DOX + L DOX+ MF + L

“-

Figure 7 Anti-metastatic effec Ns-PESFR780-DOX. (A) Biofluorescence images of heart, liver, spleen, lung, kidney and bone collected from 4T |-luc tumor-bearing
BALB/c mice on day 24. (B) Histop$ and photq ographs of lung, liver, kidney, and bone were obtained from mice in different groups. The yellow arrow and dashed
line indicate metastasi le bal 8 um.

any distant organ metastasis. Consistent with the therapeutic effect, MNs-PEG/IR780-DOX
netic field and NIR laser irradiation effectively prevented distant organ metastasis.

MNs-PEG/IR780-DOX Alleviated the Tumor Immunosuppressive Microenvironment

and Boosted Antitumor Immunity

In order to evaluate whether MNs-PEG/IR780-DOX can cause immunogenic death of tumor cells under L and MF, and
change the tumor immunosuppressive microenvironment. Based on the tumor-forming model and the corresponding
treatment above, tumor and spleen were obtained. One part was used to prepare single-cell suspension for flow cytology
analysis, and the other part was analyzed by confocal imaging. As shown in Figure 8A—C, confocal laser analysis results
showed that the infiltrating proportion of MDSCs (CD11b"GR1") and Tregs (CD4 CD25") was higher, but the cytotoxic
T cells (CD3"CD8") was lower in the PBS group than that of other groups. The proportion of MDSCs and Tregs were the
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Figure 8 MNs-PEG/IR780-DOX alleviated the tumor 2 gaVironment and boosted antitumor immunity. (A—C) Representative immunofluorescence
Bxic T cells (CD3"CD8") in tumor sections from different groups (scale bar: 25 pm). (D-F) Quantification
ic analysis. (G) Quantification of cytotoxic T cells (CD3+CD8+) in spleens by flow cytometric analysis. n =
FEp < 0.001, ¥p < 0.0001.

of MDSCs, Tregs and cytotoxic T cells in tul
3, data are shown as means + SD. #p >

se of the flow analysis (Figure 8D-F). Additionally, MNs-PEG/IR780-DOX + MF +
rcentage of CD8" T cells in spleens (Figure 8G). Examples of analyses of MDSCs

Safety and Wlerability of MNs-PEG/IR780-DOX via i.duc Administration
To evaluate the safety and tolerability of MNs-PEG/IR780-DOX, mice were divided into six groups randomly and
administrated with 20 pL of PBS, MNs-PEG/IR780-DOX, MNs-PEG/IR780-DOX + MF, MNs-PEG/IR780-DOX+ L,
MNs-PEG/IR780-DOX + MF+ L (DOX, 1 mg/kg) by the i.duc route. The 4T1-luc tumor-bearing mice were sacrificed
on day 21. Blood of the mice was collected for alanine aminotransferase (ALT), aspartate transaminase (AST), alkaline
phosphatase (ALP), urea, creatinine (Cr), red blood cells (RBC), hemoglobin (HGB), white blood cells (WBC), and
platelet (PLT) examination. The body weight of the mice was also recorded.

The H&E images confirmed no obvious damage or inflammatory infiltration in the major organs, including the liver, lung,
kidney, and heart (Figure 9A), and treatments in mice did not influence the normal range of ALT, AST, ALP, urea, Cr, RBC,
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alkaline phosphatase (ALP), creatinine (Cr), urea, red blood cells (B
mice subjected to different treatments. Data are shown as me

ibitor therapy. Despite recent advances in omics technology, a better understanding of the

tem has promoted clinical trials of novel targeted drugs, including PARP inhibitors,?" antibody-drug
333

tumor-immune

conjugates antibodYpug conjugates,”> and immune checkpoint inhibitors,**** providing new opportunities for TNBC
patients. Trodelvy (Sacituzumab Govitecan) is the first targeted anticancer drug approved by the Food and Drug
Administration (FDA) to treat patients with locally unresectable advanced or metastatic TNBC. However, it is only used as
the third or later line of treatment.>> Chemotherapy is still the primary systemic adjuvant therapy for TNBC patients.

DOX is one of the most commonly used chemotherapy agents in the treatment of TNBC. However, it has severe
cardiotoxicity as a free drug.*® DOX encapsulated by the nano-drug delivery system can increase tumor targeting and
reduce toxicity.>” Cancer combination therapy enhanced super-additive therapeutic outcomes, as mentioned above. This
study achieved tumor-targeted aggregation and spatio-temporal precise release control through i.duc injection of MNs-

PEG/IR780-DOX, thus improving antitumor efficacy and reducing drug toxicity.
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The nano-photothermal preparation has high light absorption and photothermal conversion efficiency under the NIR
window.*® As previously described,***° IR780, a near-infrared fluorescence dye that allows for non-invasive imaging in
live animals, is also an excellent photosensitizer for PTT. Photothermal tumor ablation was performed by Fe;O4 under near-
infrared laser irradiation.*'** Hence, we encapsulated the IR780 and DOX into PEG-Fe;O,4 nanoparticles. Our results
indicated that the photothermal conversion efficiency of MNs-PEG/IR780-DOX could reach 50.1%, which is 2.3 times that
of gold nanoparticles (21%)* and is similar to that of platinum nanosheets (27.6-52%)** and outcompete that of PbS/CdS
quantum dots (47.6%).*> Additionally, the data indicated that under NIR laser irradiation, the MNs-PEG/IR780-DOX
showed excellent warming curves both in vitro and in vivo, compared with the control group.

Since most cancer tissues have relatively lower extracellular pH (pH = 5.7-7.8), inside endosomal (pH = 5.5-6.0) and
lysosomal (pH = 4.5-5.0) compartments, compared to normal tissues and bloodstream (pH = 7.4), pH -dependent releasing

behavior ensures the controlled release around tumor sites and reduces undesired drug loss in bloogd ation.*® The DOX

and NIR laser irradiation.
Numerous studies have shown that intraductal intervention

i.duc administration was found in tumors with very limited in
that DOX fluorescence was second strongest in inguinal and@opliteal lyr'¥h nodes, which may contribute to resisting
distant tumor metastasis.

The tumor microenvironment (TME) comprise d vessels, immune cells, fibroblasts, signaling
molecules and the extracellular matrix (ECM).> jmmunosuppressive microenvironment in which the
number of cytotoxic T cells decreased,> angdg regs with immunosuppressive function increased.>* Previous
studies indicate that DOX> and PTT?

antitumor immune response throug

cell immunogenic death (ICD), which results in an effective
¢ cells (DCs) and consequent activation of specific T cell
unogenic IME. Our study showed that intraductal injection of the MNs-
s reduced the proportion of immunosuppressive cells while increasing

reverse®immunosuppressive TME. In addition, we also found that the proportion
of CDS cells in the spl i in the MNs-PEG/IR780-DOX + MF+ L group. Turning the immune-suppressive
TME into a favora ili i antitumor T cell responses can induce potent antitumor immunity. Effective
roves prognosis, as distant metastasis is the major cause of cancer-related death.”®
Althoug i@ chemotherapeutic agent, the cardiotoxicity associated with systemic administration
significap#y e of DOX.>” However, this can be addressed by topical administration. It has been shown

that in in BC models. Stearns et al°® i.duc administered five commonly used chemotherapeutic drugs,
such as c¥@@atin, paclitaxel, PLD, 5-fluorouracil (5-FU), and methotrexate, and found that all of them could significantly
inhibit the gcN@aation of breast cancer without significant toxicity. We detected the blood routine, liver and kidney function,

amination of essential organs of mice treated with different treatments and found no significant differences
with the control group. Also, there was no statistical difference in body weight, no apparent abnormal behavior, skin ulcers,
depilation, and breast swelling.

Conclusion

Through i.duc administration, combined with the loading of photosensitivity (IR780) and DOX-magnetic nano-delivery
systems, under the action of external MF and NIR laser, we achieved the precise and spatiotemporal controlled release of drugs
(MNs-PEG/IR780-DOX), which effectively inhibited 4T1-luc transplanted tumors and metastasis of distant organs. The
mechanism was to cause the immunogenic death of tumor cells and change the tumor immunosuppressive microenvironment

International Journal of Nanomedicine 2022:17 hetps: 2675
Dove:


https://www.dovepress.com
https://www.dovepress.com

Liu et al Dove

by increasing tumor infiltration of killer T cells and reducing the proportion of MDSCs cells. These findings provide
a promising dual-targeted, minimally invasive, effective, and safe treatment for TNBC.
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