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Purpose: The aim of this study was to develop an “all-in-one” nanoplatform that integrates
at the second near-infrared (NIR-II) region dye IR1061 and anticancer drug paclitaxel (PTX)
into an apoferritin (AFN) nanocage (IR-AFN@PTX). Simultaneously, folic acid (FA), tumor
target molecule, was conjugated onto IR-AFN@PTX to be IR-AFN@PTX-FA for tumor-
targeted and pH/NIR-II-triggered synergistic photothermal-chemotherapy.

Methods: IR1061 was firstly reacted with PEG and then conjugated with AFN to be IR-
AFN. Then, FA was conjugated onto the surface of IR-AFN to be IR-AFN-FA. At last, PTX
was incorporated into IR-AFN-FA to fabricate a nanoplatform IR-AFN@PTX-FA. The NIR-
II photothermal properties and pH/NIR-II triggered drug release were evaluated. The ability
of IR-AFN@PTX-FA to target tumors was estimated using optical bioluminescence. In vitro
and in vivo synergistic therapeutic effects of pH/NIR-II-triggered and tumor-targeted photo-
thermal-chemotherapy were investigated in 4T1 tumor model.

Results: IR-AFN@PTX-FA showed excellent water solubility and physiological stability,
which significantly enhanced the solubility of both IR1061 and PTX. After 5 min of laser
irradiation at 1064 nm, IR-AFN@PTX-FA exhibited an effective photothermal effect com-
pared with laser irradiation at 808 nm, even when blocked with 0.6 cm thick chicken breast.
Cellular uptake experiments showed IR-AFN@PTX-FA utilized clathrin-mediated and
caveolaec-mediated endocytosis pathways to enter 4T1 cells, and was then delivered by the
endosome to the lysosome. NIR-II laser irradiation and pH could synergistically trigger PTX
release, inducing significant tumor inhibition in vitro and in vivo.

Conclusion: As a novel “all-in-one” nanoplatform, IR-AFN@PTX-FA was found to selec-
tively target tumors and showed very efficient NIR-II photothermal effects and pH/NIR-II
triggered drug release effects, showing a remarkable, synergistic photothermal-chemotherapy
effect.

Keywords: IR1061, second near-infrared window, paclitaxel, apoferritin, “all-in-one”

nanoplatform

Introduction

Nowadays, malignant tumors are among the most deadly diseases in the world.
Surgical resection, radiation therapy and chemotherapy are the main clinical cancer
treatments, although each of these therapies has drawbacks.' For example, surgi-
cal resection may lead to organ failure and rapid tumor metastasis; radiotherapy has
toxic effects on normal tissues, and non-specific chemotherapy leads to severe
systemic toxicity.*® As a result, modern medical research has focused on the
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urgent development of newer, less toxic treatment meth-
ods. In recent years, photothermal therapy (PTT) has been
demonstrated as a highly effective cancer treatment by
many scientists.”° Photothermal reagents are designed to
accumulate at tumor sites, and when the tumor sites are
irradiated with near-infrared (NIR) lasers, site-specific
hyperthermia is induced and the cancer cells die.'®'" The
laser is an important element in PTT, and its properties in
biological tissues directly affect the therapeutic effect of
PTT. Different wavelengths of lasers have different
absorptions and scattering coefficients in biological tis-
sues, affecting the penetration ability of the laser in
tissues.'?'* Therefore, the choice of laser wavelength is
critical for tumor PTT.

At present, most PTT research uses lasers in the first near-
infrared region (NIR-I) range, from 660 nm to 808 nm.'>'®
However, it has been reported that the NIR-I laser has strong
absorption and can scatter in biological tissues, affecting its
tissue penetrating ability, nor is it conducive to inducing
hyperthermia of deep tumors or large solid tumors.'®!”
Some studies have found that lasers in the second NIR
window (1000-1350 nm, NIR-II) have greater absorption
and scatter less in biological tissue than those in the NIR
I window, resulting in greater penetration and energy safety
threshold.'®?° The maximum allowable energy of the skin
for an NIR-II laser is 1| W/cm?, while for an NIR-I laser, the
value is only 0.33 W/cm?.?! Therefore, the use of NIR-II PTT
is an important breakthrough in achieving clinical safety and
applicability. In addition, many studies report that there is
often a deficiency in the use of a single therapy modality like
PTT, including incomplete tumor suppression, which could
lead to recurrence or metastasis.>>>* Therefore, the use of
NIR-II PTT combined with conventional chemotherapy
represents a novel and promising treatment strategy. By
combining a NIR-II photothermal reagent and anticancer
drug with the same platform, hyperthermia and drug-
specific delivery to the tumor area is achieved, thereby
obtaining an effective synergistic tumor therapeutic effect.

NIR-II photothermal reagents include copper sulfide-
based hybrid materials, gold nanostructures, silver nano-
plates, carbon nanotubes and large conjugated polymer
particles.”> ° Although they demonstrate effective NIR-II
PTT, biosafety is a major concern prior to clinical use. The
IR1061 dye a commercial dye with high NIR-II (1064 nm)
absorbance and low fluorescence quantum yield, and holds
promise as a NIR-II photothermal agent but the hydrophobi-

city of IR1061 limits its use in biomedical applications.*'*

In order to overcome this limitation, further modifications of
the IR1061 are required.

Additionally, the use of a highly effective and low-toxic
chemotherapy is essential for the treatment of tumors. At
present, most anticancer drugs used in clinical practice are
chemical synthetic drugs, such as doxorubicin and cisplatin,
although treatment with these drugs are accompanied by ser-
ious side effects.>** Paclitaxel (PTX) is an FDA-approved
chemotherapy with fewer side effects and has a high inhibitory
effect on a variety of malignant tumors.>**’ However, its
solubility in water is poor and requires delivery in a solution
of Cremophor EL and ethanol for clinical use.*® Cremophor
EL has been reported to have serious side effects such as
hypersensitivity reactions and acute renal impairment.***’

In this study, we used pH-sensitive apoferritin (AFN) to
carry IR1061 and PTX, and then modified the tumor target
molecule folic acid (FA) to form a multifunctional, integrated
NIR-II PTT and chemotherapy reagent (IR-AFN@PTX-FA).
The carrier AFN is an iron-free spherical cage protein and is
an excellent drug carrier with sensitivity to pH.*' ™ As the
environment changes from acidic to alkaline, it can be rever-
sibly denatured and reassembled.****> Results show that IR-
AFN@PTX-FA highly improves the water solubility of
IR1061 and PTX and has excellent stability. In vitro and
in vivo experiments show that IR-AFN@PTX-FA exhibits
a high NIR-II photothermal effect, tumor specificity and
tumor inhibition, and can be efficiently used for pH/NIR-II
triggered synergistic photothermal-chemotherapy.

Materials and Methods

Materials

Horse spleen apoferritin (AFN) and fluorescein isothiocyanate
(FITC) were from Sigma-Aldrich. Paclitaxel (PTX, >99%)
was provided by Shanghai Jingchun Biotech Corporation.
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) were bought from Aladdin
Bio-Chem Technology Co., LTD (Shanghai, China). FA-
PEGs000-NHS was obtained from Shanghai Ponsure
Biotech. Co. Ltd. The functionalized poly(ethylene glycol)
(SH-PEG5000-NH,) was purchased from ToYongBio Tech.
Inc. (Shanghai, China). Cell Counting Kit-8 (CCK-8) was
obtained from Dojin Chemical Laboratory Co., Ltd.

Synthesis of IR-AFN@PTX-FA

One hundred milligram of SH-PEG5000-NH, and 50 mg of
IR1061 were dissolved in 50 mL of dimethyl sulfoxide, and
then reacted at room temperature for 36 hrs. The reaction
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solvent was removed by distillation under reduced pressure,
dissolving with deionized water. The unreacted PEG was then
removed using a dialysis bag (MW: 7000 Da), and a brown
compound (IR-PEG) was obtained by freeze-drying.
Subsequently, IR-PEG and FA-PEGsq0o-NHS (W/W = 2:1)
were mixed and added to a 3 mg/mL AFN aqueous solution at
presence of catalysts (15 mg of NHS and 25 mg of EDC) at
room temperature for 36 hrs of reaction. After that, the mixture
was dialyzed for 72 hrs (MW: 20,000 Da) to remove impu-
rities. The final product (IR-AFN-FA) was further dried by
freeze-drying to produce a solid powder. Next, water-insoluble
PTX was dissolved in DMSO to be 2 mg/mL, and mixed with
a 0.5 mg/mL IR-AFN-FA solution. The pH of the mixture was
adjusted to less than 4.0 under 30 min of ultrasonication. After
that, the pH of the mixture was slowly adjusted to 7.4, and
dialyzed in distilled water overnight to remove free PTX
molecules, resulting in the final product (IR-AFN@PTX-FA).

Characterization of IR-AFN@PTX-FA

The size and zeta potential of the samples were detected by
a Zetasizer (Malvern, UK). The morphology of the samples
was observed by a transmission electron microscope (TEM,
Hitachi S-9300, Japan). FT-IR experiments were carried out
by using Fourier Transform Infrared Spectroscopy (Bruker
Tensor 27, Bruker Optik, Ettlingen, Germany) to detect the
surface molecular structures. Fluorescence spectra were
detected by a fluorescence spectrophotometer (Shimadzu
EDX-GP, Japan). A commercial laser scanning microscope
(LSM 510, Zeiss, Germany) was used to observe the fluor-
escence signal inside cells. Flow cytometry (FCS500,
Beckman Coulter) was used to quantitate the fluorescence
intensity inside cells. The continued laser source at 808 nm
and 1064 nm was from Beijing Laserwave Optoelectronics
Technology Co. Ltd. Absorption spectra were detected by
UV-VIS-NIR spectrophotometer (Cary 500, Varian Inc.,
CA, USA).

Study of NIR-Il Photothermal Properties
In order to assess the NIR-II photothermal properties, we
conducted a phantom experiment. In detail, IR-AFN
@PTX-FA was mixed with agarose gel and placed under
a 0.6 cm thick chicken breast. Then, the mixture was
irradiated through the chicken breast with 808 nm and
1064 nm lasers of 0.75 W/cm?, respectively, and the tem-
perature was recorded after 5 mins. In addition, different
of IR-AFN@PTX-FA
placed in a 96-well plate and irradiated with a 1064 nm

concentrations solutions were

laser for 5 mins (0.75 W/cm?®). The temperature was

recorded every 30 s and the thermal images were also
captured using an
TI10, USA).

infrared thermal camera (Fluke

pH/NIR-II Triggered Drug Release

The pH/NIR-II triggered drug release was investigated
according to previous papers.**, 500 pL of IR-AFN@PTX-
FA solution was placed in a D-tube (MWCO 8-12 kDa,
Millipore) and the pH of solution was adjusted to 5.0 and
7.4. At the same time, at the different time point, the solution
was irradiated by 1064 nm laser (0.75 W/cm?) for 3 min and
then 1 mL aliquots of dialysate were removed and replaced
with 1 mL of fresh medium. The PTX release ratio was
evaluated by a UV-VIS-NIR spectrophotometer.

Cell Lines

Mouse mammary tumor 4T1 cells and normal human breast
cells MDA-kb2 were purchased from Chinese Academy of
Sciences Cell Bank of Type Culture Collection (CBTCCCAS,
Shanghai, China). The cells were cultured in complete
DMEM media containing 10% fetal bovine serum, 89%
DMEM and 1% penicillin—streptomycin at a humidified incu-
bator (5% CO,, 37°C).

Cellular Uptake Assay

According to literature reports,>®* FITC was used to label
IR-AFN@PTX and IR-AFN@PTX-FA by physical
adsorption. Treat 4T1 cells with FITC-labeled IR-AFN
@PTX and IR-AFN@PTX-FA for 5 hrs, then stain with
DAPI and lysosomal-specific dye LysoTracker, and
observe IR-AFN@PTX and IR-AFN@PTX-FA in cells
using commercial LSM. At the same time, intracellular
fluorescence intensity was quantified using a flow cyt-
ometer. In addition, Bio-TEM is used to observe the intra-
cellular nanoparticles.

To further study the cellular uptake mechanism of
nanoparticles, we used a variety of endocytosis inhibitors
(including 10 mM NaNj, 10 pg/mL CPZ, and 10 ug/mL
nystatin). In detail, 4T1 cells were seeded on a 96-well
plate at a density of 5 x 10* cells/well, and cultured for 12
hrs. And then the above-mentioned endocytosis inhibitors
were added. After 1 hr, remove the old culture medium,
add FITC-labeled IR-AFN@PTX-FA (final concentration:
200 pg/mL), and incubate for further 3 hrs. The cells were
then collected and the fluorescence intensity in the cells
was measured by flow cytometry.
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In vitro pH/NIR-II Triggered

Photothermal-Chemotherapy

One hundred microlitersul. of 4T1 and MDA-kb2 cells
suspension (1 x 10* cells/mL) was seeded into a 96-well
plate. After 12 hrs of incubation, cells were treated with
different concentrations of PTX formulation, IR-AFN@-
FA, IR-AFN@PTX, IR-AFN@PTX-FA + FA (with the
same PTX concentration) for 24 hrs. In addition, cells
were treated with different concentrations of IR-AFN@-
FA, IR-AFN@PTX, IR-AFN@PTX-FA + FA (with the
same IR1061 concentration) for 24 hrs and 1064 nm laser
irradiation (5 mins, 0.75 W/cm?). Temperature changes and
thermal images of the cells were recorded. The standard
CCK-8 assay (Bestbio, China) was further used to assess the
cytotoxicity. At the same time, these cells were co-stained
with calcein-AM/PI (Aladdin, China) for
30 mins, and then imaged with a confocal laser scanning

Shanghai,

microscope (calcein-AM Ex = 488 nm, PI Ex = 535 nm).

Animal Model and in vivo Biodistribution
Balb/c nude mice (56 weeks old) were purchased from
Charles River Laboratory (Beijing, China). To establish an
animal 4T1 subcutaneous xenograft model, 150 uL of a cell
suspension (10° cells) was injected subcutaneously into the
backs of mice. Then, put it into the animal feeding room and
observe the growth of the tumor. Tumor volume = length
x width?/2. All operations involving animal experiments
strictly follow the guidelines for the care and use of laboratory
animals of Sichuan Academy of Medical Sciences, which has
been approved by the Animal Protection and Utilization
Committee of Sichuan Academy of Medical Sciences.

In order to measure the circulating time of the nanopar-
ticles in the blood, we injected free PTX and IR-AFN
@PTX-FA (5 mg/kg PTX equivalent) into healthy Balb/c
nude mice by intravenous injection (n = 5 per group). Then,
the venous blood of the mice was collected at different time
points and placed in a heparin-loaded blood collection tube.
PTX was extracted from the plasma with an acidified iso-
propanol reagent, and its absorbance at 227 nm was mea-
sured to determine the concentration of PTX.

In addition, IR-AFN@PTX and IR-AFN@PTX-FA (100
pL) were injected into the tumor-bearing mice through the
tail vein, and the main organs of the mice were detected at 0,
12, 24, and 36 hrs. The collected tissues were weighed, then
digested with aqua regia, and finally the PTX content was
detected by a UV-VIS-NIR spectrophotometer.

In vivo pH/NIR-II Triggered
Photothermal-Chemotherapy

Prior to in vivo anticancer experiments, tumor-bearing mice
were intravenously injected with saline, IR-AFN, IR-AFN
@PTX and IR-AFN@PTX-FA (with same IR1061 concentra-
tion). After 24 hrs, the tumor was irradiated by 808 nm and
1064 nm laser (0.75 W/em?, 5 min), respectively. Additionally,
the tumor region was covered with 0.6 cm thickness of
chicken breast and then was irradiated by 808 nm and 1064
nm laser (0.75 W/cm?, 5 min), respectively. The temperature
and thermal images of the tumor region was recorded.

For in vivo photothermal-chemotherapy, tumor-bearing mice
were randomly divided into six groups (n=7): 1) PBS (100 puL); 2)
PBS (100 pL) + NIR-II laser; 3) PTX formulation (100 pL, 4 mg/
kg); 4) IR-AFN@PTX-FA (100 pL, 2 mg/kg); 5) IR-AFN@ PTX
and 6) IR-AFN@PTX-FA (100 pL) + NIR-II laser. Twenty-four
hours after the intravenous injection, the tumor area of the tumor-
bearing mice in these groups was irradiated with a NIR-II laser
(0.75 W/em?, 5 mins) once a day for 3 days. Tumor volume and
body weight were recorded every 5 days during treatment. Relative
tumor volume = V/V,, where V, is the tumor volume when tumor
treatment is started. In addition, for in vivo toxicity studies, healthy
Balb/c mice were intravenously injected with 5 mg/kg and 10 mg/
kg of IR-AFN@PTX-FA, respectively. After 35 days, major organs
including lungs, heart, liver, spleen and kidneys were collected for
histological analysis.

Statistical Analysis

All statistics are expressed as mean = SD. Statistical sig-
nificance was tested by two-tailed Student’s #-test. P < 0.05
or P < 0.01 was considered statistically significant.

Results and Discussion

Synthesis and Characterization of
IR-AFN@PTX-FA

The synthesis and bioapplication of IR-AFN@PTX-FA are shown
in Figure 1. Commercial NIR-II dye IR1061 and tumor target
molecule FA were conjugated onto the surface of apoferritin
(AFN, iron-devoid shell of ferritin).
Subsequently, at low pH values less than 4, AFN disassembled

spherical ~ protein
the polypeptide subunits to encapsulate PTX, then the pH of the
solution was slowly adjusted to approximately 7.4 to reassemble
AFN and dialyzed to remove free PTX molecules. TEM showed
that the IR-AFN@PTX-FA complex was a sphere with shell
(Figure 2A), showing the polydispersion index (PDI) of 0.21, an
average diameter of 35 nm and an average zeta potential of —30.9
mV (Figure 2B and C), as evaluated by a Nanosizer. Figure S1
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Figure | The schematic of preparation and application of IR-AFN@PTX-FA on tumor pH/NIR-II triggered photothermal-chemotherapy.
Abbreviations: TEM, transmission electron microscopy; IR, IRI061; AFN, apoferritin; PTX, paclitaxel; FA, folic acid; FBS, fetal bovine serum; PBS, phosphate buffer
solution.

shows the FTIR spectrum of IR-AFN-FA. As seen in Figure S1,  ~2859 cm ', ~2922 cm ™' and ~2970 cm ™" correspond to asym-
absorption bands at ~1106 cm ™' may correspond to the vibrational ~ metric and symmetric C-H stretch vibrations of -CH, of FA and
C-O-C ether linkage of PEG; absorption peaks at ~1650 cm ' and ~ PEG; absorption peaks at ~1455 cm ™" are associated to the phenyl
~1737 cm " belong to vibrational C=O bonds from PEG and AFN  ring of FA. The result confirms the successful conjugation of PEG,
as well as from -COOH and -CONH, of FA and AFN; thebandsat ~ FA and AFN. Figure 2D demonstrates the spectra of IR1061 and
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Figure 2 (A) The TEM image of IR-AFN@PTX-FA. (B) The size distribution and (C) zeta potential distribution of IR-AFN@PTX-FA. (D) The absorption spectra of IR106 | and
IR-AFN@PTX-FA. (E) The PTX loading ratio of IR-AFN@PTX-FA. (F) The hydrodynamic particle size change of IR-AFN@PTX-FA in water, FBS, cell media PBS over 18 days.
Abbreviations: TEM, transmission electron microscopy; IR, IR106 I; AFN, apoferritin; PTX, paclitaxel; FA, folic acid; FBS, fetal bovine serum; PBS, phosphate buffer solution.
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IR-AFN@PTX-FA. IR-AFN@PTX-FA exhibited a broader NIR-
II spectrum compared to free IR1061 (dissolved in DMSO), but
still had high NIR-II absorbance at 1064 nm. As shown in Figure
S2, the fluorescence spectra of free IR1061 and IR-AFN@PTX-
FA were similar, indicating that the fluorescence properties of free
IR1061 had no obvious change in IR-AFN@PTX-FA. The load-
ing capacities of IR-AFN@PTX-FA increased with the increase of
added PTX concentrations, and reached the highest PTX loading
ratio of approximately 145.6% (Figure 2E). AFN is an iron-free
spherical cage protein, assembled by the interaction of 24 poly-
peptide subunits which creates a spherical conformation with an
external diameter of ~12 nm and an internal cavity of ~8 nm. As
the environment changes from acidic to alkaline, it can be rever-
sibly denatured and reassembled. Such an interesting pH-triggered
assembly and disassembly behavior makes it a good candidate as
drug delivery system to encapsulate chemotherapeutic drugs into
its hollow cavity for cancer chemotherapy.**** The high drug
loading ratio was likely due to the large hollow cage structure of
AFN. Figure 2F shows that the average size of IR-AFN@PTX-FA
in water, FBS, cell media and PBS were similar over 18 days,
suggesting that IR-AFN@PTX-FA shows a high stability, likely
due to PEG conjugation and the nature of AFN,**

Study of NIR-Il Photothermal Properties

Figure 3A shows a schematic illustration of the phantom
experiment. The laser energy attenuation rate of 808 nm and
1064 nm lasers before and after penetration through the
chicken breast tissue is shown in Figure 3B. As demonstrated,
the 808 nm laser showed a higher attenuation rate than the 1064
nm laser. After 5 mins of irradiation, the IR-AFN@PTX-FA
complex showed a temperature of 52.3°C under 1064 nm laser
irradiation, which was significantly higher than the complex
under 808 nm laser irradiation (38.2 °C) (Figure 3C). These

results demonstrated that IR-AFN@PTX-FA covered with
chicken breast tissue experiences a greater photothermal effect,
with better tissue penetration under the 1064 nm laser com-
pared to the 808 nm laser. This is likely due to less absorption
and scattering in living tissue by the NIR-II laser compared to
the NIR-I laser.'*'>!® This demonstrates that the IR-AFN
@PTX-FA complex, combined with 1064 nm laser is suitable
for phototherapy in deep nidus.

pPH/NIR-II-Triggered Drug Release

Figure 4A shows the schematic illustration of pH/NIR-II
induced drug release and heat generation. As shown in Figure
4B, the temperature of the IR-AFN@PTX-FA solution was
concentration-dependent, varying with different concentrations
(0200 pg/mL) at 1064 nm irradiation (0.75 W/cm?, 5 min).
The 200 pg/mL solution of IR-AFN@PTX-FA irradiated with
NIR-II reached a maximum temperature of 63°C. Additionally,
when the 200pug/mL IR-AFN@PTX-FA solution was irradiated
under various laser strength it showed increased temperature
with an increase in laser power (Figure 4C). Figure 4D shows
thermal images of 200 ug/mL IR-AFN@PTX-FA following
treatment with various laser strengths. After five cycles of NIR-
II irradiation, IR-AFN@PTX-FA remained its initial photother-
mal effects (Figure 4E). Figure 4F shows the PTX release ratio
in response to various pH and NIR-IIS irradiation conditions.
The 24 hr release of PTX from IR-AFN@PTX-FA was only
3.2% at a physiological pH of 7.4, with a significant increase to
38.6% at pH 5.0. After six cycles of radiation (5 min, 1064 nm,
0.75 W/em?), 21.3% of PTX was released at pH 7.4, while
78.6% of PTX was released at pH 5.0 (Figure 4F), demonstrat-
ing that acidic conditions and photothermal could respectively
induce PTX release. While the combination of acidic conditions
and photothermal can synergistically promote PTX release.

A B 100 c
[ Laser X BE o0
~ 80- O
R0 45
S 60 g
| 5 = 30-
= 401 S
Chicken breast g o
c 201 £ 151
2 @
< : : =
808 nm 1064 nm 808 nm 1064 nm

Figure 3 (A) The scheme of the phantom experiment. (B) The laser attenuation rate through a 0.6 cm thickness of chicken breast at 808 nm and 1064 nm wavelength,
respectively. (C) The temperature of IR-AFN@PTX-FA beneath the chicken breast under 808 nm and 1064 nm laser irradiation.

Abbreviations: IR, IR1061; AFN, apoferritin; PTX, paclitaxel; FA, folic acid.
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Figure 4 (A) The scheme of pH/NIR-Il responded drug release and heat generation. (B) Photothermal heating curves of IR-AFN@PTX-FA solution at different concentrations
under 5 min of 1064 nm laser irradiation (0.75 W/cm?). (C) Photothermal heating curves and (D) thermal images of 200 ug/ml of IR-AFN@PTX-FA solution irradiated by
different laser power density (under 5 min of 1064 nm laser irradiation). (E) Temperature variations (AT) of IR-AFN@PTX-FA after the continuous irradiations of 5 min of 1064
nm laser for 5 cycles. (F) Release kinetics of PTX from IR-AFN@PTX-FA in PBS buffer (pH = 7.4 and 5.0) with or without 1064 nm laser irradiation (0.75 W/cmz).
Abbreviations: IR, IR1061; AFN, apoferritin; PTX, paclitaxel; FA, folic acid; NIR-Il, second near infrared; PBS, phosphate buffer solution.

Acidic conditions can induce AFN disassembly and cage open-
ing, and the addition of photothermal therapy accelerated the
release of PTX from the cage. These findings provide further
evidence for the application of IR-AFN@PTX-FA in tumor
remotely controllable therapy.

Cellular Uptake

To assess the specificity of IR-AFN@PTX-FA, FITC was
used as a fluorescent marker and conjugated to the nanoparti-
cles to determine the kinetics of cellular uptake and the
intracellular distribution of nanoparticles. Figure 5A shows
the uptake ratio of FITC, IR-AFN@PTX, IR-AFN@PTX-FA
and IR-AFN@PTX-FA + pretreatment with FA of 4T1 cells.
These results indicated that the intracellular fluorescent inten-
sity of IR-AFN@PTX-FA was markedly higher compared to
the other treatments. It also confirmed the efficacy of
improved cellular uptake and selectivity of FA modification
in 4T1 tumor cells. Additionally, cellular uptake assay on
normal human breast cells MDA-kb2 was also conducted,
which were shown in Figure S3. As normal human breast
cells are not FA high-expressed, the cell uptake ratio on IR-
AFN@PTX and IR-AFN@PTX-FA groups showed no sig-
nificant difference. The fluorescent images of the intracellular

distribution of IR-AFN@PTX-FA are shown in Figure 5B.
The majority of green fluorescence (IR-AFN@PTX-FA)
overlapped with the red fluorescence (Lysotracker) and
showed intense yellow fluorescence, indicating IR-AFN
@PTX-FA is mainly located in the lysosome. TEM imaging
shows the majority of IR-AFN@PTX-FA in endosomes or
lysosome (Figure 5C). These data also demonstrated that the
internalization of IR-AFN@PTX-FA occurred mainly via FA
receptor-mediated endocytosis.

To further understand how tumor cells were taking up IR-
AFN@PTX-FA, we quantitatively evaluated the effects of
adenosine triphosphate (ATP) and other endocytic inhibitors
on cellular uptake (Figure 5D). Pre-incubating with sodium
azide (NaN;), an ATP depleting reagent, significantly
reduced the cellular uptake rate of IR-AFN@PTX-FA, indi-
cating that IR-AFN@PTX-FA uptake by 4T1 cells is energy-
dependent. In addition, the effect of temperature on cell
uptake of IR-AFN@PTX-FA was also investigated. After
incubating cells at 4°C with IR-AFN@PTX-FA, the cell
uptake rate was reduced by 60% compared to the control
group, suggesting that uptake of IR-AFN@PTX-FA requires
active endocytosis. CPZ is a clathrin-coated pit-forming
blocker that significantly reduced the uptake of IR-AFN
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Figure 5 (A) Cell uptake ratio of free FITC, IR-AFN@PTX, IR-AFN@PTX-FA + FA, and IR-AFN@PTX-FA. (B) The fluorescence images of 4T | cells incubated with FITC-labeled IR-
AFN@PTX-FA for 3 h. Green fluorescence indicates the FITC signal, and red fluorescence indicates Lysotracker signal, yellow fluorescence indicates the overlay of green and red
fluorescence. (C) The bio-TEM image of 4T | cells after incubation with IR-AFN@PTX-FA for 3 h. (D) Investigation of the cellular internalization mechanism of IR-AFN@PTX-FA in
4T cells by using inhibitors of endocytosis. The internalization ratio was normalized to that of the control (IR-AFN@PTX-FA internalization without inhibitors).

Abbreviations: IR, IR1061; AFN, apoferritin; PTX, paclitaxel; FA, folic acid; TEM, transmission electron microscopy; FITC, fluorescein isothiocyanate; DAPI, 4',6-diamidino-

2-phenylindole; CPZ, chlorpromazine.

@PTX-FA by 50%, indicating that the uptake of IR-AFN
@PTX-FA by 4T1 cells is via clathrin-mediated endocytosis.
In addition, nystatin, a caveolae disrupting agent, was used to
pretreat cells, and showed an inhibitory effect on the uptake
of IR-AFN@PTX-FA. These results indicate that the cellular
uptake of IR-AFN@PTX-FA is through a clathrin-mediated

active endocytosis mechanism.***’

>

5 min

R-AFN Control

IR-AFN@ IR-AFN
PTX-FA @PTX

In vitro pH/NIR-II Triggered
Photothermal-Chemotherapy

Figure 6A and B shows the temperature of 4T1 cells incu-
bated with PBS, IR-AFN, IR-AFN@PTX and IR-AFN
@PTX-FA (with same concentration of IR1061) following
1064 nm irradiation (0.75 W/cm?) for 5 mins. The results
showed that cells treated with IR-AFN@PTX-FA had the
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Figure 6 (A) Thermal images and (B) the corresponding temperature change curves of control, IR-AFN, IR-AFN@PTX, IR-AFN@PTX-FA treated cells in 96-well plates

after 5 min of 1064 nm laser irradiation (0.75 W/cm?).

Abbreviations: IR, IRI061; AFN, apoferritin; PTX, paclitaxel; FA, folic acid; NIR-Il, second near infrared.
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Figure 7 (A) Cell viability of 4T | cells treated with different concentration of IR-AFN-FA. (B) Cell viability of 4T | cells treated with various concentrations of PTX formulation,
IR-AFN@PTX, IR-AFN@PTX-FA and IR-AFN@PTX-FA + FA pretreatment (at the same PTX concentration). (C) Cell viability of 4T cells treated with various concentra-
tions of IR-AFN@PTX, IR-AFN@PTX-FA and IR-AFN@PTX-FA + FA pretreatment (at the same IR1061 concentration) with 1064 nm laser irradiation (5 min, 0.75 W/cm?).
(D) The calcium AM/PI dual-staining images of cells after treatment with control (PBS), IR-AFN@-FA, IR-AFN@PTX-FA, IR-AFN@PTX-FA +NIR-Il, respectively.

Abbreviations: IR, IR1061; AFN, apoferritin; PTX, paclitaxel; FA, folic acid; NIR-Il, second near infrared; PBS, phosphate buffer solution; Pl, propidium iodide; calcium AM,

3',6'-Di(O-acetyl)-4',5'-bis[N,N-bis(carboxymethyl)aminomethyl]fluorescein, tetraacetoxymethyl ester.

highest temperature increase (47 = 22°C) compared to PBS,
IR-AFN, or IR-AFN@PTX, likely due to the high cellular
uptake of IR-AFN@PTX-FA, with that temperature increase
far exceeding the temperature that cells can survive at. The
cytotoxicity of IR-AFN-FA on 4T1 and MDA-kb2 cells was
evaluated with a CCK-8 assay (Figure 7A and Figure S4),
showing that IR-AFN-FA at a concentration up to 0.5 mg/mL
did not significantly decrease viability. This suggests that IR-
AFN-FA as a vehicle for PTX is biocompatible for both
tumor and normal human breast cells. The 4T1 and MDA-
kb2 cells were also treated with various concentrations of
PTX formulation, IR-AFN@PTX, IR-AFN@PTX-FA and
IR-AFN@PTX-FA + FA pretreatment (at the same PTX
concentration), showing a concentration-dependent decrease

in cell viability (Figure 7B). Among these groups, the IR-
AFN@PTX-FA at all tested concentrations displayed the
greatest inhibitory effect on proliferation. In contrast, various
concentrations of IR-AFN@PTX, IR-AFN@PTX-FA and
IR-AFN@PTX-FA + FA pretreatment (at the same IR1061
concentration) combined with NIR-II laser treatment (0.75
W/em?, 5 min) showed the greatest effect on cell death
(Figure 7C). Among these groups, IR-AFN@PTX-FA at all
concentrations also displayed the greatest inhibitory effect on
cell proliferation with a 93% viability inhibition ratio in the
30 ug/mL + NIR-II laser-treated group. While on MDA-kb2
cells, IR-AFN@PTX-FA combined with or without NIR-II
showed similar cell viability inhibition (Figure S4), likely
due to the normal cells had low cell uptake ratio. Calcein-AM
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Figure 8 (A) The blood circulation time of free PTX and IR-AFN@PTX-FA in healthy mice. (B) The content of IR-AFN@PTX and IR-AFN@PTX-FA in tumor tissue at different time
points post-injection. (C) The content of IR-AFN@PTX and IR-AFN@PTX-FA in major organs including heart, liver, spleen, lung and kidney at 24 h post-injection.

Abbreviations: IR, IRI061; AFN, apoferritin; PTX, paclitaxel; FA, folic acid.

/P1 dual staining was used to investigate the cytotoxic effect
of IR-AFN@PTX-FA with or without NIR-II laser irradia-
tion. PBS and IR-AFN@-FA treated cells exhibited no red
fluorescence (dead cells). Some cells treated with IR-AFN
@PTX-FA without NIR-II dead,
a combination of that treatment with NIR-II laser irradiation

laser were and
resulted in almost complete cell death (Figure 7D). These
results showed that IR-AFN@PTX-FA combined with NIR-
II laser treatment showed a remarkable and synergistic effect
on cell viability, where FA targeting promoted the internali-
zation of IR-AFN@PTX-FA, generating more heat upon

NIR-II irradiation and releasing more PTX.

In vivo pH/NIR-II Triggered

Photothermal-Chemotherapy

As shown in Figure 8A, the length of time that IR-AFN
@PTX-FA could be detected in the blood circulation of
healthy mice was longer compared to free PTX, which can
be ascribed to the PEG modification.**** The increased time
in circulation time facilitated the accumulation of IR-AFN
@PTX-FA at the tumor site. Additionally, after intravenous
injection into tumor-bearing mice, IR-AFN@PTX-FA exhib-
ited higher accumulation than IR-AFN@PTX (Figure 8B)
and reached a peak at 24 h post-injection, likely attributing to
its ability to remain in the blood circulation for a longer
period and FA targeting effect. In addition to tumor accumu-
lation, IR-AFN@PTX-FA also accumulated in the liver and
spleen at 24 h post-injection (Figure 8C), suggesting that the
nanoparticles may be metabolized at these sites.

As shown in Figure 9A and B, at 24 hrs post-injection and
after 5 mins of 808 nm and 1064 nm laser irradiation, the
temperature of tumors irradiated with the 1064 nm laser was
significantly higher than that by 808 nm in all nanoparticle-

treated groups. This was due to the higher absorbance of IR-
AFN@PTX-FA at 1064 nm than at 808 nm, with the 1064 nm
laser also having deeper tissue penetration than the 808 nm laser.
In order to confirm this result, we covered the tumor region with
a 0.6 cm thick piece of chicken breast, and irradiated the area
with the 808 nm and 1064 nm lasers. As shown in Figure 9C,
after 5 min irradiation, IR-AFN@PTX-FA treated tumor-bearing
mice exhibited a 15°C increase with 1064 nm laser irradiation,
and only a 6°C increase with 808 nm laser irradiation. The result
verified the deeper tissue penetration of the 1064 nm laser.

In order to study the photothermal-chemotherapy effect
in vivo, the nanoparticles were injected via tail vein into
tumor-bearing mice and irradiated with or without NIR-II
laser irradiation daily for 3 days. As shown in Figure 9D,
control with or without NIR-II irradiation exhibited no
tumor suppression, groups treated with the PTX formula-
tion, IR-AFN@PTX-FA, IR-AFN@PTX + NIR-II showed
no completed inhibition of tumor growth. As expected, the
group treated with IR-AFN@PTX-FA exhibited significant
suppression of tumor growth. During the treatment, the
body weight did not decrease significantly (Figure 9E),
indicating that the injection dose did not affect overall
mouse health. Healthy Balb/c mice were intravenously
injected with IR-AFN@PTX-FA (5 or 10 mg/kg), and
major organs, including lung, heart, liver, spleen, and
kidney, were harvested for histological analysis after 35
days. As shown in Figure 9F, there was no noticeable
organ damage visible on H&E staining. Taken together,
these findings illustrate that the IR-AFN@PTX-FA com-
plex induced a synergistic photothermal-chemotherapy
effect, ascribing to FA targeting, the NIR-II photothermal
effect and PTX remote-controllable triggered release by
with a pH/NIR-II dual-stimulus.**~"
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Figure 9 (A) The thermal images and (B) corresponding temperature statistical results of tumor bearing mice post tail vein injection of PBS, IR-AFN, IR-AFN@PTX and IR-
AFN@PTX-FA at 24 h under 5 min of 808 nm and 1064 nm laser irradiation (0.75 W/cm?), respectively. (C) The temperature change (AT) of IR-AFN@PTX-FA covered by
chicken breast under 808 nm and 1064 nm laser irradiation. (D) The growth profile of 4T | xenografted tumors after intravenous injection of control, control + NIR-Il, PTX
formulation, IR-AFN@PTX-FA, IR-AFN@PTX + NIR-Il and IR-AFN@PTX-FA+ NIR-II. (E) Body weight of tumor-bearing mice after intravenous injection of control, control +
NIR-II, PTX formulation, IR-AFN@PTX-FA, IR-AFN@PTX + NIR-Il and IR-AFN@PTX-FA+ NIR-II. (F) H&E images of major organs of mice treated with 5 mg/kg and 10 mg/kg

for 35 days, respectively. Magnification: %200.

Abbreviations: IR, IR1061; AFN, apoferritin; PTX, paclitaxel; FA, folic acid; NIR-Il, second near infrared; PBS, phosphate buffer solution; H&E, hematoxylin and eosin.

Conclusion

In this study, we present an “all-in-one” nanoplatform IR-
AFN@PTX-FA that possesses selectivity to target tumors,
shows a substantial NIR-II photothermal and pH/NIR-II
triggered drug release effect, applied in the setting of tumor
photothermal-chemotherapy. Combining IR1061 and PTX
into the IR-AFN@PTX-FA complex significantly enhanced
the solubility of these individual reagents, and the entire
complex demonstrated excellent water solubility and physio-
logical stability. IR-AFN@PTX-FA could be reached
beneath chicken breast tissue, showing strong photothermal
effects after 5 min of 1064 nm laser irradiation, compared
with 808 nm laser irradiation. IR-AFN@PTX-FA was also
taken up easily and in high quantity by 4T1 cells, which
utilized both clathrin-mediated and caveolae-mediated endo-
cytosis pathways to enter cells and showed distribution in the
lysosome. NIR-II laser irradiation and pH could synergisti-
cally and intensely trigger PTX release, inducing significant
tumor inhibition in vitro and in vivo. Biosafety evaluation
showed IR-AFN@PTX-FA has no significant systematic
toxicity. These findings demonstrate that the IR-AFN@PTX-
FA holds great promise as an effective NIR-II synergistic

photothermal-chemotherapy agent to treat large solid tumors
or tumor in deep tissue.
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