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Purpose: Phototherapy has remarkable advantages in cancer treatment, owing to its high efficiency and minimal invasiveness.
Indocyanine green (ICG) plays an important role in photo-mediated therapy. However, it has several disadvantages such as poor
stability in aqueous solutions, easy aggregation of molecules, and short plasma half-life. This study aimed to develop an efficient
nanoplatform to enhance the effects of photo-mediated therapy.

Methods: We developed a novel bio-nanoplatform by integrating edible ginger-derived exosome-like nanoparticles (GDNPs) and the
photosensitizer, ICG (GDNPs@ICG). GDNPs were isolated from ginger juice and loaded with ICG by co-incubation. The size
distribution, zeta potential, morphology, total lipid content, and drug release behavior of the GDNPs@ICG were characterized. The
photothermal performance, cellular uptake and distribution, cytotoxicity, anti-tumor effects, and mechanism of action of GDNPs@ICG
were investigated both in vitro and in vivo.

Results: GDNPs@ICG were taken up by tumor cells via a lipid-dependent pathway. When irradiated by an 808 nm NIR laser,
GDNPs@ICG generated high levels of ROS, MDA, and local hyperthermia within the tumor, which caused lipid peroxidation and ER
stress, thus enhancing the photo-mediated breast tumor therapy effect. Furthermore, in vivo studies demonstrated that engineered
GDNPs@ICG significantly inhibited breast tumor growth and presented limited toxicity. Moreover, by detecting the expression of
CD31, N-cadherin, IL-6, IFN-y, CD8, pl6, p21, and p53 in tumor tissues, we found that GDNPs@ICG substantially reduced
angiogenesis, inhibited metastasis, activated the anti-tumor immune response, and promoted cell senescence in breast tumor.
Conclusion: Our study demonstrated that the novel bio-nanoplatform GDNPs@ICG enhanced the photo-mediated therapeutic effect
in breast tumor. GDNPs@ICG could be an alternative for precise and efficient anti-tumor phototherapy.
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Introduction
Phototherapy, including photodynamic therapy (PDT) and photothermal therapy (PTT), has been widely studied because
of its advantages, such as safety, non-drug resistance, good therapeutic effects, and minimal invasiveness.' * PDT is

based on photosensitizers, and PTT is based on photothermal effects. Both PDT and PTT have the potential to induce
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immunogenic cell death (ICD) of tumor cells as well as the release of damage-associated molecular patterns (DAMPs)
and tumor-associated antigens (TAAs), which can activate anti-tumor immune responses and assist in tumor therapy.®®
Indocyanine green (ICG) is the only FDA-approved near-infrared (NIR) fluorescent dye for clinical use in human, and it
plays an important role in PDT, PTT, and photoacoustic therapy.” ' However, ICG has several disadvantages, such as
poor stability in aqueous solutions, tendency to easily aggregate, and short plasma half-life. All these weaknesses limit its
wider application.'>' In addition, inadequate tumor targeting by photosensitizers and insufficient tissue penetration of
light seriously affect the outcomes of photo-mediated therapy. Thus, the development of orchestrated nanoplatforms to
improve the bioavailability and tumor-targeting ability of ICG is a promising avenue for efficient phototherapy.

Recently, exosomes have attracted attention as nanocarriers because of their circulatory stability, biocompatibility,
low immunogenicity, and ability to cross various physiological barriers.'®'® It has been found that not only animal cells
but also a variety of plant cells can produce exosome-like nanoparticles, which play an important role in intercellular
communication and in maintaining homeostasis of the internal environment of organisms.>* % In addition, plant-derived
exosome-like nanoparticles are mass-producible, economical, and benign, with low immunogenicity.*>** A recent study
showed that exosome-like nanoparticles derived from ginger are rich in lipids, consisting of high levels of phosphatidic
acid, digalactosyl, diacylglycerol, and monogalactosyldiacylglycerol.?® The presence of the active ingredient 6-shogaol in
ginger exosome-like nanovesicles has been validated by high-performance liquid chromatography-tandem mass spectro-
metry (HPLC/MS) and thin-layer chromatography analysis.”>° Numerous in vitro and in vivo investigations have
demonstrated that the toxicity of 6-shogaol to normal cells or tissues is minimal, but it is effective in killing tumor cells.?’
Furthermore, 6-shogaol significantly upregulated the expression and phosphorylation of endoplasmic reticulum (ER)
stress markers,”® ! such as GRP78/Bip, elF-20, PERK, and CHOP,*** effectively inhibiting the growth and survival of
tumor cells. Hence, ginger-derived exosome-like nanoparticles (GDNPs) are being explored as next-generation biother-
apeutic and nano-delivery carriers to address current clinical needs and challenges.

Tumor cells undergo increased lipid uptake and accumulation to adapt to nutrient-poor and hypoxic tumor
microenvironment.** ¢ Therefore, taking advantage of the lipid metabolism preferences of tumor cells, we utilized
GDNPs, which were rich in lipids and easily up-taken by tumor cells, as a new nanocarrier to load ICG, then,
GDNPs@ICG was built successfully. GDNPs@ICG effectively enhanced the photomediated anti-breast tumor therapy
effect by inducing the generation of reactive oxygen species (ROS), lipid peroxidation, and ER stress. Furthermore,
excessive ROS production and ER stress inhibited the growth and survival of breast tumor cells (Scheme 1). Overall, the
novel bio-nanoplatform GDNPs@ICG substantially enhanced the photo-mediated anti-breast tumor therapy effect and

could be an alternative for precise and efficient anti-tumor phototherapy.

Materials and Methods

Materials

The ginger used in this study is fresh Yunnan small yellow ginger, which belongs to the genus Zingiber officinale of the
family Zingiberaceae. ICG, adriamycin (DOX), and 6-shogaol were purchased from Yuanye Bio-Technology Co., Ltd.
(Shanghai, China). DMEM medium was purchased from Gibco (Waltham, MA, USA). Fetal bovine serum (FBS) was
purchased from NEWZERUM (New Zealand). Cell Counting Kit-8 (CCK-8) was purchased from Apex Bio (Houston,
USA). 4-Phenylbutanoic acid was purchased from MedChemExpress (New Jersey). Vitamin E (VE), Reactive Oxygen
Detection Kit, 4', 6-diamidino-2-phenylindole (DAPI), DIO (cell membrane green fluorescent probe), ER-Tracker Red
(endoplasmic reticulum red fluorescent probe), senescence B-galactosidase Staining Kit (C0602), CY3-labelled goat anti-
rabbit IgG (H + L), and Alexa Fluor 488 labelled goat anti-rabbit IgG (H + L) were purchased from Beyotime Institute of
Biotechnology (Shanghai, China). B-tubulin rabbit pAb and Phospho-elF20-S51 Rabbit mAb were purchased from
ABclonal Technology (Wuhan, China). Anti-elF20, Anti-GRP78/BiP, anti-PERK, anti-P-PERK (T982), and anti-
CHOP Rabbit pAbs were purchased from Wanleibio (Shenyang, China). The MitoTracker Red CMXRos mitochondrial
red fluorescent probe, Lyso-Tracker Red (lysosomal red fluorescent probe), and N-acetyl-1-cysteine were purchased from
Solarbio (Beijing, China). The malondialdehyde (MDA) assay kit (TBA method) was purchased from the Nanjing

1148 https: International Journal of Nanomedicine 2025:20



Guo et al

A
4 ;"?0//)‘1)‘, )ih\\‘:\;\:
QO
S
Ginger GDNPs GDNPs@ICG
B

Lipid-dependent
uptake

‘ GDNPs@ICG

@ Lipid

Inhibition of Growth and Survi
°e ICG
‘s 6-Shogaol

Scheme | Schematic illustration of the preparation and the anti-breast tumor mechanism of GDNPs@ICG. (A) The main preparation steps of GDNPs@ICG. (B) After
intravenous administration, GDNPs@ICG are delivered to the tumor microenvironment through the EPR effect and uptake by tumor cells in a lipid-dependent manner. ICG,
6-shogaol and lipid fragments are released after lysosomal degradation or cleavage by 808 nm NIR laser. ICG, as a photosensitizer, produces a large amount of ROS and local
hyperthermia, which causes lipid peroxidation and ER stress, thus inhibiting growth and survival of breast tumor cells.

Jiancheng Bioengineering Institute (Nanjing, China). Mouse ELISA kit for IL-6 (E-EL-M0044C) were purchased from
Elabsience.

Isolation and Purification of GDNPs

GDNPs were extracted from fresh small yellow ginger by ultracentrifugation. Briefly, fresh ginger was peeled, chopped,
and soaked in pre-cooled phosphate-buffered saline (PBS) solution. The juice was extracted and centrifuged at 1000 g for
30 min at 4°C. The supernatant was collected by centrifugation at 3000 g for 40 min to eliminate fibers and ginger
tissues. The supernatant was centrifuged at 10,000 g for 1 h to remove cells and cellular debris, and further centrifuged at
50,000 g for 1 h to remove larger particles. The resulting precipitate was collected by centrifugation at 130,000 g for
1.5 h. The precipitate was then resuspended in cold PBS. The final centrifugation step was repeated twice to obtain
GDNPs.

Preparation of GDNPs@ICG

ICG and GDNPs were added to flasks at a 1.5:1 ratio. The mixture was stirred at 37°C for 3 h in the dark. The resulting
GDNPs@ICG were suspended in pre-cooled PBS via centrifugation at 130,000 g for 1.5 h at 4°C. Finally, GDNPs@ICG
was stored at —80°C for further use. The ICG content in the supernatant after centrifugation was determined using a Uv-
vis spectrophotometer (780 nm). Drug loading content (DLC) and drug encapsulation efficiency (DEE) were calculated

International Journal of Nanomedicine 2025:20 https: 1149



Guo et al

using the following equations: DLC (%) = (MasSotal 1cG — MaSSunioaded 1¢G) (Massgpnps + Massioaded 1cG) X 100; DEE
(%) = (Masstotal ICG — Massunloaded ICG)/MaSStotal 1cG < 100.

Characterizations of GDNPs and GDNPs@ICG

The nanoparticle size and zeta potential of hydrated GDNPs@ICG were measured using a Malvern Zetasizer Nano ZS
instrument (Malvern Instruments, UK). Meanwhile, the GDNPs@ICG were resuspended in PBS and stored at 4°C for
one week, with the particle size of the nanoparticles measured on a daily basis. The morphology of GDNPs and
GDNPs@ICG was observed using transmission electron microscopy (TEM) (FEI Tecnai G2F30 STWIN, USA) and
scanning electron microscopy (SEM) (FEI Nova Nano SEM 450, USA). Fourier transform infrared spectrometry (FT-IR)
(IRAffinity-1S, JPN) and Uv-vis spectrophotometry (Thermo ScientificTM Evolution 300, USA) were used to assess the
drug-carrying properties of GDNPs. The 6-shogaol standard curve was plotted using HPLC (Waters Alliance HPLC,

USA) according to the method described in the literature, and the content of 6-shogaol in GDNPs was determined.®’**

In Vitro Drug Release

To evaluate the release of ICG from the GDNPs@ICG nanoparticles in vitro, the quantity of ICG released was measured
with or without NIR laser irradiation. The pH 7.4 solution is designed to simulate the pH of plasma, while the pH 6.5
solution is intended to simulate the pH of the tumor microenvironment. The pH 5.3 solution is formulated to simulate the
pH of intracellular lysosomes. Suspensions of GDNPs@ICG (130 pg/mL ICG) at pH 7.4, were placed in dialysis bags
(MW = 8000). The dialysis bags were immersed in PBS at different pH values (5.3, 6.5, and 7.4) and shaken horizontally
(100 rpm) in a shaker at 37°C, and the absorbance of the solution was recorded at different time intervals (0, 2, 4, 6, 8,
10, 12, 24, 36, 48, 60, and 72 h) using a microplate reader. The amount of ICG released was calculated using the ICG
standard curve. Cumulative drug release was calculated as follows: cumulative release (%) = M¢M, x 100%. M;
represents the content of the released ICG and M, represents the gross ICG content in GDNPs@ICG.

Photothermal Properties of GDNPs@ICG

To assess the photothermal performance of GDNPs@ICG in vitro, different concentrations (1, 2.5, 5, 10, and 15 pg/mL
ICG; 1 mL) of GDNPs@ICG were irradiated using an NIR laser (808 nm, 2.0 W/cm?) for 10 min. A digital thermo-
couple was used to record the temperature at 1 min intervals. Infrared thermography was performed at 2 min intervals to
observe the temperature increase in the GDNPs@ICG suspensions. To calculate the photothermal conversion efficiency
(m) of GDNPs@ICG, the GDNPs@ICG suspension (15 pg/mL ICG, 1.0 mL) and deionized water were subjected to NIR
laser irradiation (2.0 W/cm?) for 10 min. Subsequently, the temperature was recorded at 1 min intervals.

Hemolysis Assay
The hemocompeatibility of GDNPs@ICG was evaluated using a hemolysis test. Briefly, fresh whole blood was collected
from the orbital venous plexus of mice, and the supernatant was removed. The precipitated red blood cells were washed
three times with PBS. Subsequently, 50 uL of the red blood cell suspension was added to different concentrations of the
GDNPs@ICG suspension (1.0 mL). Deionized water and PBS were used as positive and negative controls, respectively.
The mixtures were shaken at 100 rpm for 4 h at 37°C and then centrifuged at low speed. The absorbance of the
supernatant was measured at 540 nm using a microplate reader to calculate the hemolysis rate using the following
formula:

Hemolysis (%) = (Asample = Anegative) (Apositive = ANegative) X 100

Apgsitive a0d Anegarive Tfer to the absorbance of deionized water and PBS, respectively. Agampie is the absorbance of
the sample.

Cell Culture

The mouse 4T1 breast tumor cell line was purchased from the Institute of Basic Medical Sciences, Chinese Academy of
Medical Sciences (Beijing, China), and cultured in complete DMEM medium (Gibco, Massachusetts, USA) containing
10% FBS at 37°C and 5% CO,.
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Distribution of GDNPs in 4T Cells

4T1 cells were incubated with Dio-dye-labelled GDNPs for 6 h, followed by organelle staining. Mitochondria were
stained with a mitochondrial red fluorescent probe (MitoTracker Red CMXRos, 1:10,000) for 45 min; ER was stained
with an ER red fluorescent probe (ER-Tracker Red, 1:3000) for 30 min, and lysosomes were stained with a lysosomal red
fluorescent probe (Lyso-Tracker Red, 1:15,000) for 2 h. Finally, confocal laser scanning microscopy (Leica DMI6000CS,
GER) was used to observe the localization of GDNPs in different organelles.

Cellular Uptake Assay

Auto-fluorescent DOX was loaded into GDNPs to detect the nanoparticles. 4T1 cells were incubated with GDNPs@DOX
(5 pg/mL DOX) for 1, 2, or 4 h. Flow cytometry and confocal laser scanning microscopy were used to analyze the
cellular uptake rate.

In Vitro Cytotoxicity Assay

The cytotoxicity of the nanoparticles on 4T1 cells was assessed using the CCK-8 assay. The 4T1 cells were seeded in 96-
well plates at a density of 1.0x10* cells/well. In the no-laser irradiation group, the cells were incubated with different
concentrations of ICG, GDNPs, or GDNPs@ICG (1, 2.5, 5, 10, and 15 pg/mL ICG and 5, 12.5, 25, 50, and 75 pg/mL
GDNPs) for 24 h. Then, CCK-8 solution (10 uL) was added to each well. The cells were incubated for 2 h and the
absorbance was determined using a microplate reader at 450 nm. In the NIR laser irradiation group, cells were incubated
with different concentrations of ICG or GDNPs@ICG for 6 h and then irradiated with an NIR laser (808 nm, 2.0 W/cm?)
for 5 min. After a total incubation period of 24 h, the CCK-8 assay was performed, as described above.

ROS Production

The capacity of GDNPs@ICG to generate ROS was assessed using a 2.7-dichlorofluorescein diacetate (DCFH-DA)
Reactive Oxygen Detection Kit. Briefly, for qualitative evaluation, 4T1 cells were incubated with ICG or GDNPs@ICG
(5 pg/mL ICG and 25 pg/mL GDNPs) for 6 h. After dark or laser treatment, 4T1 cells were labelled with 10 uM DCFH-
DA for 20 min at 37°C, followed by observation using an inverted fluorescence microscope. For quantitative assessment,
fluorescence intensity was determined using a microplate reader with an excitation wavelength of 488 nm and an
emission wavelength of 525 nm.

Lipid Peroxidation Assay

The cells in the culture dish were cultured to approximately 70% confluence. Subsequently, different concentrations of
GDNPs@ICG (1, 2.5, 5, 10, and 15 pg/mL ICG, and 5, 12.5, 25, 50, and 75 pg/mL GDNPs) were added. After 6 h of
incubation, the medium was refreshed and NIR laser irradiation was performed for 5 min. MDA content in the different
groups of cells was determined to determine the level of lipid peroxidation. 4T1 cells were preincubated with the ROS
scavenger N-acetylcysteine (NAC), a lipid peroxidation inhibitor (Vitamin E, VE), or an ER stress inhibitor, 4-phenyl-
butyric acid (4-PBA), for 24 h in a 6-well plate. Subsequently, GDNPs@ICG suspensions (10 pg/mL ICG) were added
and incubated for 6 h. The cells were treated with an 808 nm laser for 5 min and then stabilized for 3 h. The absorbance
of MDA was measured at 532 nm.

Western Blot (WB) Analysis

The cells were treated with different formulations for 24 h and lysed for WB analysis. A BCA Protein Analysis Kit was
used to quantify the protein concentration. The samples were then boiled for 10 min. The protein samples obtained were
separated with 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to
polyvinylidene fluoride (PVDF) membrane (Millipore). After sealing the PVDF membrane with 5% non-fat milk for 1 h,
the membrane was incubated with a primary antibody overnight at 4°C, followed by incubation with an HRP-conjugated
secondary antibody for 1 h at room temperature and chemiluminescence imaging (BG-gdsAUTO710 MINI, China) was
performed.
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In Vivo Animal Model

Six-week-old female BALB/c mice were obtained from Liaoning Changsheng Biotechnology Co., Ltd., and used to
establish tumor-bearing animal models of 4T1 breast tumor. All animal experiments were conducted in accordance with
the National Institute Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care
and Use Committee of Shengjing Hospital of China Medical University (approval number: 2024PS156K). 4T1 cells (1.0
x 10° cells/mouse) were injected subcutaneously into the right armpit of the mice. When the tumor volume reached
50-100 mm®, the mice were randomly divided into five groups (n=4): (a) PBS, (b) GDNPs, (c¢) ICG + Laser, (d)
GDNPs@ICG, and (e) GDNPs@ICG + Laser. Mice in each group were intravenously injected with different formula-
tions (3.75 mg/kg equivalents ICG per mouse). After 24 h post-administration, the tumor areas in the (c) and (e) groups
of mice were irradiated with an 808 nm laser (2.0 W/cm?) for 5 min. During NIR laser irradiation, the tumor area was
monitored using infrared thermography. On day 1, 4, and 7, three treatments were administered and the size of the tumors
and body weight of the mice were measured every two days. The tumor volume was calculated using the following
formula: [length x (width)?] /2. Blood samples were collected for biochemical analysis of serum. Tumor tissues and
major organs (the heart, liver, spleen, lung, and kidney) were collected for histological analysis. Sections of the major
organs of the mice were prepared and stained with hematoxylin-eosin (H&E).

Immunofluorescence Staining

The tumor tissue sections were heated at 65°C for 2 h, immersed in xylene for 15 min, and sequentially immersed in
100%, 95%, and 75% ethanol. After three rinses, the sections were antigenically repaired with citric acid and blocked
with 10% goat serum for 30 min at 37°C. Subsequently, the sections were incubated overnight with the primary antibody,
followed by lh incubation with the secondary antibody at 37°C. The antibodies used were N-cadherin polyclonal
antibody (1:500, Proteintech, 22018-1-AP), CD31 polyclonal antibody (1:1000, Proteintech, 28083-1-AP), IFN gamma
rabbit pAb (1:500, Bioss, bs-0480R), and CDS8 Rabbit pAb (1:500, Bioss, bs-0648R).

Detection of IL-6 Expression in Mouse Tumor Tissues by ELISA
Tumor tissues were extracted from each group of mice and homogenized using a glass homogenizer. The samples were
then centrifuged and the resulting supernatant was analyzed for IL-6 expression using a commercial ELISA Kkit.

Senescence-Associated -Galactosidase Assay

The 4T1 cells were treated with GDNPs, ICG, and GDNPs@ICG for 6 h. The cells in the ICG and GDNPs@ICG-treated
groups were irradiated with an 808 nm, 1.0 W/ecm? NIR laser for 3 min, and then returned to the incubator for continuous
culture, and changes in cell morphology were observed. Staining was performed using an SA-B-gal staining kit
(Beyotime, China; C0602). Finally, the SA-B-gal-positive cells were observed under an ordinary optical microscope.

Detection of Senescence Associated Markers Expression by RT-qPCR

RT-gqPCR was used to detect the expression of senescence-associated markers, including p16, p21, and p53 in the tumor
tissues. Total RNA was extracted using TRIzol reagent according to the manufacturer’s instructions (Invitrogen). RNA
was reverse transcribed to cDNA using PrimeScript™ RT Master Mix, and RT-qPCR was performed on a Roche
LightCycler® 96 real-time qPCR system in a 20 pL reaction volume using a TB Green® Premix Ex Taq™ II (Tli RNaseH
Plus) kit. All primers were purchased from Sangon Bioengineering Co. Ltd. (Shanghai, China). The primer sequences
used for RT-qPCR are listed in Table 1.

Statistical Analysis
All results were expressed as mean + SD, and statistical analyses were performed using Origin 2021 or GraphPad Prism 8

software, with one-way ANOVA and Tukey’s Honest Significant Difference (HSD) test for multiple comparisons.
*P<0.05, ** P<0.01, *** P<(.001.
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Table I The Sequences of the Primers

Gene name | Sequences

plé Forward 5- CTTTCGGTCGTACCCCGATT-3’
Reverse 5- TACGTGAACGTTGCCCATCA-3

p2l Forward 5- TTGTCGCTGTCTTGCACTCT-3
Reverse 5- TTTCGGCCCTGAGATGTTCC-3’

p53 Forward 5’- CCATGGCCCCCCTGTCATCTTT-3
Reverse 5’- GAAGCCATAGTTGCCCTGGT-3’

GAPDH Forward 5- GAGAGTGTTTCCTCGTCCCG-3’
Reverse 5’- ATCCGTTCACACCGACCTTC-3

Results

Preparation and Characterization of GDNPs@ICG

We first determined the nanoparticle size and zeta potential of the GDNPs and GDNPs@ICG. As shown in Figure 1A,
dynamic light scattering (DLS) revealed that GDNPs had an average hydrodynamic diameter of approximately 108.6
+2.60 nm and a relatively low polydispersity coefficient (PDI, 0.217). GDNPs@ICG were prepared by loading ICG into
GDNPs by co-incubation. The average hydrodynamic diameter of GDNPs@ICG measured by DLS increased to
approximately 134.3+3.04 nm, and the PDI was 0.221 (Figure 1B). The GDNPs@ICG nanoparticles were stored at 4
°C for one week in a PBS solution. No significant change in particle size was observed during this period, indicating that
the nanoparticles exhibited good stability (Supplementary Figure 1). The zeta potentials of GDNPs and GDNPs@ICG
were —7.16+1.35 mV and —10.72+0.75 mV respectively (Figure 1C). SEM and TEM were used to observe the
morphology of GDNPs and GDNPs@ICG. Both nanoparticles are rough spheres with particle sizes of 100.0 nm and
124.0 nm, respectively (Figure 1D—-QG). The protein content of ginger juice and GDNPs was compared using SDS-PAGE,
as shown in Figure 1H. These results indicated that the proteins in the ginger cells were retained in the GDNPs.

Furthermore, thin-layer chromatography revealed that the GDNPs contained various types of lipids (Figure 1I). The
content of 6-shogaol in GDNPs was 0.63 pg per mg of protein determined by HPLC. Furthermore, GDNPs@ICG
exhibited the characteristic ultraviolet absorption peak of ICG at 780 nm (Figure 1J). The functional groups of
GDNPs@ICG were characterized using FT-IR spectroscopy. The overall FT-IR peak pattern of GDNPs@ICG closely
resembled that of the ICG. The characteristic absorption peak of the sulfonic acid group was observed at 1091 cm™ ',
while the absorption peak of C = C was observed at 1649 cm ' (Figure 1K). This result demonstrated that the co-
incubation method did not alter the chemical structure of the drug molecules, and ICG was effectively loaded into the
GDNPs. The ICG load efficiency was 19.86%. The drug release curve of GDNPs@ICG showed that 69.35% of the ICG
was released at pH 5.3. At pH 7.4, only 18.06% of ICG was released from GDNPs@ICG. These findings indicated that in
a neutral environment, GDNPs were more stable and can effectively prevent the release of ICG. However, in a slightly
acidic environment, GDNPs underwent rupture, which promoted the release of ICG from GDNPs@ICG nanoparticles.
Under NIR laser irradiation at pH 7.4, GDNPs@ICG released 22.75% of ICG, significantly more than the non-laser-
irradiated group, indicating that GDNPs@ICG had photothermal drug release behavior (Figure 1L). These results
demonstrated that an acidic environment and laser irradiation promoted the rupture and degradation of GDNPs,
facilitating the release of ICG.

Photothermal Properties of GDNPs@ICG

To evaluate the photothermal performance of GDNPs@ICG, we investigated the photothermal heating capacity of
different concentrations of GDNPs@ICG under 808 nm NIR laser irradiation. GDNPs@ICG suspensions (1, 2.5, 5,
10, and 15 pg/mL ICG) were exposed to an 808 nm NIR laser (2.0 W/cm?) for 10 min, and PBS was used as the
control group. With an increase in temperature, the GDNPs@ICG suspensions exhibited concentration and irradia-
tion time dependence (Figure 2A and B). Under continuous laser irradiation, the maximum temperature of
GDNPs@ICG at a concentration of 15 pg/mL could reach 53.1°C. To observe the heating of GDNPs@ICG more
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Figure | Preparation and characterization of GDNPs@ICG. (A-B) The average hydrodynamic sizes of GDNPs and GDNPs@ICG measured by DLS. (C) Zeta-potential of
GDNPs and GDNPs@ICG. Data are expressed as mean + SD (n = 3 independent samples). (D-E) SEM images (scale bar = | um) of GDNPs and GDNPs@ICG. (F-G) TEM
images (scale bar = 100 nm) of GDNPs and GDNPs@ICG. (H) SDS-PAGE protein analysis of ginger and GDNPs. (1) Total lipids were extracted from GDNPs using chloroform
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intuitively, an infrared thermography camera was used to photograph the suspensions of GDNPs@ICG at different
concentrations every 2 min during NIR laser irradiation, and the heating of the solutions was recorded (Figure 2C).
Before the start of the experiment, the IR thermography of the different groups of solutions showed a temperature of
approximately 24-26°C, which was similar to that of the laboratory. The temperature of the GDNPs@ICG gradually
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increased in an irradiation time- and concentration-dependent manner. When the concentration of the GDNPs@ICG
suspension was 15 pg/mL, the temperature increased to 53.8°C after 10 min of 808 nm laser irradiation. The
temperature of the PBS group rose from 24.2°C initially to 26.3°C with little change in temperature. Similarly, the
heating and cooling of GDNPs@ICG (15 pg/mL ICG) and deionized water were measured using digital thermo-
couples, which were consistent with the infrared thermography results (Figure 2D). These results indicated that
GDNPs@ICG exhibited a strong photothermal conversion performance. Besides, the value of the time constant T
was determined to be 225.3 s from the cooling cycle curve (Figure 2E), and the photothermal conversion efficiency
1 of GDNPs@ICG was about 26.38%, which was higher than most of the previously reported nanomaterials, such as
gold nanoshells (13%), gold nanocrystals (21.0%), gold nanorods (22%), and prussian blue nanoparticles
(22.91%).%** These results confirmed the excellent potential of GDNPs@ICG to induce photothermal ablation of
tumor cells.

In Vitro Cellular Uptake and Distribution of GDNPs@ICG in Tumor Cells

Before investigating the therapeutic effect of GDNPs@ICG, we evaluated its cellular uptake and distribution in the
4T1 breast tumor cells. For the in vitro cellular uptake study, auto-fluorescent DOX was loaded into the GDNPs as
a fluorescent dye instead of ICG. Flow cytometry and confocal microscopy showed that the cellular uptake of
GDNPs@DOX increased with increasing incubation time (Figure 3A and B), suggesting that GDNPs@DOX was
effectively internalized by 4T1 cells. To investigate the distribution of GDNPs in tumor cells, Dio-labelled GDNPs
were co-incubated with 4T1 cells, and different cellular compartments, including the ER, lysosomes, and
mitochondria, were stained with the corresponding fluorescent probes. Confocal microscopy revealed extensive
accumulation of GDNPs in the ER, lysosomes, and mitochondria of the 4T1 breast tumor cells (Figure 3C).

In Vitro Therapeutic Effects of GDNPs@ICG

Next, we evaluated the in vitro therapeutic effects of GDNPs@ICG on the 4T1 breast tumor cells. It was found that
cell viability was not inhibited at different concentrations in either the ICG or GNDPs group, which indicated that ICG
or GNDPs had limited toxicity to tumor cells. However, the ICG + Laser, GDNPs@ICG, and GDNPs@ICG + Laser
groups exhibited significant concentration-dependent reductions in tumor cell viability. The GDNPs@ICG + Laser
group showed the highest tumor-killing ability (Figure 4A). Next, 4T1 cells were incubated with GDNPs@ICG in the
presence of the ROS scavenger N-acetylcysteine (NAC), the lipid peroxidation inhibitor VE, or the ER stress inhibitor
4-phenylbutyric acid (4-PBA) and irradiated with an 808 nm laser (2.0 W/cm?, 5 min). The viability of 4T1 cells was
significantly restored in the presence of NAC, VE, or 4-PBA compared to the control group, suggesting that the ability
of GDNPs@ICG to inhibit cell viability was associated with ROS production, lipid peroxidation, and ER stress
(Figure 4B). Furthermore, we evaluated the ability of GDNPs@ICG to generate ROS by using a DCFH-DA probe.
Compared with those without laser irradiation, both the ICG + Laser and GDNPs@ICG + Laser groups produced
higher levels of ROS (Figure 4C and D). To further investigate the role of lipid peroxidation in this process, we
measured the levels of MDA, a classical marker of lipid peroxidation. After 4T1 cells were co-incubated with
GDNPs@ICG and subsequently subjected to laser irradiation, the level of MDA in the tumor cells significantly
increased with increasing concentrations of GDNPs@ICG (Figure 4E). In addition, in the presence of NAC or VE, the
cells produced lower levels of MDA (Figure 4F), suggesting that ROS generation may contribute to lipid peroxidation
and inhibit the growth and survival of tumor cells. The expression of proteins associated with ER stress was also
detected by WB analysis (Figure 4G). It was found that, compared with the control PBS group, the GDNPs group or
ICG group itself had relatively less effect on the expression of ER stress-related proteins. However, the GDNPs@ICG,
ICG + Laser, and GDNPs@ICG + Laser groups showed significantly upregulated expression of BiP, p-PERK, p-elF2a,
and CHOP. The upregulation was more pronounced in the GDNPs@ICG + Laser group. Therefore, in the
GDNPs@ICG with laser irradiation group, the synergistic interaction between ICG and GNDPs triggered ROS
generation, induced lipid peroxidation, and enhanced ER stress, which eventually inhibited the growth and survival
of breast tumor cells.
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Figure 3 In vitro cellular uptake and distribution of GDNPs@ICG in tumor cells. (A) Quantitative analysis of cellular uptake of GDNPs@DOX by flow cytometry. (B)
Confocal images of 4T cells incubated with GDNPs@DOX for |, 2 or 4 h. Scale bar is 25 um. (C) Confocal images representing the distribution of Dio-labelled GDNPs in
4T1 cells. Lysosomes, mitochondria, and ER were stained with Lyso-Tracker Red, MitoTracker Red CMXRos, and ER-Tracker Red, respectively. The nuclei were stained blue
by Hoechst 33258.
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Figure 4 In vitro therapeutic effects of GDNPs@ICG. (A) Cytotoxicity of different concentrations of ICG, GDNPs and GDNPs@ICG in 4T| cells irradiated with or
without 808 nm laser (2.0 W/cm?, 5 min). (B) Cytotoxicity of GDNPs@ICG (10 pg/mL ICG) on 4T1 cells in the presence of NAC, VE and 4-PBA. Ctrl was the control
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ICG and GDNPs@ICG (5 pg/mL ICG) irradiated with or without an 808 nm laser (2.0 W/cm?, 5 min). ROS was detected by DCFH-DA. The scale bar is 200 um. (E)
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group; 2: GDNPs group; 3: ICG group; 4: GDNPs@ICG group; 5: ICG + Laser group; 6: GDNPs@ICG + Laser group. Data are expressed as mean + SD (n = 3). Statistical
significance was calculated using one-way ANOVA, and multiple comparisons were performed using the Tukey post-hoc test. * P < 0.05, ** P < 0.01, *** P < 0.001.
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In Vivo Therapeutic Effects of GDNPs@ICG

The in vivo anti-tumor therapeutic effect of GDNPs@ICG was investigated in a 4T1-tumor-bearing mouse model.
Mice were randomly divided into five groups: PBS, GDNPs, ICG + Laser, GDNPs@ICG, and GDNPs@ICG +
Laser. Following drug administration or laser irradiation, the tumor volume and body weight of mice in different
groups were measured every two days, and three treatments were administered on day 1, 4, and 7 (day 2, 5, and 8)
(Figure 5A). The results showed that tumor volume rapidly increased in all non-laser-irradiated groups within 15
days; however, the growth of tumors in the NIR laser-irradiated groups was significantly inhibited. In particular, the
tumor volume in the GDNPs@ICG + Laser group was 0.35 times that in the PBS group, 0.41 times that in the
GDNPs group, 0.43 times that in the GDNPs@ICG group without laser irradiation and 0.51 times that in the ICG
group with laser irradiation (Figure 5B). No detectable changes in the body weight of mice were observed during
the treatment period (Figure 5C). The mean tumor weight in each group was consistent with the tumor volume
(Figure 5D). The above results indicated that the GDNPs@ICG + Laser group had good biocompatibility in vivo,
and NIR laser irradiation enhanced their anti-tumor ability. To evaluate the PTT efficacy of the nanoparticles during
NIR laser irradiation, an infrared thermography camera was used to capture real-time thermal images of mice at
specific time intervals (Figure SE). The temperature increase at the tumor site in the GDNPs@ICG + Laser group
was greater than that in the ICG + Laser group. This demonstrated that GDNPs@ICG achieved more efficient
accumulation at the tumor site and enhanced the PTT effects.

In Vivo Toxicology Analysis of GDNPs@ICG

To evaluate the in vivo toxicity of GDNPs@ICG-mediated treatment, we collected blood from mice for routine
biochemical examination. Additionally, the major organs (heart, liver, spleen, lung, and kidney) were collected
from the mice and stained with hematoxylin and eosin for histological analysis. No significant differences were
observed in the major blood indices, including red blood cells (RBC), hemoglobin (HGB), and platelets (PLT)
(Figure 6A-C). Meanwhile, the liver injury indices (aspartate aminotransferase [AST], alanine aminotransferase
[ALT]) and kidney injury indices (creatinine [CREA], blood urea nitrogen [UREA]) of mice in all treatment
groups were within normal levels and did not differ significantly between the different research groups, suggesting
that the treatment had no detrimental impact on liver and kidney functions (Figure 6D-F). The hemolysis
experiment results showed that the hemolysis rates of GDNPs and GDNPs@ICG were both less than 5%
(Figure 6G). Furthermore, histological analysis results indicated that the morphology of the major organs,
including the heart, liver, spleen, lung, and kidney, in all mouse groups was normal and without significant
pathological abnormalities (Figure 6H). These results demonstrate that GDNPs@ICG is biocompatible and has
limited toxic effects on major organs.

GDNPs@ICG Suppressed Breast Tumor Malignant Behaviors

Using the above tumor tissues, we further investigated the mechanism of the GDNPs@ICG-mediated anti-breast tumor
therapeutic effect in vivo. Angiogenesis plays an important role in tumor growth and metastasis. Overexpression of CD31
in tumor tissue is a classical marker of angiogenesis.*'** N-cadherin is a key protein that promotes the invasion and
metastasis of tumor cells.**> Immunofluorescence staining of tumor tissues revealed that GDNPs@ICG + Laser
treatment resulted in a significant reduction in the expression levels of CD31 and N-cadherin proteins compared with
the other groups (Figure 7A). These results demonstrated that GDNPs@ICG + Laser treatment significantly decreased
angiogenesis within tumor tissues, thereby preventing the invasion and metastasis of breast tumor cells. ICD, achieved by
PTT or PDT, induces an anti-tumor immune response by promoting the release of inflammatory factors.**™*® We
evaluated the expression of IFN-y, CDS, and IL-6 in tumor tissues from the different treatment groups. It was found
that the GDNPs@ICG + Laser treatment resulted in a significantly increased expression of IFN-y and CD8 compared
with other groups (Figure 7B). Meanwhile, the level of IL-6 was also remarkably increased in the GDNPs@ICG + Laser
group (Figure 7C), indicating that the treatment could effectively activate the anti-tumor immune response. This
enhanced local immune activity contributed to tumor shrinkage and regression. In addition, GDNPs@ICG + Laser
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Figure 7 GDNPs@)ICG suppressed breast tumor malignant behaviors. (A) Representative images of immunofluorescence staining of CD31 (red) and N-Cadherin (green) in
mouse tumor tissue sections. The scale bar is 100 pm. (B) Representative images of immunofluorescence staining of IFN-y (red) and CD8 (green) in mouse tumor tissue
sections. The scale bar is 100 um. (C) The expression level of IL-6 in mouse tumor tissues detected by ELISA. (D) Representative images of senescence-associated SA-B-gal
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detected by RT-qPCR. n = 3, statistical significance was calculated using one-way ANOVA, and multiple comparisons were performed using the Tukey post-hoc test. * P <
0.05, ** P < 0.01, *** P < 0.001.
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treatment significantly increased the senescence-related -galactosidase activity in 4T1 breast tumor cells (Figure 7D).
Meanwhile, the expression of genes that were closely related to senescence, including pl16, p21, and p53, was also
significantly upregulated in the tumor tissues of mice treated with GDNPs@ICG + Laser compared to other groups
(Figure 7E-G). This further confirmed that the GDNPs@ICG + Laser promoted the senescence of breast tumor cells.
These experimental results collectively demonstrated that the GDNPs@ICG nanoparticles not only inhibited tumor
invasion and metastasis, but also activated immune responses and promoted tumor cell senescence.

Discussion
Owing to their easy obtainability, low cost, high yield, non-immunogenicity, limited toxicity and bio-compatibility,*’

253031 anti-infection, regulating of

GDNPs have been extensively applied in various areas, such as anti-inflammation,
gut microbiota,> anti-virals,>* and drug delivery.”> >® However, the interactions between GDNPs and solid tumors are
not well understood, especially the applications of GDNPs in enhancing anti-tumor therapy effects. Many researchers

have identified that GDNPs are rich in lipids and the anti-tumor active ingredient, 6-shogaol,>>*~¢>

implying that
GNDPs might be easily taken up by tumor cells and possess potentially excellent anti-tumor ability. ICG, although the
only FDA-approved NIR fluorescent dye for clinical use and widely utilized in phototherapy, including PTT and PDT,**
%6 still faces drawbacks such as poor stability in aqueous solutions, easy aggregation of molecules, and short plasma half-
life."*77° To solve these issues, improve the bioavailability and tumor targeting of ICG, and utilize the potentially
excellent anti-tumor ability of GDNPs, we built a novel bio-nanoplatform, GDNPs@ICG, based on GDNPs and ICG,
which has been shown to substantially enhance the photo-mediated anti-breast tumor therapy effects.

In this study, both the newly developed GDNPs and GDNP@ICG were rough spheres with particle sizes of 100 and
124 nm, respectively. Investigations have confirmed that nanoparticles with a particle size of 50-200 nm can prolong the
circulation time in the bloodstream and accumulate at the tumor site through the enhanced permeability and retention
(EPR) effect.”"7® Even in patient-derived xenograft models, nanoparticles can also present the clinical EPR effect.”*
Thus, our results indicate that GDNPs are good nano-delivery carriers. In addition, as for the photothermal properties of
GDNPs@ICG, under laser irradiation, the maximum temperature of GDNPs@ICG could reach 53.1°C at the concentra-
tion of 15 pg/mL. High temperature (42-46°C) can cause irreversible cell damage, especially for tumor cells.”>”
Therefore, owing to the obvious photothermal conversion advantage of GDNPs@ICG, ablation of tumor cells can be
achieved with low doses of GDNPs@ICG. We further explored the in vitro cellular uptake and distribution of
GDNPs@ICG in 4T1 breast tumor cells. According to previous studies, GDNPs have a membrane structure that is
rich in lipids and serves as a raw material for the ER to synthesize lipids required for tumor lipid metabolism.
Furthermore, GDNPs exhibit extensive interactions with mitochondria and lysosomes to maintain cellular
homeostasis.”"””"® Besides GDNPs, other kinds of nanoparticles also interact with organelles to facilitate them uptake
by the cell. Chen Q et al built a novel Metal-Phenolic Nanoparticles which could specifically target mitochondria.”® Zeng
J et al synthetized a novel biodegradable acid-activated acidifying nanoparticles as a lysosome targeting treatment which
may restore lysosomal acidity and autophagy.®’ Purushothaman B et al even developed novel biotin-conjugated
PEGylated porphyrin self-assembled nanoparticles to co-target mitochondria and lysosomes for advanced chemo-
photodynamic combination therapy.®' Our results are consistent with those of previous studies. GDNPs@ICG were
taken up and effectively internalized by 4T1 cells and accumulated in the ER, mitochondria, and lysosomes.

Furthermore, we evaluated the therapeutic effects of GDNPs@ICG using in vitro and in vivo experiments. ICG, as
a photosensitizer for PTT and PDT, can be excited by NIR light ranging from 750 nm to 810 nm, and we chose 808 nm
NIR light for laser irradiation. Upon laser irradiation, even a relatively low concentration of GDNPs@ICG presented an
excellent breast tumor-killing effect compared with free ICG, free GDNPs, ICG + Laser, or free GDNPs@ICG. The
excellent anti-breast tumor ability of GDNPs@ICG may be attributed to the presence of anti-tumor 6-shogaol in GDNPs
in addition to the effect of ICG. We hypothesized that, after internalization into breast tumor cells in a lipid-dependent
manner, GDNPs@ICG would be broken down by lysosomes or fragmented via NIR light irradiation, releasing
a significant quantity of lipids, ICG, and other components. Subsequently, a large amount of ROS was generated by
ICG when exposed to laser radiation. Consequently, ROS may contribute to lipid peroxidation in 4T1 breast tumor
cells.®** Furthermore, excessive accumulation of intracellular lipids released from GDNPs@ICG causes lipotoxicity and
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disrupts intracellular lipid metabolic homeostasis. Both changes can act as endogenous stimuli to disrupt the normal
function of the ER, resulting in the accumulation of large amounts of unfolded or misfolded proteins and induction of ER
stress. Once this stress exceeds the unfolded protein response (UPR) effect and limits cell regulatory capacity, tumor cell
growth and survival can be affected remarkably.®>®® Based on the above hypothesis, we examined the levels of the
relevant indicators. Upon laser irradiation, GDNPs@ICG significantly upregulated the levels of ROS, MDA (a marker of
lipid peroxidation®’), and ER stress-related proteins (Such as BiP,”'"* p-PERK,”**** p-elF20,”> and CHOP®®). These
results confirmed our hypothesis that the synergistic interaction between ICG and GDNPs led to ROS generation, lipid
peroxidation, and ER stress. ICG acted as a trigger for ROS generation by laser irradiation, GDNPs provided a substrate
for the enhancement of ER stress, and finally inhibited the growth and survival of breast tumor cells. Similar to our
study, Yang Q et al found that cuprous oxide nanoparticles (CONPs) effectively triggered ER stress-induced cell
apoptosis to kill renal tumor cells.”” Liu C et al found that water-soluble Yb>", Er’" codoped NaYF, nanoparticles
significantly promoted human gastric adenocarcinoma cells’ apoptosis by inducing mitochondrial dysfunction and ROS-
mediated ER stress.”® Li CY et al built a novel nanoformulation which utilized tumor microenvironment-responsive PEG-
polyglutamic coating and dynamic charge adjustment in pancreatic tumor. This nanoformulation also triggered ER stress-
induced cell apoptosis, stimulated robust ICD and exhibited effective cytotoxicity against pancreatic tumor cells.”® Just
like what Khan AA et al have reviewed,'® many types of nanoparticles including silver, gold, silica, and graphene have
been used to kill the tumor cells by inducing ER stress-mediated cell death. Mitigating ER stress in tumor cells acted by
specific nanoparticles is extremely important in future treatment and understanding the action mechanism is also a good
choice for the development of novel nanoplatforms.

Finally, in vivo animal experiments also showed that GDNPs@ICG substantially inhibited the growth of breast tumor,
inhibited the expression of the angiogenesis marker CD31 and tumor metastasis marker N-cadherin, activated anti-tumor
immune escape represented by the increased expression of IL-6, IFN-y, and CD8, and promoted the expression of cell
senescence markers, such as p16, p21, and p53. In addition, GDNPs@ICG presented limited toxic effects on blood
biochemical indicators and major organs of mice, and was biocompatible. These results indicated that, in addition to
inducing oxidative stress damage and ER stress, GDNPs@ICG can also enhance the photo-mediated breast tumor
therapy effect by directly inhibiting breast tumor malignant behaviors.

However, our study also has some limitations. First, the tumor inhibitory effect can be further improved by adjusting
the components of the GDNPs. This was because GDNPs@ICG did not reduce the tumor volume to an ideal level. Other
studies have found that PTT and PDT were capable of achieving complete eradication of tumor. For instance, following
a 20-day treatment regimen with a nano-photothermal DNA hydrogel (PEI@BPQDs—DNA), the tumor masses in mice
were successfully eliminated.'®" A copper sulphide-based nano-platform (ADT@CuSNDs) has also been demonstrated
to enable complete tumor ablation, while minimizing damage to healthy tissue to the greatest extent.'®® Furthermore, ICG
has been approved for clinical use for many years, and is not a novel component used to construct bio-nanoplatform. In
the future, using edible GDNPs, we may load other novel anti-tumor drugs to develop safer and more effective bio-
nanoplatforms, which may have more broader clinical application prospects.

Conclusions

In conclusion, we developed a safe and controlled bio-nanoplatform (GDNPs@ICG) for efficient tumor phototherapy.
The photothermal conversion efficiency of GDNPs@ICG reached 26.38%, which significantly facilitated photo-mediated
breast tumor therapy. Furthermore, the combined action of GDNPs and ICG resulted in excellent tumor-killing effects
through multiple mechanisms, including photothermal ablation, ROS-induced oxidative damage, lipid peroxidation, ER
stress, reduced angiogenesis, inhibited metastasis, activated anti-tumor immune escape, and promotion of tumor cell
senescence. Compared with synthetic nanoparticles, GDNPs possess the advantages of high yield, low immunogenicity,
and a simple preparation process. Precise targeting of tumor therapy can be achieved by rational modification of the
GDNPs surface groups. Hence, the GDNP-based bio-nanoplatform can be further extended to be combined with other
therapeutic modalities, such as chemotherapy and immunotherapy. Moreover, GDNPs exhibit exceptional biocompat-
ibility and stability even when converted to powder through freeze-drying, which further facilitates their potential
commercial utility. In short, our study demonstrated that the novel bio-nanoplatform GDNPs@ICG substantially
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enhanced the photo-mediated anti-breast tumor therapy effect and could be a natural alternative for precise and efficient
anti-breast tumor phototherapy.
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