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SUMMARY

Breast cancer is a fatal malignancy facing human health, with most patients experiencing recurrence and
resistance to chemotherapy. The immunosuppressive tumor microenvironment (TME) greatly limits the
actual outcome of immunotherapy. This study aimed to develop a modality of theranostics nanoparticles
for breast cancer based on a near-infrared light-triggered nanoparticle for the targeted delivery of ginseno-
side Rg3 and immune adjuvants imiquimod (R837) for effective breast cancer immunotherapy. Folate-recep-
tor (FA) targeting IR780-R837/ginsenoside Rg3-perfluorohexane (PFH) @ polyethylene glycol (PEG)—poly
(lactide-co-glycolic acid) (PLGA) nanoparticles (FA-NPs) can be activated by near-infrared laser irradiation
in tumors, which leads to rapid release of ginsenoside Rg3 and R837 in the regions with high expression
of folate receptors and glucose transporter 1 (GLUT1). Meanwhile, the nanoparticles can be used as dual-
mode contrast agents for photoacoustic and ultrasound imaging. This strategy provides a strong immune

memory effect, which can prevent tumor recurrence after eliminating the initial tumor.

INTRODUCTION

Breast cancer has a high degree of malignancy, poor prognosis,
and a high incidence rate among women." Traditional treatment
for breast cancer includes surgery, chemotherapy, and radio-
therapy but their effectiveness is often limited, and recurrence
is not uncommon. Finding an efficient treatment strategy to elim-
inate tumors with low toxicity and prevent recurrence is the ulti-
mate goal of cancer treatment. In recent years, with the contin-
uous development of nanomedicine, research has shown that
nanoparticles can play a role in killing tumors and interacting
with the immune system.” Nanoparticles can be utilized to
stimulate the innate immune system to attack tumor cells,
demonstrating great potential as targeted tumor therapies.’
They were expected to become a new tool for the next genera-
tion of breast cancer treatment.

Breast cancer immunotherapy has seen significant advance-
ments in recent years, with a focus on leveraging the body’s im-
mune system to target and eradicate tumor cells. Research is
exploring the potential of making the tumor microenvironment
(TME) of hormone receptor-positive (HR+)/HER2-negative
breast cancer more immunologically “hot” through immuno-
therapy-based combination regimens. Immune checkpoint in-

hibitors (ICls) have shown promising efficacy in triple-negative
breast cancer (TNBC), with atezolizumab and pembrolizumab
being notable examples. Pembrolizumab combined with
nanoparticle albumin-bound (nab)-paclitaxel is the standard
first-line therapy for patients with metastatic TNBC who have a
PD-L1-positive peritumoral immune infiltrate. Breast cancer
chemotherapy drugs like adriamycin and docetaxel can induce
side effects, such as nausea, diarrhea, hair loss, immunosup-
pression, fatigue, and anemia. Currently, various types of
cancer immunotherapy, including cytokine therapy, checkpoint
blockade therapy, and cancer vaccines, have been widely
applied, showing promising clinical results.®”'° However, most
of these immunotherapy strategies have drawbacks such as
high cost, variations in individual treatment responses, and im-
munotoxicity, such as cytokine release syndrome."''® Cancer
vaccines have unique advantages in cancer immunotherapy
methods. They can induce antigen-specific expression and tu-
mor specific immunity due to the presence of tumor-associated
antigens (TAAs), rather than the non-specific immune responses
in checkpoint blockade therapy.” Additionally, cancer vaccines
can provide long-term immune memory, which can help prevent
cancer recurrence. TAAs, such as specific proteins or peptide
adjuvants, can induce strong anti-tumor immunity, but their
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heterogeneity in patient tumors limits their clinical application.'*
In contrast, whole-cell cancer vaccines (such as those from
dissected tumor lysate tissue) can induce immunity to all tumor
antigens and can be applicable to various types of solid tumors.
However, the complexity of the entire preparation process and
the uncertainty surrounding vaccine dosage has resulted in un-
satisfactory clinical outcomes for cancer cell vaccines to date.
Therefore, researching a simple, efficient, and specific cancer
immunotherapy has become a new direction for research.”'>'®
Photothermal therapy (PTT) is an emerging treatment method
that uses light-absorbing agents to generate heat and ablate tu-
mor cells at the tumor site.'”"'® Drawing inspiration from these
intriguing research findings, we designed an in situ immune adju-
vant nanoparticle following tumor photothermal ablation. The
ablated TAAs produced a tumor vaccine-like immune response,
demonstrating a strong anti-tumor immune response.

Ginsenoside Rg3, derived from ginseng, is an active com-
pound approved for clinical cancer treatment, including breast
cancer.'® However, its susceptibility to degradation in the
gastrointestinal tract and blood, coupled with its poor water sol-
ubility, often necessitates the use of non-ionic surfactants, which
could potentially lead to adverse reactions like allergies and pe-
ripheral neuropathy.?°~>? Nanocarriers offer a promising solution
to these challenges. Cancer cells often exhibit heightened
glucose uptake to satisfy their increased metabolic demands.
Glucose transporter 1 (GLUT1) is the predominant facilitator of
glucose uptake in these cells, with its expression markedly
higher in cancer cells compared to normal cells.?® Leveraging
this, GLUT1 has emerged as a clinically validated target for
drug delivery, particularly in tumor models. Ginsenosides, being
established substrates for GLUT1 and the sodium-coupled
glucose co-transporter 1 (SGLT1), can enhance the targeting
of nanoparticles to tumors with elevated expression of
these transporters.”*?> Poly (lactic-co-glycolic acid) (PLGA),
composed of lactic acid (LA) and glycolic acid (GA) units, is a
biodegradable, high-molecular-weight polymer with attributes
of degradability, biocompatibility, low toxicity, and non-immuno-
genicity. PLGA nanoparticles also capitalize on their enhanced
permeability and retention (EPR) effect, promoting accumulation
in tumor regions. These features have solidified PLGA’s role in
medical applications as a scaffold or carrier material. Adminis-
tering the PLGA drug delivery system intravenously can boost
the concentration of ginsenoside Rg3 within the tumor, thus ex-
tending its half-life and improving bioavailability, which is crucial
for precise cancer therapy.

In our formulation, these nanoparticles components consist
of: poly (lactide-co-glycolic acid) (PLGA) as the encapsulation
polymer, ginsenoside Rg3, IR780, imiquimod (R837), and PFH.
The loading process of nanoparticles mainly takes advantage
of two characteristics: a low boiling point (56°C) and ability to
transition from liquid to gaseous phase, thus transforming nano-
particles into microbubbles when triggered with light irradiation,
thereby enhancing the ultrasound echo which is useful for ultra-
sound contrast.”® IR780, as a photosensitizer for NIR light irradi-
ation, can effectively convert light into heat which a form of PTT
for the destruction of cancer cells.”’>° Folic acid is a human B
vitamin and micronutrient which interacts with folic acid recep-
tors through ligand receptor-binding.*° Folic acid receptors are

2 iScience 28, 112274, May 16, 2025

iScience

overexpressed on various solid tumor cell membranes, including
breast cancer, lung cancer, and prostate cancer.®’ Folic acid-
modified nanoparticles can target folate receptor overexpress-
ing cells, achieving targeted binding to cancer cells and targeted
drug release.®?°° Imiquimod (R837) can promote dendritic cells
(DCs) maturation and intra-tumoral infiltration of CD8" T cells. In
this study, we applied PLGA NPs not only as an anti-cancer ther-
apy but also for diagnostic imaging. It was hypothesized that the
folate on the surface of the NPs would contribute to the selective
binding of the NPs to folate-receptor-positive cancer cells, lead-
ing to enhanced targeted binding and anticancer efficacy via a
laser-triggered drug-delivery system combined with PTT. Mean-
while, owing to the excellent PA imaging and the ability of PFH to
phase-change, the NPs could serve as a dual-modality contrast
agent for PA and US imaging.

RESULT

Basic characteristics

Under transmission electron microscopy, FA-NPs appeared as
uniformly sized circular shapes (Figure 1A); Scanning electron
microscope observation showed spherical shapes (Figure 1A),
with a particle size of 150.4 + 11.4 nm (Figure 1A), with a potential
of —16.3 + 3.79 (Figure 1B), and with good stability for 7 days.
The loading capacity of ginsenoside Rg3/R837 has been
confirmed by HPLC, and the encapsulation efficiency was
34.3%, while R837 was 38.5%. After absorbing light energy,
IR780 converts the light energy into thermal energy, causing a
sharp increase in the local temperature of the nanoparticles.
This high temperature transforms phase-changing PFH into a
gaseous state, which is sufficient to disrupt the biological struc-
ture of the nanoparticles, leading to their rupture (Figure 1C).
Intact particles have a consistent size and shape, while ruptured
particles have irregular shapes and sizes. Intact particles may be
more stable than ruptured ones, which can aggregate or settle
out of suspension more quickly. In the case of drug-delivery
nanoparticles, rupture could potentially result in a faster or
more erratic release profile of the drug from ruptured particles.
Ruptured particles could have different cytotoxic effects on cells
compared to intact particles, potentially due to the release of in-
ternal contents or changes in surface chemistry. Release of gin-
senoside Rg3 from the FA-NPs with or without laser irradiation
was shown (Figure 1D). The PLGA nanoparticles labeled with
Dil dye showed uniformly distributed red particles under laser
confocal microscopy. The folate target was modified with FITC
labeling, and the nanoparticles and folate were co-localized un-
der fluorescence microscopy (Figure 1E). The results showed
that the nanoparticles and folate were fluorescence aligned, indi-
cating that folate was successfully connected to PLGA. Photoa-
coustic imaging is a non-invasive imaging technique that com-
bines the high contrast of optical imaging with the deep
penetration capabilities of ultrasound imaging. When nanopar-
ticles absorb photonic energy and convert it into thermal energy,
it causes rapid thermal expansion of the surrounding medium,
generating ultrasound waves. These ultrasound waves can be
detected and used for imaging, which is known as photoacoustic
imaging. The B-mode photothermal effect and PA signals pro-
vide a method for assessing and optimizing nanoparticles for
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Figure 1. Characterization of FA-NPs, NPs

(A) TEM and SEM images and size distribution of PEG-PLGA, FA-PEG-PLGA, FA-NPs, NPs, scale bars, 1 pm.

(B) Surface zeta potential of nanoparticles was determined by DLC (n = 3).

(C) Optical microscopy images of phage change of FA-NPs. Scale bars, 20 um.

(D) Release behavior of ginsenoside Rg3 from the FA-NPs with or without laser irradiation (E) Dil-labeled NPs (red), FITC-labeled folate(green) by covalently
coupling reaction, overlapping the folate using the NPs emerging as yellow fluorescence in the mixed channel. Scale bars, 20 um.

(F) B-mode photothermal effect and PA signals in vitro under the 808 nm laser (5 min, 1 W/cm?) irradiation in phantom gel model, Scale bars, 1 cm.
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diagnostic and therapeutic applications for in vitro experiments.
By observing B-mode photothermal effects and PA signals
under laser irradiation in a gel model, it was found that the PA in-
tensity of the nanoparticles increased, indicating a good photo-
thermal effect (Figure 1F).

In vivo multimodal imaging

In the field of multimodal imaging, the combination of photoa-
coustic imaging and ultrasound imaging offers a powerful tool
capable of acquiring morphological, functional, and molecular
information about biological tissues simultaneously. The inte-
grated multimodal imaging system, which combines photoa-
coustic imaging and ultrasound imaging, is capable of delin-
eating dense vascular networks and hemodynamic and
morphological changes in both superficial and deep tissues. A
key advantage of this system is its ability to provide complemen-
tary tissue information from different imaging modalities. Ultra-
sound imaging displayed FA-NPs after PTT irradiation, showing
that echoes in both B mode and contrast mode gradually
increased with the strongest echo intensity observed at 15 min
(Figure 2A). Photoacoustic imaging showed that the signal of
FA-NPs was enhanced compared to NPs (Figure 2B). Ultrasound
results showed that the nanoparticles could enter the mice tumor
area. This study integrates photoacoustic imaging with ultra-
sound imaging to provide a multimodal map that offers rich bio-
logical information, aiding in the diagnosis of breast cancer and
guiding treatment plans. The successful preparation of these
multimodal imaging nanoparticles holds potential for future clin-
ical translation and application in breast cancer management.

In vitro targeting

After co-incubation of 4T1 cells with both NPs and FA-NPs nano-
particles for 24 h, the cell survival rates were all above 90% (Fig-
ure 4A). Confocal imaging displayed that in the FA-NPs group, a
large number of nanoparticles aggregate around the cell mem-
brane and within the cytoplasm. In contrast, only a small amount
of nanoparticle aggregation was observed around the cell mem-
brane in the NPs group (Figure 3A), and the binding was
measured by flow cytometry (Figure 3B), followed by confocal
microscopy (Figure 3A).

4T1 cells apoptosis assays and CCK-8 assays

Previous studies have shown that nanoparticles combined with
photothermal agents (PTAs) can achieve tumor ablation capabil-
ities. PTT utilizes PTAs to convert light energy into heat energy
under near-infrared irradiation to kill tumor cells.*®*® PTAs
absorb photon energy under NIR irradiation and, through non-
radiative decay-relaxation, cause the surrounding microenviron-
ment to heat up, generating a thermal effect. In vitro experiments
have already demonstrated that tumor cells treated with IR780
nanoparticles show significant cell death under 808 nm laser irra-
diation, and the cell survival rate decreases with increased nano-
particle concentration and prolonged irradiation time.*”+*® CCK8
test results showed the survival rate of 4T1 cells in the FA-
NPs +NIR group was lower than that of the FA-NPs group,
both of which were lower than the control group (Figure 4A).
There was no statistically significant difference between the
other groups and the control group. Flow cytometry showed sig-
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nificant 4T1 cell apoptosis in the FA-NPs +NIR group and
NPs +NIR groups. The rate of cell apoptosis in other groups is
relatively low. The results demonstrated the photothermal abla-
tion capability of FA-NPs (Figure 4B). Under 808 nm laser irradi-
ation, FA-NPs possess superior capabilities in achieving tumor
ablation capabilities.

Animal experiments

Following two weeks of habituation, 4T1 tumor cells, at a con-
centration of 5 x 10°, were injected into the left flank of the
mice to initiate tumorigenesis. The subcutaneous breast cancer
tumor model of mice was divided into different groups for treat-
ment. To evaluate synergistic anticancer efficacy further, tumor
volumes were measured every 3 days and normalized against
their original volume. The PBS and PEG-PLGA groups each
showed a 6-fold increase in average tumor volume when
compared with the FA-NPs + NIR group (Figure 5A), and there
was no significant difference between the PBS and PEG-PLGA
groups, indicating that 4T tumor growth was not affected by
PEG-PLGA alone. Some studies have indicated that the use of
laser irradiation alone on tumors may not result in the reduction
of tumor size in mice.***° The effectiveness of PTT depends not
only on laser irradiation but also on the presence of photothermal
agents (PTAs) which convert light energy into heat energy under
laser irradiation, effectively killing tumor cells. Without PTAs,
laser irradiation alone may not be sufficient to cause tumor
killing. Therefore, PTT typically requires the combined use of
photothermal agents and laser irradiation to achieve therapeutic
effects. Fluorescence imaging and electron microscopy obser-
vation of mice tumor tissue showed that nanoparticles had
reached localization to the tumor site, but FA-NPs showed
more obvious targeting (Figures 5B and 5C). The imaging results
of mice tumor tissue indicated that FA-NPs achieved better tar-
geting at the tumor site.

Stimulation of immune response by nanoparticles
Dendritic cells (DCs), as the primary antigen presentation, play a
crucial role in initiating and regulating innate and adaptive im-
mune responses. Immature DCs will engulf exposed antigens
during their growth process, then process them into peptides
and migrate to nearby lymph nodes. Immature DCs will trans-
form into mature DCs and present the main histocompatibility
complex peptides, which activate T cells through their corre-
sponding receptors. Therefore, we investigated the effect of
FA-NPs nanoparticles on immune function in BALB/c mice
with subcutaneous 4T1 tumors by injection of FA-NPs by tail
vein. The mice were then irradiated with an 808 nm laser with a
power density of 1 W/cm? for 5 min while monitoring by ultra-
sound. Under laser irradiation, the surface temperature of the tu-
mors in the FA-NPs group rapidly rose to 60°C, which was suffi-
cient to effectively kill tumors. By analyzing the DCs status of
tumor-draining lymph nodes in treated mice tumors, it will recruit
more DCs to the initial tumor site after PTT in FA-NP + NIR group.
CD8" cytotoxic T lymphocytes (CTL) can directly kill targeted
cancer cells, whereas CD4* helper T cells play important roles
in the regulation of adaptive immunities. In this study, PEG-
PLGA injection alone failed to promote CD8* CTL infiltration. In
contrast, the percentage of CD8" CTL after the FA-NPs based
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Figure 2. Ultrasound photoacoustic imaging of tumors
in mice

(A) PA imaging of before and after 15 min of intravenous injection
with FA-NPs and NPs accumulation in 4T1 tumor-bearing mice,
Data are represented as mean + SEM.

(B) US monitoring of NIR laser irradiation 1 h after intravenous
injection of FA-NPs and NPs in 4T1 tumor-bearing mice. An
illustration of the tumor area in the mice is shown within the
dashed lines. Data are represented as mean + SEM. *p < 0.05,
***p < 0.001 compared with others.
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Figure 3. Target binding in vitro

(A) Fluorescence imaging, confocal imaging of FA-
NPs and NPs to 4T1cells. Blue (DAPI) is a repre-
sentation of cell nuclei, and the red (Dil) dots show
Dil-labeled NPs. Scale bars, 10 um.

(B) together with the FCM, was used for evaluating
the targeting efficacy of FA-NPs and NPs to
4T1cells. Data are represented as mean + SEM.
**p < 0.01, compared with others.

icantly higher than in other groups (Fig-
ure 6 E, F). FA-NPs + NIR group exhibited
stronger in vivo immune stimulation ef-
fects, DCs matured and secreted various
cytokines to regulate other types of im-
mune cells (Figures 6A, 6B, 6H). In cancer
immunotherapy, various cytokines play
complex and crucial roles. Interleukin-6
(IL-6) is a pleiotropic cytokine that signif-
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PTT treatment significantly increased to 20.8%, which appeared
to be higher than that in FA-NPs group without PTT (11.2%) or
R837 treatment (12. 6%) (Figure 6 A, 6B). After treatment, the
mice were euthanized, and tumor-draining lymph nodes were
collected for co-staining with CD11c, CD80, and CD86 using
flow cytometry after surgery. Lymph-node derived DCs isolated
from BALB/c mice were analyzed to identify the upregulated
molecules CD80 and CD86 as co-stimulatory factor DC markers.
Compared to the same dose of R837, FA-NPs significantly pro-
moted the maturation of DCs (Figure 6C, 6D). The percentage of
mature DCs (CD11c+CD80"CD86") increased to 69.2% after
NIR treatment, while mature DCs increased to only 48.1% with
free R837 (same dose) treatment. Moreover, the percentage of
CD8" T cells in the tumor tissue also showed a remarkable in-
crease in FA-NPs + NIR group (Figure 6G). The percentage of
positive TUNEL cells in the FA-NPs +NIR group was also signif-
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1 icantly contributes to hematopoiesis
and inflammation. Within the immune
response, while it is well-known for its
pro-inflammatory characteristics during
acute inflammation, the chronic secretion
of IL-6 can lead to chronic inflammation,
positioning IL-6 as a central player in the
promotion and maintenance of cancer.
In various types of cancer, high levels of
circulating IL-6 are associated with poor
survival rates. IL-6 is commonly linked
to tumor promotion and immunosuppres-
sion.”’ Tumor Necrosis Factor-alpha
(TNF-a) is a cytokine capable of directly
inhibiting tumor cell growth or indirectly
by stimulating the cytotoxic activity of im-
mune cells against tumor cells. TNF-a.
also participates in the inflammatory
response within the TME and may affect
tumor development and immune evasion
through various mechanisms.*? Inter-
leukin-12 (IL-12) is a key cytokine that
promotes the differentiation of Th1 cells and enhances cell-
mediated immune responses. In cancer immunotherapy, IL-12
stimulates the production of IFN-y, which is crucial for the anti-
tumor immune response.*® Various cytokines, including IL-6,
TNF-a, and IL-12 were analyzed using ELISA in each group of
mice. IL-12 levels and IL-6 and TNF-a levels in the serum of
the FA-NPs treated mice were significantly higher than those in
control group and mice treated with the same dose of free
R837 (Figure 6H). This observed stronger immune stimulating ef-
fectin vivo than with free R837 may be attributed to the sustained
release of R837 from nanoparticle drugs. These results indicated
that FA-NPs can significantly promote the immune response to
tumor related-antigens by antigen presentation compared to
free R837.

In a murine model, 4T1 breast cancer cells were initially inoc-
ulated on the left flank, followed by the inoculation of a

mm NPs
mm FA-NPs
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secondary tumor on the right flank 1 week later, serving as an
artificial simulation of a secondary tumor model. On the subse-
quent day, the primary tumor on the left flank was subjected to
either PTT or surgical excision, as per the experimental group
allocation. Subsequently, the mice were administered intrave-
nous injections of anti-CTLA4 (clone 9H10) on days 1, 4, and 7,
with a dosage of 10 mg per mouse per treatment.*® Thereafter,
the progression of secondary tumors across different groups
was monitored every 2 days using caliper measurements (Fig-
ure 6l). It was observed that post-surgical resection of the pri-
mary tumor, the secondary tumors exhibited rapid growth.
Mice treated with FA-NPs or anti-CTLA4 alone showed a modest
reduction in tumor growth rate, whereas the combination of FA-
NPs PTT with anti-CTLA4 treatment markedly decelerated the
growth of secondary tumors. These findings from the secondary
tumor model suggest that the non-specific combined immuno-
therapy approach is effective in managing the progression of
breast cancer metastases. Close surveillance of the mice post-
treatment revealed that the mice receiving PTT following FA-
NPs administration, in conjunction with CTLA4 blockade,
demonstrated significant suppression of cancer metastasis. In
comparison to various control groups, where the majority or all
mice succumbed to spontaneous metastasis within 60 days,
the integration of FA-NPs-based PTT with anti-CTLA4 therapy
elevated our survival rate to 70% during a 90-day observation
period (Figure 6J). Consequently, the synergistic application of
FA-NPs photothermal ablation for primary tumors, alongside
anti-CTLA4 therapy, can potently inhibit cancer metastasis and
prolong the survival of mice.

DISCUSSION

Chemotherapy is one of the traditional treatment methods for
malignant tumors, but it often comes with unavoidable toxic
side effects.’® Ginsenoside Rg3 possesses a variety of func-
tional activities, including inhibiting tumors, anti-metastasis,
anti-carcinogenesis, hepatoprotection, neuroprotection, and
immune system stimulation.***® Despite the fact that herbal
medicines have been used to treat various diseases for cen-
turies, there is still a long way to go in terms of pharmaceutical
optimization of their extracts. Ginseng, known as the king of
traditional Chinese medicine, has been used for medicinal pur-
poses for thousands of years. Ginseng contains a multitude of
types of ginsenosides.“® Among these ginsenosides, Rg3 has
been reported to have potent anti-proliferative and anti-meta-
static activities against various types of cancer, including skin
cancer, colon cancer, breast cancer, and prostate cancer.’%>?
This includes research findings on the anti-cancer mechanisms
of ginsenoside Rg3, its inhibitory and cytotoxic effects on tumor
cell lines, as well as its role in immune regulation and
apoptosis. ‘671852

iScience

PTT was a non-invasive tumor treatment method with broader
application prospects. Research has shown that nanoparticles
can effectively improve the effectiveness of PTT.>?7° In recent
years, PTT has been explored to improve the efficacy of drug de-
livery for intra-tumoral lesions.®>° As a photosensitizer, IR780
exhibits strong absorption in the near-infrared region. PLGA
nanoparticles are widely used in photoacoustic imaging, mag-
netic resonance imaging, and ultrasound imaging, providing
high contrast and spatially resolved images.®*~°° This study eval-
uated FA-NPs photoacoustic, ultrasound, and multimodal imag-
ing capabilities, as well as its effectiveness in combination with
PTT therapy for tumors. In this study, a phase change material
(PFH) was prepared to combine tumor cell targeting ability with
multimodal imaging. PFH can undergo acoustic phase transition
and produce microbubbles after ultrasound irradiation, which
not only enhances ultrasound imaging but also facilitates the
penetration of nanoparticles into the deep part of the tumor to
enhance therapeutic efficacy.®°>' The research leverages the
innovative use of PFH, a phase change material that enhances
the targeted delivery of drugs from PLGA, particularly in tumor
regions. This material not only facilitates the precise deposition
of therapeutic agents but also generates gas within the PLGA
matrix upon phase transition. The resulting microbubbles within
the PLGA structure enable ultrasound-guided diagnostic imag-
ing of the tumor and allows for the real-time tracking of drug de-
livery. This integrated approach provides a strategy for both
theranostics and targeted drug release.

The immunosuppressive TME greatly limits the actual
outcome of immunotherapy.®” Cytotoxic CD8" T cells (CTLs)
are the elite soldiers in the immune system’s fight against can-
cer.”® Their activation typically occurs through antigen-present-
ing cells (APCs, such as DCs), seize and exhibit TAAs to primary
T cells. DCs in activating T cells are significantly determined by
their stage of maturation. Yet, the immunosuppressive grip of
the TME frequently maintains DCs in an immature state,
rendering them nonfunctional and thus greatly limiting their ca-
pacity to spark an immune reaction. Studies have demonstrated
that toll-like receptor (TLR) agonists are capable of inducing DC
maturation, thereby rejuvenating their functional potential by
activating TLRs present on their surface.””>° The TLR agonist’s
limited application might be attributed to the systemic distribu-
tion of these low molecular weight agents following local injec-
tion, which can incite broad pro-inflammatory reactions and
severe immune-mediated adverse effects. Therefore, it is imper-
ative to localize the immunostimulatory impact of these agonists
to a confined area, circumventing systemic inflammation and its
potential toxicities.*” The study provided a scientific basis for the
potential application of ginsenoside Rg3 and TLR agonist in the
treatment of breast cancer in this research topic.

The nanoparticles generated in the study were spherical and
uniform in size. This experiment utilized laser irradiation to

Figure 4. Cell apoptosis, cell viability in vitro

(A) 4T1 cell viability was measured with CCK-8 after treatment for 24, 48, and 72 h
(B) Apoptosis of 4T1 cells was detected by flow cytometry after treatment for 72 h in different groups. Six groups from left to right are PBS, PEG-PLGA, R837, FA-

NPs, NPs +NIR, FA-NPs +NIR.

(C) Quantitative flow cytometric analysis of the percentage of cell apoptotic changes after treatment for 72 h, Data are represented as mean + SEM.*p < 0.05,

**p < 0.01, **p < 0.001 compared with others.
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Figure 5. Therapeutic effects in various treatment groups in vivo

FA-NPs

(A) Tumor volume growth curves in various treatment groups. Data are represented as mean + SEM.

(B) Fluorescence imaging and bio-distribution in the xenograft tumors. Variations that happen in the fluorescence intensity of DiR-labeled tumors in mice at the
1 h, and fluorescence intensity of main organs and tumors (top left corner in picture) after 24 h after injection of NPs and FA-NPs.

(C) TEM images of FA-NPs and NPs (seen as black dots on the image) in tumor tissue. Red arrows are shown in TEM images of nanoparticles and conjugated

nanoparticles. Scale bars, 2 um. *p < 0.05, #p < 0.001 compared with other.

induce a liquid gas phase transition in the PFH of the PLGA nano-
particle core, causing the nanoparticle to expand and rupture,
thereby releasing internal drugs. Drug release experiments found
that the release rate of R837 significantly increases when the
nanoparticles are irradiated with a laser, indicating that lasers
can stimulate the release of R837 drugs. The results of confocal
microscopy show that FA-NPs aggregated more and faster in

4T1 cells than in the control group, indicating its strong 4T1
cell targeting ability. /n vivo imaging showed FA-NPs had higher
accumulation in 4T1 tumors than with NPs after intravenous in-
jection. After 24 h of intravenous injection of FA-NPs, local pho-
tothermal ablation was performed on the tumor by irradiating
with an 808 nm laser for 5 min (1W/cm?), causing the surface
temperature of the tumor to rise to 60°C. To further explore the
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immune effects induced by PTT, and mice were intravenously in-
jected with various drugs in the treatment groups, mice lymph
nodes were collected and evaluated for the activation of DCs
in each group. Serum was collected from each group of mice
and analyzed for changes in various cytokines. The results indi-
cated that intravenous injection FA-NPs can induce high matura-
tion of DCs with PTT and enhance the secretion of various key
pro-inflammatory cytokines. After injecting with nanoparticles,
we did not observe cytokine storm-like side effects, and all
mice exhibited normal behavior. After treatment, there was no
significant fluctuation in weight or accidental death. Although
further careful evaluation of safety is still needed, the therapeutic
effect of nanoparticles has great clinical application value, espe-
cially for tumors that are difficult to treat through local injection.

Ablative tumor treatments, such as hyperthermia, photody-
namic therapy, and cryoablation, can cause strong tumor-spe-
cific immune responses.®”°° Compared with existing immuno-
therapy strategies, FA-NPs photothermal immunotherapy
involved using immune-assisted nanoparticles for photothermal
tumor ablation, combined with checkpoint blockade therapy,
which may overcome the postoperative recurrence and metas-
tasis issues in traditional cancer immunotherapy. Compared
with proteins or peptides that use specific conventional cancer
vaccines as antigens, the efficacy may vary due to differing levels
of antigen expression in tumors. For example, in situ tumor vac-
cines generated using tumor residues as tumor-related antigens
after ablation therapy can induce anti-tumor immune responses
against broad-spectrum solid drugs.®*°° The traditional whole
cancer cell vaccine method involved reinjecting lysates ex-
tracted from dissected tumor tissue into the patient’s body to
generate an immune response.”® This method of photother-
mal-induced in situ vaccine-like functionality does not require
complex procedures and raises no ethical issues. The tumor res-
idues generated by photothermal tumor ablation and the nano-
adjuvants in locally targeted primary tumors have a synergistic
effect, effectively stimulating strong immune responses.
Compared with T cell therapy or DC therapy which currently re-
quires advanced technology and high costs,**®* the developed
system was significantly simpler and less expensive. Normal
liver and kidney function in all mice groups indicated that the syn-
ergistic FA-NPs based on PTT was safe and low toxicity. Finally,
although the penetration depth of light in tissues may be limited
with near-infrared lasers, clinical devices based on endoscopes
with built-in lasers can be used for laser treatment of tumors
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localized deep in the body. Therefore, the clinical and transla-
tional nanoparticles and proposed technology may indeed be
realistically applied.

The nanoparticles developed in this study offer several distinct
advantages over conventional immunotherapy, which are pri-
marily manifested in the following ways: These nanoparticles
can precisely identify and specifically target cancer cells for
destruction while minimizing effects on healthy cells. The im-
mune response tailored to the tumor can suppress the growth
of secondary tumors, and due to immunological memory, it pro-
vides long-term protection against tumor recurrence. The nano-
particles significantly boost the presentation of tumor antigens,
thereby activating CD8* T cells, which are crucial for immune
surveillance and elimination of cancer cells. The nanoparticles
increase antigen presentation, strengthens the activation of
T cells, and enhances T cells ability to recognize and destroy tu-
mor cells. The nanoparticles protect immunotherapeutic agents
(antigens/adjuvants) from premature degradation in the biolog-
ical environment, thereby enhancing the stability of the antigens
within the body. With a high drug-loading capacity, the nanopar-
ticles can continuously and slowly release antigens, which help
to increase the intensity of the immune response. Extended
exposure to antigens also induces effective immune memory re-
sponses, which is vital for long-term protection against cancer.
These advantages highlight the significant potential and prom-
ising prospects of nanoparticles in breast cancer immuno-
therapy, offering a more precise and potent treatment strategy.

In this study, a cutting-edge, dual-functional nanotech strat-
egy has been presented. Upon exposure to NIR light, nanopar-
ticles enriched with ginsenoside Rg3 and R837 targeted and
killed breast cancer cells and reversed the suppressive TME
by an effective antigen presentation process. In conclusion,
the study proposed a treatment strategy that is expected to
achieve clinical application for breast cancer-targeted diagnosis
and treatment in the future.

Limitations of the study

The nanoparticles prepared in this study have some limitations.
Given the intricate nature of the TME and the heterogeneity
across various types of tumors, this research has concentrated
on the clinical application of nanoparticles, specifically within
the context of breast cancer. It underscores the imperative to
develop tailored modifications and drug-loading strategies that
can be customized to accommodate the unique needs of

Figure 6. Immune responses assessment in vivo

(A-C) Groups of 4T1-bearing mice were given tail vein injections three times with various formulations and sacrificed at day 15 for analysis. Six groups from left to
right are PBS, PEG-PLGA, R837, FA-NPs, NPs+ NIR, and FA-NPs +NIR. (A) Representative flow cytometry plots illustrated CD4, CD8+T cells in peripheral blood;
(B) Qualification of CD4, CD8+T cells according to (A), Data are represented as mean + SEM; (C) Representative flow cytometry plots of CD80* or CD86* among
CD11c+ DCs extracted from the popliteal LNs (tumor sentinel lymph nodes).

(D) Qualification of CD80* or CD86™ expressions gated by CD11c + cells according to (C), data are represented as mean + SEM.

(E) TUNEL staining of tumor slices in each group.

(F) Qualification according to (E).

(G) Representative immunofluorescence staining for CD8" (Green) of tumor sections obtained after aforementioned treatments, while the nucleus was stained
with DAPI (blue), data are represented as mean + SEM.

(H) Cytokine levels in sera from mice isolated at 24 h post different treatments, data are represented as mean + SEM.

(I) Tumor growth curves of different groups of mice (5 mice per group) with s.c. inoculation of secondary 4T1. Data are represented as mean + SEM.

(J) Morbidity-free survival of different groups of mice with secondary 4T1 tumors after various treatments indicated to eliminate their primary tumors (10 mice per
group). *p < 0.05, *p < 0.01, and ***p < 0.001. Scale bars, 50 pm.
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different tumor types and individual patient profiles. While nano-
particles have demonstrated promising biocompatibility in vivo,
there is a pressing need for further investigation into their
biosafety, particularly regarding their impact on healthy organs.
In light of the challenges associated with scaling up production,
the development of a robust and efficient manufacturing process
for multifunctional nanoparticles remains an area that warrants
further exploration and innovation.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

IR780 MCE Cat. No. 207399-07-3
imiquimod (R837) MCE Cat. No. 99011-02-6
Ginsenoside Rg3 Shanghai Xushuo Biotechnology Co., Ltd Cat. No. 14197-60-5

Dil (1,1 ’- dioctyl-3,3,3’, 3 - tetramethylindocyanine Sigma-Aldrich Cat. No. 42364
perchlorate)

DAPI (4, 6-diamino-2-phenylindole) Sigma-Aldrich Cat. No. D9542

carboxyl PLGA (COOH-PLGA) Daigang Biomaterial Cat. No. DG-50DLGHO018

Methoxy-PEG-PLGA Daigang Biomaterial N/A

amino PEG amino (NH2-PEG-NH2) Daigang Biomaterial N/A

Molecular biology grade agarose Thermo Fisher Scientific Cat. No. 17850

DiR (1,1 - dioctyl-3,3,3’, 3 ’- tetramethylindole Thermo Fisher Scientific Cat. No. D12731

tricarbocyanine iodide)

PFH (Perfluorohexane) Apollo Scientific N/A

Anti-CTLA4 Bioxcell Cat. No. BE0164; RRID: AB_10950184
APC/Cyanine7 anti-mouse CD3 Antibody BioLegend Cat. No. 100221; RRID: AB_2057374
APC anti-mouse CD8a Antibody BioLegend Cat. No. 100711 ; RRID: AB_312751
APC anti-mouse CD11c Antibody BioLegend Cat. No. 117309; RRID: AB_313778
FITC anti-mouse CD80 Antibody BioLegend Cat. No. 104705; RRID: AB_313127
PE anti-mouse CD86 Antibody BioLegend Cat. No. 105105; RRID: AB_313159
Folic Acid-FITC Conjugate (FA-FITC) Hapten and Protein Biomedical Institute Cat. No. 4610012-F

Anti-CD8 alpha antibody Abcam Cat. No. ab316778; RRID: AB_443686

EXPERIMENTAL MODEL AND STUDY
PARTICIPANT DETAILS

4T1 cells (mouse)

This laboratory

(RRID: CVCL_0125)

Experimental models: Organisms/strains

BALB/c (six-week-old)

This laboratory

(RRID: Strain code_211)

Software and algorithms

SPSS 21.0 software
GraphPad Prism (version 8.0)

Norman H et al.

GraphPad Software, La Jolla California, USA

https://www.ibm.com

https://www.graphpad.com/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Establishment of mice model for 4T1 subcutaneous tumorigenesis

An animal model for subcutaneous tumorigenesis was developed using six-week-old Female BALB/c mice, with all experimental
protocols adhering to the ethical standards set by the Animal Care and Use Committee at Wuhan University. Following 2 weeks habit-
uation, 4T1 tumor cells (5% 10°%) were injected into the left flank of the mice to initiate tumorigenesis. The cell lines were tested for
mycoplasma contamination, there was no mycoplasma contamination for 4T1 cells.

METHOD DETAILS

Synthesis of nanoparticles

Various proportions of PEG-PLGA, IR780, R837, ginsenoside Rg3, and PFH were combined in a 2 mL dichloromethane solution to
formulate an organic phase. An ultrasonic homogenizer (VCX130; Sonics and Materials, Newton, CT, USA) was then applied to emul-
sify the mixture at 100W for 6 min, employing an intermittent sonication pattern (5 s of activity followed by 5-s pause). Subsequently,
8 mL of a 5% polyvinyl alcohol solution was added, and the emulsification process was further carried out for 4 min at 50W, main-
taining the intermittent pattern. The nanoparticles shell formation was achieved through the evaporation of dichloromethane, with this
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step conducted in an ice bath to control the temperature. To remove any surplus reagents, the emulsion was centrifuged at
10,000 rpm for 5 min and subsequently washed with PBS. This sequence of centrifugation and washing was iterated three times
to ensure thorough purification. The final NP product was stored at a temperature of 4°C. For the preparation of folate-conjugated
nanoparticles (FA-NPs), the initial steps were analogous, with the subsequent integration of an incubation phase to facilitate binding
with folate receptors. This was preceded by a pre-incubation of the NPs in a BSA solution to block non-specific binding sites. The
NPs were then exposed to folate antibodies for a period of 4 h at room temperature, using an orbital shaker to maintain gentle agita-
tion. Post-incubation, the NPs were pelleted by centrifugation at 10,000 rpm for 5 min, and a PBS washing regimen was repeated
3 times to ensure the removal of unbound antibodies and to preserve the integrity and functionality of the FA-NPs.

Characterization of nanoparticles

The size and surface charge of both NPs and FA-NPs were characterized using dynamic light scattering with a Zetasizer Nano ZS90
(Malvern Instruments, Malvern, UK). The process commenced with the dilution of both NPs and FA-NPs dispersions in ultrapure
water to ensure optical clarity. Following this, the morphological assessment of the FA-NPs was performed using scanning electron
microscopy (SEM), providing detailed insights into their structure.

In vitro targeted analysis

To determine the folic acid binding capacity of FA-NPs, the FA targeting on FA-NPs was labeled with FA-FITC. For the fluorescent
labeling of PLGA nanoparticles, we introduced either 1 mg of Dil or DiR dyes into the organic phase, maintaining all subsequent prep-
aration steps as per the standard protocol. The FA-NPs were then observed using a confocal laser-scanning microscope (CLSM;
A1R-Si; Nikon, Tokyo, Japan).

Drug release experiment and drug loading

To evaluate the effect of FA-NPs based on near-infrared laser, an in vitro experiment was designed to detect the release of ginseno-
side Rg3 and TLR7. Equal aliquots of the FA-NPs suspension were loaded into individual dialysis bags with a 7kDa molecular weight
cutoff. The encapsulation efficiency of R837 was determined using10kDa. These bags were submerged in a 150 mL container filled
with a buffer solution (30% ethanol, 0.01% Tween, 0.02% sodium azide, pH 7.4) and set in a shaking water bath at 100 rpom and 37°C.
At intervals of 1, 4, 8, 12, and 24 h, 1 mL samples were extracted from the buffer and immediately replaced with fresh buffer. The
experimental group was treated by removing the bag and exposing it to an 808 nm NIR laser at a power density of 1W/cm? for
5 min. The dialysis process for the treated group was then continued in the same manner as the control. The samples collected
were assessed using HPLC to ascertain the cumulative release of ginsenoside Rg3/TLR7. The HPLC analysis was conducted using
a Shimadzu system, equipped with dual 510 pumps and a UV spectrophotometric detector (Shimadzu C-20; Japan). For the sepa-
ration and analysis of the ginsenoside-containing product mixtures, 20 mL samples were passed through a 5.0-micron 120-5-C18-
ace-EPS column (250 mm X 4.6 mm, Pronto Sil; Germany) maintained at a temperature of 30°C. The mobile phase composition was
meticulously adjusted as follows: a gradient from 15% to 34.5% acetonitrile in distilled water over the first 10 min, increasing to
47.5% between 10 and 25 min, then to 80% between 25 and 40 min, followed by a shift to 100% from 40 to 50 min, holding at
100% until 55 min, and finally returning to 15% from 55 to 56 min. The flow rate was consistently maintained at 1.0 mL/min. For
the detection of ginsenosides, the absorbance was monitored at 203 nm, while for Imiquimod, it was set at 220 nm. Chromatographic
peaks were identified by comparing their retention times with those of known reference standards. The encapsulation efficiency of
ginsenoside Rg3/TLR7 within the nanoparticles was determined by the following formula:

Encapsulation Efficiency = (Mass of Encapsulated drug/Total Mass of drug Added) x100%.

Cell culture and cytotoxicity assay

4T1 breast cancer cells were cultivated in DMEM (10% FBS) under 37°C with 5% CO,. 4T1 cells (5x10° cells/well in 100 uL) were
seeded into a 96-well plate and subjected to drugs for 4 h. The wells were then thoroughly washed with PBS, and 100 pL of fresh
medium was introduced. The cells underwent irradiation with an 808 nm near-infrared laser at a power density of 1 W/cm? for
2 min, followed by incubation for either 24, 48, or 72 h. Cell viability was determined using the CCK8 assay, where 10% CCK8 reagent
in the fresh medium was added, and the plates were incubated for 2 h before the absorbance at 450 nm was recorded using a micro-
plate reader (ELX800; BioTek Instruments, Winooski, VT, USA).

Animal experiments

Female BALB/c mice were administered various drug solutions intravenously at standardized doses (n = 5). Subsequently, the mice
bearing tumors were divided into 6 cohorts (n = 5 per group): FA-IR780-R837-Ginsenoside Rg3-PFH@PEG-PLGA NPs + NIR (FA-
NPs + NIR), IR780-R837-Ginsenoside Rg3-PFH@PEG-PLGA NPs + NIR (NPs + NIR), FA-IR780-R837- Ginsenoside Rg3-
PFH@PEG-PLGA NPs (FA-NPs), PEG-PLGA, R837, and PBS. Each group was injected intravenously with the NPs solution, R837,
or PBS at a dosage of 50 mg/kg in a volume of 200 pL. An hour post-injection, the tumor areas were irradiated with an 808 nm
near-infrared laser at a power density of 1 W/cm? for 5 min. Tumor size and mass were assessed every 3 days, with the volume calcu-
lated using the formula V = LxW?/2, where L denotes the length and W denotes the width. On the third day after irradiation, mice from
each group were euthanized by cervical dislocation, their tumors were extracted, fixed, and then underwent immunohistochemical
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staining. On the seventh day post-administration, blood was collected for assessing liver and kidney functions, and the mice were
euthanized via cervical dislocation. In the anti-secondary tumors experiment, 4T1 cells (5% 10°) suspended in phosphate-buffered
saline (PBS) were administered subcutaneously into the right flank region of each female BALB/c mouse which took place seven
days afterward. Mice were given intravenous injections of 10 mg anti-CTLA4 in 0.2 mL PBS on days 1, 4, and 7. After the primary
tumors were eliminated using photothermal therapy or surgical resection, the development of secondary tumors was closely
monitored.

In vivo imaging of mice

Tumor-bearing mice were randomly allocated to two groups (n = 5 per group) and administered an intravenous injection of DIR-
labeled FA-NPs or NPs at a dosage of 50 mg/kg in a volume of 200 uL. The Xenogen IVIS spectral imaging system (PerkinElmer)
was utilized to acquire fluorescent images following injection. The mice were humanely euthanized by cervical dislocation, and
the principal organs (heart, liver, spleen, lungs, and kidney, as well as the tumor tissue) were scrutinized using fluorescence imaging.
In the context of photoacoustic imaging, tumor tissues were visualized at multiple time points preceding and succeeding the intro-
duction of FA-NPs and NPs. Ultrasound imaging was applied to record the tumor tissues before and after laser exposure.

Detection of immune response in mice by flow cytometry

To study the immune response induced by the above treatment, a 4T1 breast cancer mice tumor model was constructed, and blood
was randomly drawn from each group of mice. PBMC single-cell suspensions were separated and labeled with fluorescein flow cy-
tometry antibodies. Immune cells were harvested from mice blood and lymph nodes in each group. Immune cells were stained with
fluorescence-labeled antibodies after the removal of red blood cells (RBC) using the RBC lysis buffer. Lymph node tissues were cut
into small pieces and single-cell suspensions were made using a glass homogenizer containing PBS (pH 7.4) with 2% heat-inacti-
vated fetal bovine serum. Cytokine levels were measured by ELISA. In addition, the sliced tumors were stained with CD8 and
TUNEL and then observed under a CLSM.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were presented as the mean + standard deviation (SD). Data comparison of two groups was carried out by Student’s t test. The
graphs were plotted using the GraphPad Prism 8.0 software (GraphPad Software, CA, USA). Independent samples were used for
inter-group comparison, and one-way ANOVA was performed using SPSS 21.0 software. *p < 0.05, *p < 0.01, #p < 0.001, and
***p < 0.001 was considered significant.

ADDITIONAL RESOURCES

The work is not part of/involves a clinical trial.
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