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ABSTRACT: Photoimmunotherapy (PIT) employs

photosensitizers that generate reactive oxygen

species (ROS) under near-infrared laser irradiation

to induce immunogenic cell death (ICD) and

trigger systemic antitumor immunity. However, the

hypoxic conditions within tumors markedly reduce

photosensitization efficiency and therapeutic

efficacy. Moreover, insufficient immune activation

together with the profoundly suppressive tumor

immune microenvironment further compromises

treatment outcomes. Given these challenges, it is

imperative to develop an integrated therapeutic

platform capable of effectively overcoming these

limitations. Here, a responsive delivery system has

been developed that utiizes ROS and

incorporates the immunomodulatory  agent

Astragalus polysaccharide (APS). Hydrophobic

rapamycin (RAPA) is linked to the APS backbone

through an ROS-sensitive thioether TK bond,

forming the amphiphilic APS-TK-RAPA (ATKR)

conjugate. Subsequently, the photosensitizer 2-(1-

hexyloxyethyl)-2-devinyl pyropheophorbide-a

(HPPH) is integrated into the system. The

designed ATKR conjugate carrier facilitates the

maturation of dendritic cells (DCs), effectively

captures antigens released during PDT, and

enhances antigen presentation. This further amplifies the adaptive immune response mediated by the APS-based carrier,
thereby strengthening antitumor efficacy. In summary, ATKR with superior biocompatibility effectively surmounts the
delivery challenges of hydrophobic photosensitizers. Moreover, it offers a promising nanoscale platform to address the
critical issue of hypoxia in photodynamic therapy for cancer, serving as an effective inducer for augmenting immune
responses.
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1 Introduction

The inherent complexity of cancer and its resistance to
conventional therapeutic approaches render it one of the most
challenging diseases to effectively treat to date. Even in the case of
superficial tumors amenable to surgery, such as oral cancer,
esophageal cancer, and cutaneous squamous cell carcinoma,
mortality rates remain elevated due to factors including local
invasion, high recurrence rates, and drug resistance [1-3].
Photodynamic therapy (PDT), a non-invasive treatment method,
has been extensively employed in managing superficial tumors,
particularly advantageous for patients who are ineligible for surgery,
chemotherapy, or radiotherapy. Nonetheless, clinical data reveals
that the five-year survival rates remain below 20% for advanced oral
cancer, 13%-18% for esophageal cancer, and approximately 15%
for melanoma, highlighting the significant challenges that persist in
the clinical application of PDT [4-6]. 2-(1-Hexyloxyethyl)-2-
vinylphthalocyanine-a (HPPH) is a highly efficient photosensitizer
derived from chlorophyll-like compounds. In comparison to
conventional photosensitizers, such as aluminum titanium
phthalocyanine chloride, HPPH exhibits enhanced tissue
penetration and excitation efficiency [7]. Through mechanisms
involving excited-state electron transfer and intersystem crossing
(ISC), HPPH produces reactive oxygen species (ROS), including
singlet oxygen ('O,) and hydroxyl radicals (-OH). These ROS
induce damage to tumor cell membranes, mitochondria, and DNA,
ultimately resulting in tumor cell apoptosis.

Despite these advantageous properties, HPPH continues to
encounter several critical challenges in clinical application [8].
Firstly, the preparation of HPPH involves its dissolution in ethanol
and Tween 80, followed by suspension in a glucose solution, which
constrains both its effective delivery and safety profile [9, 10]. To
improve the delivery efficiency, various nanocarriers such as
polymeric micelles and albumin complexes have been explored to
enhance HPPH solubility and tumor accumulation. However, most
conventional platforms function as passive reservoirs with sluggish
release kinetics, failing to trigger a potent cascaded activation for
efficient intracellular cargo liberation [11, 12]. Secondly, the hypoxic
microenvironment characteristic of tumor cells, along with their
inherent tolerance to hypoxia, suppresses the activation efficacy of
HPPH. Lastly, although HPPH induces tumor cell death and
promotes the release of damage-associated molecular patterns
(DAMPs), considered a critical initiating event for immunotherapy,
its immune-activating effects often fail to fully amplify [13]. Tumor
cells may further suppress immune responses through mechanisms
of immune evasion, thereby leading to the emergence of drug
resistance. Therefore, overcoming hypoxia-induced resistance,
optimizing the delivery system, and effectively activating immune
responses are pivotal strategies for improving HPPH's therapeutic
efficacy.

The hypoxic microenvironment characteristic of tumor cells
represents a major constraint on the effectiveness of
photosensitizers [14]. Therefore, the identification of appropriate
sensitizing agents, particularly through the investigation of potential
candidates among existing approved pharmaceuticals, has become
an important research direction. Rapamycin (RAPA), a potent
systemic metabolic regulator, exerts its effects by inhibiting key
metabolic and proliferative pathways via modulation of the mTOR
signaling cascade [15, 16]. Although RAPA has received FDA
approval for the treatment of certain malignancies, its efficacy as a
monotherapy remains suboptimal, primarily due to the mTORC2
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negative feedback loop [17, 18]. Notably, when combined with
PDT, RAPA demonstrates a pronounced synergistic enhancement
of antitumor efficacy. RAPA enhances sensitivity of tumor cells to
PDT-induced oxidative stress by disrupting the nuclear
translocation of the nuclear factor erythroid 2-related factor 2
(NRF2) protein and inhibiting the activation of downstream
antioxidant genes such as NQO1 and HO-1, while also regulating
mTORCI to suppress glycolytic pathways in tumor cells, thereby
weakening their antioxidant defense systems [19]. Furthermore,
RAPA modulates autophagy through the inhibition of Akt
phosphorylation, transforming autophagy from a protective process
into one that promotes cell death [20]. Concurrently, RAPA and
PDT exhibit synergistic effects in the suppression of tumor
angiogenesis: while PDT induces acute damage to tumor
microvasculature, RAPA persistently inhibits vascular regeneration
by downregulating hypoxia-inducible factor-1 alpha (HIF-1«)
expression. Building upon this rationale, prior researches have
explored the co-delivery of mTOR inhibitors with photosensitizers
for tumor therapy. For example, the combination of RAPA with
PDT has been employed in managing cutaneous
photocarcinogenesis [19]. Additionally, RAPA paired with methyl 5-
aminolevulinate has been used for human cutaneous squamous cell
carcinoma (cSCC) [21]. Furthermore, nanodelivery platforms have
been developed to facilitate the simultaneous delivery of verteporfin
and Torin1 for tumor therapy.

The effectiveness of photosensitizers is influenced not only by the
hypoxic conditions within the tumor microenvironment but also by
the modulation of immune responses. Although PDT induces
tumor cell damage and promotes the release of DAMPs (e.g., high
mobility group box 1 (HMGBI1), adenosine triphosphate (ATP),
and heat shock proteins (HSPs)), the tumor microenvironment still
impedes the immune system's ability to recognize tumor antigens
leading to tumor recurrence [22]. A critical factor is the suboptimal
capacity of dendritic cells (DCs) to present tumor antigens
effectively. Inspired by the "Qi-tonifying” (immunostimulatory)
bioactivity of traditional medicine [23, 24]. Our previous researches
have demonstrated that a low-molecular-weight, highly branched
polysaccharide fraction (branched at 0-6 in a-1,4,6-glcp) derived
from Astragalus membranaceus (APS) functions as a potent
immune adjuvant [25, 26]. Distinct from common polysaccharides
like chitosan or hyaluronic acid, APS possesses a definitive track
record of clinical safety and triggers DC maturation via the Toll-like
receptor 4 (TLR4) pathway [27-29]. Notably, beyond its
immunomodulatory role, APS exhibits characteristics of a
polymeric material capable of forming carriers with hydrophilic
coatings [30]. This property facilitates the efficient delivery of
therapeutic agents of RAPA and HPPH, ensuring their targeted
release at the tumor site, thereby enhancing overall therapeutic
efficacy.

In this study, we developed an ROS-responsive delivery system
derived from APS. Using thioether ketone (TK) as an ROS-sensitive
linker, the hydrophobic drug RAPA was covalently attached to the
backbone of APS to form a novel APS-TK-RAPA (ATKR)
conjugate, which could co-assemble with HPPH to obtain the
nanomedicine formulation HPPH@ATKR. This delivery system
integrates HPPH, RAPA, and APS, thereby facilitating the
synergistic interaction of multiple antitumor therapeutic
mechanisms. By optimizing the proportions of HPPH, RAPA, and
APS, the designed self-assembled nanomedicine demonstrates
uniform particle size, excellent drug-loading efficiency, and robust
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long-term stability. Moreover, following intravenous injection, these
self-assembled nanomedicines preferentially accumulate at tumor
sites through the enhanced permeability and retention (EPR) effect.
Specifically, the endogenous ROS in the tumor microenvironment
initiates TK cleavage, while the subsequent light-triggered HPPH
activation generates a singlet oxygen burst to accelerate carrier
disintegration, thereby ensuring a highly targeted and robust
intracellular cargo release via a positive feedback loop. Crucially,
RAPA inhibits the mTOR signaling pathway to enhance cellular
sensitivity to oxidative stress and downregulates HIF-1q, thereby
alleviating hypoxia from its metabolic origin. Concurrently, APS
activates DCs and enhances the immune response to bolster
adaptive immunity (Fig. 1). In conclusion, this study proposes an
innovative self-assembling drug delivery system which holds
excellent clinical application prospects through the synergistic effect
of HPPH, RAPA, and APS.

2 Experimental

2.1 Materials

Astragalus polysaccharides (APS) were purchased from Mackin
(Shanghai, China). HPPH was purchased from MedChemExpress
(New Jersey, USA). RAPA, and dimethyl aminopyridine (DMAP)
were purchased from Aladdin (Shanghai, China). 1-(3-Dimethyla-
minopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCI) and N-
hydroxy succinimide (NHS) were purchased from Shanghai yuanye
Biotechnology Co., Ltd. (Shanghai, China). Dimethyl sulphoxide
(DMSO) was purchased from Biotopped (Beijing, China). 9,10-
Anthracenediyl-bis(methylene)dimalonic acid (ABDA), Hoechst
33342 (C1029), Reactive Oxygen Species Assay Kit (CA1410), the
goat-anti-rabbit FITC conjugated secondary antibody (K1034G-
AF488) and SAlexa Fluor @568 donkey anti-rabbit IgG (K1034D-
AF568) were purchased from Solarbio Science & Technology Co.,

Figure1 Schematic diagram illustrating HPPH@ATKR NP for breast cancer therapy under 660 nm laser.
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Ltd. (Beijing, China). CCK-8 Kit (C0039), LysoTracker Green
(C1047S), ATP Assay Kit (P0010), 4',6-diamidino-2-phenylindole
(DAPI) (C1006), Annexin V-FITC Apoptosis Detection Kit
(C1062S) were purchased from Beyotime Biotechnology (Shanghai,
China).

The rabbit anti-calreticulin polyclonal antibody (27298-1-AP)
and HMGBI polyclonal antibody (10829-1-AP) were purchased
from Proteintech Group, Inc. (Wuhan, China). Phycoerythrin (PE)-
conjugated anti-mouse CD11c (117307), allophycocyanin (APC)-
conjugated anti-mouse CD86 (105113), FITC-conjugated anti-
mouse CD80 (104705) were purchased from Dakewe Biotech Co.,
Ltd. (Shenzhen, China). The PDT experiments were carried out by
an XD-635AB Type Photodynamic Laser Therapy Instrument
(660 nm, Guilin Xingda Optoelectronic Medical Device Co., Ltd.,
China).

2.2 Preparation of amphiphilic polysaccharides (APS-TK-
RAPA)

2.2.1 Synthesis of TK linker

3-Mercaptopropionic acid (11.4 g, 108 mmol) and acetone (2.90 g,
49.1 mmol) were mixed in the presence of trifluoroacetic acid and
stirred at room temperature for 6 h. A large number of crystals
were produced, which were subsequently washed with n-hexane
and cold water, and dried in vacuo to give a white solid as the
resulting TK linker.

2.2.2 Synthesis of APS-TK-COOH

The —COOH group of thioketal-containing linker (TK) was
activated by catalyst EDC-HCl and DMAP in DMSO using
magnetic stirrer for 3 h at room temperature (R.T.). The molar
ratio of TKREDCHCLDMAP was 1:1.2:1.2. Subsequently, the
activated TK/DMSO solution was added into the APS/DMSO
solution drop by drop under continuous magnetic stirring at R.T.
for additional 24 h. Afterwards, the obtained polymer was dialyzed
against deionized water. The APS-TK-COOH was obtained by
lyophilization.

2.2.3 Synthesis of APS-TK-RAPA

APS-TK-COOH (2 g), DMAP (0.23 g, 2 mmol), and EDC-HCI
(0.77 g, 4 mmol) were dissolved in anhydrous DMSO (10 mL) and
stirred at room temperature for 4 h to activate the carboxyl groups.
The Rapamycin (RAPA, 0.91 g, 1 mmol) was added to the above
mixture. After stirring at room temperature for 24 h, the obtained
polymer was dialyzed with deionized water for 36 h. The
supernatant was collected for freeze-drying, and APS-TK-RAPA
was obtained.

2.3 Preparation and characterization of NPs

2.3.1 Preparation and characterization of polymeric nanoparticle

The polymeric nanoparticle was prepared through a combination
of dialysis and solvent evaporation methods. Firstly, 5 mg of APS-
TK-RAPA material was dissolved in 1 mL of DMSO and dialyzed
in pure water using a dialysis bag (molecular mass cut off of 3500)
for 24 h. During this period, the dialysis medium was changed three
times, and at the end of the dialysis, the volume was fixed to 5 mL
with pure water and then the ATKR micelle was obtained. In
addition, 1 mg of HPPH was prepared by dissolving in 1 mL of
anhydrous methanol, which was slowly added dropwise to the
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above solution under rapid stirring conditions (300 rpm/min) for
30 min. Afterwards, the methanol in the solvent was removed at
50 °C with a rotation speed of 160 rpm, followed by filtration
through a 0.22 um filter membrane to remove the unencapsulated
free HPPH to obtain the HPPH@ATKR nanoparticles. The
encapsulation efficiency (EE) was determined via ultrafiltration
centrifugation (molecular weight cut off 10 kDa) and calculated as
the weight ratio of encapsulated drug to the total drug added. The
concentrations of RAPA and HPPH loaded in the nanoparticle
were calculated by its standard curve (Fig. S1 in the Electronic
Supplementary Material (ESM)) by high performance liquid
chromatography (HPLC) and ultraviolet-visible spectroscopy
(UV-Vis), respectively. The particle size, zeta potential, and
morphology of the polymeric nanoparticles were determined by
dynamic light scattering (DLS), transmission electron microscope
(TEM) and scanning electron microscope (SEM).

2.3.2 Determination of critical micelle concentrations

We measured the critical micelle concentration (CMC) of ATKR
NP using the pyrene probe method. First, pyrene was dissolved in
methanol with the concentration of 12 x 10 mol/L as pyrene
sample solution. 0.5 mL of the pyrene sample solution was
accurately weighed into a 10-mL brown volumetric flask for total of
10 flasks. The solution in each flask was blow-dried under nitrogen
gas. Then polymer solutions in gradient concentrations ranging
from 0.01 to 100 pg/mL were added to each flask respectively. The
volume in each flask was adjusted to the mark with deionized
water, resulting in a final pyrene concentration of 6 x 107 mol/L.
The flasks were sonicated for 30 min and then transferred to a
37 °C water bath where they were shaken for 12 h. 3 mL of each
sample solution was taken and measured on a microplate reader
(Thermo, USA). An excitation wavelength of 334 nm and an
emission scan from 340 to 450 nm were used. The fluorescence
intensity was measured at wavelengths of 372 nm (I,,,) and 393 nm
(Iss). The ratio I,/L,; was cross-plotted against the logarithmic
value of the sample concentration, logC (mg/mL) and CMC was
calculated from this plot.

2.3.3 Light-activated drug release behavior

The light-activated drug release behavior of the polymeric
nanoparticle was investigated using a modified dialysis method in
the presence of 660 nm laser irradiation and/or H,O,. Briefly, 1 mL
of HPPH@ATKR NP was sealed in dialysis bags (molecular mass
cut off of 3500), and then incubated in 50 mL of phosphate buffer
saline (PBS) containing 0, 1 x 10° M H,0, or 2 x 10> M vitamin C
with gentle shaking (100 rpm/min) at 37 °C. At predetermined time
points, the laser group was placed under 660 nm laser irradiation at
200 mW/cm® for 5 min and then the medium for all groups was
collected and replaced with prewarmed fresh PBS. The HPPH was
quantified by UV-Vis.

2.3.4 ROS generation in vitro

In this part, we used ABDA as a probe to detect the ROS generation
ability of the polymeric nanoparticle under 660 nm laser irradiation
at 200 mW/cny’. In details, 100 pL of 1 mg/mL ABDA solution was
added to HPPH, HPPH@ATKR NP solutions (equivalent to
10 ug/mL of HPPH), which were deoxygenated and contained
1 x 10* M H,0,. Thereafter, the aforementioned solutions were
exposed to 660 nm laser irradiation at 200 mW/cm’. The ROS
generation of the polymeric nanoparticle was evaluated by UV-Vis

Tsinghua University Press


https://www.sciopen.com/article/10.26599/NR.2026.94908620
https://www.sciopen.com/article/10.26599/NR.2026.94908620
https://www.sciopen.com/article/10.26599/NR.2026.94908620
https://www.sciopen.com/article/10.26599/NR.2026.94908620
https://www.sciopen.com/article/10.26599/NR.2026.94908620
https://www.sciopen.com/article/10.26599/NR.2026.94908620
https://www.sciopen.com/article/10.26599/NR.2026.94908620
https://www.sciopen.com/article/10.26599/NR.2026.94908620

Nano Research | Vol. 19, No. 6

Zhao et al.

spectroscopy at a preset time point.
24 Intracellular assay

2.4.1 Invitrouptake efficiency

The cellular uptake ability of the HPPH@ATKR NP was
investigated using 4T1 cells. The cells were seeded into confocal
dish with a density of 2 x 10°. After incubation for 24 h, 2 mL of
HPPH, HPPH@ATKR NPs (equivalent to 1 ug/mL of HPPH) was
added, and the plates were incubated for another 1, 2, and 4 h. The
cells were then washed with PBS three times, and the nuclei and
lysosome of the cells were stained using Hoechst 33342 (10 pg/mL)
and LysoTracker Green (66.67 nM) respectively prior to
observation under CLSM.

The quantitative data of the cellular uptake efficiency were also
investigated using flow cytometry. After the cells were co-incubated
with NPs for different times, the cells were washed thrice with PBS,
digested by trypsin and harvested by centrifugation at 1000 rpm for
5 min. Then the harvested cells were re-suspended in PBS. The
fluorescence intensity of cells was measured by flow cytometer.

2.4.2  Invitroinduction of DC maturation

4T1 cells were seeded in 6-well plates (2 x 10° cells per well) and
cultured overnight. Then, RPMI 1640, HPPH, ATKR and
HPPH@ATKR NPs were added and further cultured for 48 h.
Afterwards, nanoparticle-treated tumor cell supernatant media
were obtained after centrifugation at a speed of 12,000 rpm for
5 min. Dendritic cell line 2.4 (DC2.4) (2 x 10° cells per well in 6-well
plates) were cultured with 50% obtained media plus 50% fresh
media containing different formulations for 24 h.

Then, the DC2.4 cells were trypsinized, rinsed, and harvested.
Before the surface antibody staining, the cells were incubated with
Fc block for 15 min at room temperature. Last, anti-mouse CD11c-
PE, anti-mouse CDS80-FITC, and anti-mouse CD86-APC
antibodies were used to stain the cells in a flow cytometry staining
buffer for 30 min, and flow cytometry was used to examine the
maturation of DC2.4 cells and data analysis was performed with
FlowJo V10 Software. All quantitative results were obtained from at
least three independent experiments.

2.4.3 Intracellular ROS detection

Inspired by the in vitro ROS generation ability, we further
investigated the intracellular ROS generation ability via a 2.7-
dichlorofluorescin diacetate (DCFH-DA) probe. In short, the 4T1
cells were seeded into a 12-well plate with 1 x 10° cell/well in 1 mL
of medium. After 24 h incubation, the HPPH, HPPH@ATKR NPs
were added and incubated for 4 h, then the DCFH-DA (10 uM)
was added into each well, after incubated for 20 min, used the fresh
medium to replace the medium, and treated with 660 nm laser
irradiation at 200 mW/cm’ for 5 min (no laser group was used as
Control). A fluorescence microscope and flow cytometry was used
to detect the quality and quantity data of intracellular ROS level.

2.44 Invitro cytotoxicity assay and cell apoptosis analysis

The cytotoxicity of various nanoformulations was tested by Cell
Counting Kit-8 (CCK-8) assay. The 4T1 cells were seeded into 96-
well plates with 5 x 10° cells/well in 100 pL of medium. After
overnight incubation, the medium was removed and replaced with
100 pL of medium containing PBS, HPPH, RAPA+HPPH,
HPPH@ATKR NPs with different concentration for another 48 h
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of incubation. For the 660 nm laser group, after the above-
mentioned drugs were added into the cells and cultured for 12 h,
the groups were under 660 nm laser irradiation at 200 mW/cm?® for
5 min and incubated for another 36 h, then followed by the
standard CCK-8 assay method.

Moreover, we investigated the cell apoptosis of above-mentioned
groups via the Annexin V-FITC apoptosis detection kit. Briefly, the
4T1 were seeded into a 6-well plate and incubated for 24 h, and
added the above-mentioned groups and incubated for 12 h, then
the laser groups were under 660 nm laser irradiation at 200 mW/cm?
for 5 min and incubated for another 12 h before flow cytometry
analysis.

2.4.5 Western blotting analysis

4T1 cells were treated with 500 uM CoCl, to induce hypoxia, except
for the blank control group. Total protein was extracted using RIPA
lysis buffer containing protease and phosphatase inhibitors and
quantified by BCA assay. Equal amounts of protein (20 pg) were
separated by SDS-PAGE and transferred onto PVDF membranes.
The membranes were blocked with 5% non-fat milk for 1 h at RT,,
then incubated overnight at 4 °C with primary antibodies against p-
mTOR, mTOR, p-p70 S6K, p70 S6K and HIF-1a (all at 1:1000
dilution). After washing, membranes were incubated with HRP-
conjugated secondary antibody (1:5000) for 1 h at R.T. Protein
bands were visualized by ECL chemiluminescence, and the relative
expression of target proteins was quantified by gray value analysis
using Image]J software with S-actin as the internal reference.

2.4.6 Detection of crucial immunogenic cell death (ICD) biomarkers

The surface-exposure of calreticulin (CRT) and extracellular
released HMGBI were assessed by immunofluorescence. For CRT
exposure analysis, 4T1 cells were seeded and cultured in 12-well
plate (1 x 10° cells/well) for 24 h. The cells were incubated with
RPMI 1640, HPPH, HPPH@ATKR NPs (0.1 pg/mL based on
HPPH) for 12 h. And then, cells were irradiated with or without
660 nm laser irradiation at 200 mW/cm? for 5 min as the light
groups or non-light groups. Incubation was continued for 12 h and
the medium was discarded. Next, the cells were fixed with 4%
polyformaldehyde for 20 min at 37 °C and blocked with 5% bovine
serum albumin (BSA) solution at R.T. for 1 h. After washing with
PBS for 3 times, the cells were incubated with rabbit anti-
calreticulin polyclonal antibody (1:500 dilution) at 4 °C overnight.
Subsequently, the cells were further washed with PBS for 3 times
and incubated with the goat-anti-rabbit FITC conjugated secondary
antibody (1:1000 dilution) at R.T. for 1 h. After washing 3 times
with PBS and staining with DAPI for another 10 min, the cells were
then washed with PBS 3 times and observed by inverted
fluorescence microscope with 405 and 488 nm lasers for visualizing
nuclei and CRT expression on the cell membrane, respectively.

For HMGBI release analysis, the procedure of cells treatments
was performed as the assay of CRT exposure analysis. The
differences were after cell fixation, permeabilization was performed
with 0.5% Triton-X100 for 30 min and the primary and secondary
antibodies were anti-HMGB1 antibody (1:200 dilution) and SAlexa
Fluor@568 donkey anti-rabbit IgG (1:1000 dilution), respectively.
And the lasers used to observe nuclei and HMGBI1 expression were
405 and 568 nm, respectively.

The extracellular released ATP was determined using the ATP
Assay Kit. 4T1 cells were seeded and cultured in 24-well plates (5 x
10* cells/well) for 24 h. The cells were treated with RPMI 1640,
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HPPH, ATKR NPs (0.1 pg/mL based on HPPH) for 12 h. And
then, cells were irradiated with or without 660 nm laser irradiation
at 200 mW/cm?’ for 5 min as the light groups or non-light groups.
The cell supernatant was collected after incubation for an additional
12 h. Finally, the release of ATP in the cell supernatant was
measured by the ATP Assay Kit in accordance with the
manufacturer's protocols.

2.4.7 RNA sequencing measurement

4T1 cells (1 x 10°) were inoculated into 6-well plate overnight and
incubated with RPMI-1640, HPPH@ATKR, HPPH@ATKR +
Laser for 12 h. RNA-seq was conducted on Illumina NovaSeq
platform (Majorbio, Beijing, China). Screening criteria followed fold
change greater than 2 and P value less than 0.05, thereby differential
expression genes (DEGs) were determined.

2.4.8 Hemolysis assay

The blood compatibility of the HPPH@ATKR NP was evaluated
via the hemolysis assay at 10-100 pg/mL concentration before in
vivo study. And the detailed procedures are appended in the
supplementary data.

2.5 Animal experiments

2.5.1 Animals

BALB/c female mice (5-6 weeks old, ~ 20 g) were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd. All
animal experiments were conducted in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals. All animal procedures were approved by the
ethics committee of the Institute of Medicinal Plant Development
(No. 20241205019). The orthotopic 4T1 tumor model was
established by subcutaneous injection of 1 x 10° 4T1 cells
suspended in PBS (100 pL) at the second right mammary fat pad of
the mice.

2.5.2  Invivo antitumor study and immunofluorescence staining

After the tumor volume reached around 100 mm’, the tumor
bearing mice were randomly divided into eight groups (n = 6): (1)
Control group (PBS); (2) Control + Laser group, in which the mice
were irradiated by a 660 nm laser at 200 mW/cm’ for 5 min at the
tumor sites; (3) HPPH + Laser group (2 mg/kg); (4) RAPA group
(2 mg/kg); (5) HPPH + RAPA + Laser group; (6) ATKR group; (7)
HPPH@ATKR group; (8) HPPH@ATKR + Laser group. The
groups were treated with above-mentioned drugs through the tail
vein intravenously three times, and the tumor volume and weight
of mice were measured every other day. The tumor volume was
calculated in accordance with the following formula: 0.5 x L x W7,
where "L" represents the longest length of the tumor and "W"
represents the shortest width across the center of the tumor. Finally,
the mice were sacrificed and the tumor tissues and major organ
tissues of all groups were collected for hematoxylin & eosin (H&E)
staining. And the apoptosis, and hypoxia of tumor cells were
investigated via TdT-mediated dUTP nick end labeling (TUNEL)
staining, and immune-fluorescence staining methods.

To evaluate the ability of CRT exposure and HMGBI release in
vivo, the tumor slices were incubated with anti-calreticulin antibody
or anti-HMGBI antibody, then they were further incubated with
goat-anti-rabbit FITC conjugated secondary antibody or donkey
anti-rabbit IgG SAlexa Fluor @568 conjugated secondary antibody.
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After staining with DAPI, the obtained slices were observed by
confocal laser scanning microscope (CLSM).

2.5.3 Flow cytometry of immune response in vivo

Tumors and draining lymph nodes (DLNs) were acquired from
4T1 tumor-bearing mice (n = 3-5 per group) experienced anti-
tumor experiments. These tissues were ground and sieved to
prepare single cell suspensions.

For the phenotypic analysis of activated dendritic cells (DCs),
staining was performed using anti-mouse CD45-FITC, anti-mouse
CD11c-PE, anti-mouse CD86-Bv-605, and anti-mouse CD80-PE-
Cy7. To compare the cytotoxic effects on tumors following different
drug treatments, tumor cells were stained with fluorescence
conjugated anti-CD45, anti-CD3, anti-CD4 and anti-CD8 for the
analysis of T cells. In the meantime, to examine alterations in
macrophages, tumor cells were labeled with anti-CD45, anti-
CD11b, anti-F4/80, anti-CD206, and anti-Gr-1. The stained
immune cells were tested on flow cytometer (Berkman) and
processed by Flow]Jo software.

2.6 Statistical analysis

All quantitative data are expressed as mean + standard deviation
(SD) (n = 3). Statistical significance was determined by one-way
analysis of variance (ANOVA) followed by Tukey's post-hoc test
using GraphPad Prism 10.0 software, with P < 0.05 considered
statistically significant (*P < 0.05, **P < 0.01, **P < 0.001, and **P
<0.0001).

3 Results and discussion

3.1 Synthesis and characterization of the amphiphilic
polysaccharide carrier (APS-TK-RAPA)

APS is a water-soluble polysaccharide [31]. To confer self-assembly
and drug encapsulation capabilities, APS was chemically modified.
Amphiphilic compound APS-TK-RAPA was synthesized by
incorporating ROS-responsive TK linkages and subsequently
conjugating the hydrophobic drug RAPA (Fig. 2(a)). The successful
coupling reaction was confirmed through proton nuclear magnetic
resonance spectroscopy ('H NMR) and FTIR. Additionally, the
loading capacity of RAPA within the synthesized amphiphilic
material was quantified to be 24.74% using HPLC, with the
standard curve of RAPA presented in Fig. S1(a) in the ESM.

In the 'H NMR spectrum (Fig. 2(b)), the characteristic
polysaccharide main chain peaks in APS were primarily localized in
the § 3.0-5.5 ppm range. For TK-COOH, a distinctive peak of
—CH,-S- appeared at § 2.5-3.0 ppm, and this signal was attributed
to the methylene hydrogen in the thioacetal structure. The APS-TK-
COOH retained the polysaccharide signal of APS and showed a
new peak at § 2.5-3.0 ppm, confirming the effective introduction of
the TK structure. RAPA displayed characteristic signals both at §
0.8-2.0 ppm (methyl/methylene groups of the aliphatic side chain)
and & 55-6.5 ppm (cycloalkene structure). In the 'H NMR
spectrum of APS-TK-RAPA, the characteristic peaks of APS, TK,
and RAPA were observed simultaneously. This confirms the
successful synthesis of the APS-TK-RAPA conjugate with a TK
substitution degree of 1.02%. The high purity was further validated
by the absence of residual small-molecule signals in Fig. 2(b)
following exhaustive dialysis.

According to the infrared spectroscopic analysis (Fig. 2(c)), the
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Figure2 Synthesis and characterization of astragalus polysaccharide carrier. (a) Synthesis route of APS-TK-RAPA. (b) 'H NMR spectra of (i) Astragalus polysaccharide
(dissolved in D,0), (ii) TK-COOH (dissolved in CDCL,), (iii) APS-TK-COOH (dissolved in D,0), (iv) RAPA (dissolved in DMSO-d,), and (v) APS-TK-RAPA (dissolved
in DMSO-dy). (c) FTIR of APS, TK-COOH, APS-TK-COOH, RAPA, and APS-TK-RAPA.

broad absorption band observed at 3400 cm™ in APS corresponded
to the O-H stretching vibration, and triplet peaks in the range of
1000-1150 cm™ were attributed to the C-O stretching vibrations of
the polysaccharide backbone. In the APS-TK-COOH spectrum, a
distinct peak at 1688.30 cm™ was assigned to the C=0O stretching
vibration of carboxylic acid groups, confirming the successful
synthesis and purity of the intermediate TK-COOH. Concurrently,
the O-H absorption band at 3400 cm™ exhibited broadening, likely
due to the overlapping contributions from carboxylic acid O-H
groups. Additionally, alterations in the peak profile within the C-O
region provided evidence for the grafting of sulfur-containing
thioacetal moieties onto the APS sugar chain. In the spectrum of
APS-TK-RAPA, the carboxylic acid C=O peak at 1688 cm™
disappeared while a characteristic ester C=0 absorption emerged at
1720 cm™. Meanwhile, the amide group absorption at 1642 cm™
from the RAPA molecule was retained. These results indicated that
esterification between APS-TK-COOH and RAPA has been
successfully achieved, forming the desired product.

3.2 Preparation and characterization of HPPH@APS-TK-
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RAPA NP

The ATKR nanoparticle (ATKR NP) was obtained from APS-TK-
RAPA via dialysis, whereas the self-assembly of HPPH and APS-
TK-RAPA was conducted using the solvent evaporation technique,
followed by filtration through a 0.22 pm membrane to yield the
HPPH@ATKR nanoassembly (HPPH@ATKR NP).

The drug loading efficiency and encapsulation efficiency of
HPPH, as determined by UV-Vis, was found to be 13.51% + 0.45%
and 85.3% + 2.41%, respectively. This result suggested that the
synthesized nanomaterials possess a favorable drug loading capacity
(the standard curve for HPPH was showed in Fig. S1(b) in the
ESM). DLS analysis revealed that the average particle sizes of ATKR
NP and HPPH@ATKR NP in aqueous solution were 243.30 +
3.18 nm (Fig. S2(a) in the ESM) and 170.10 + 1.95 nm (Fig. 3(a)),
respectively, both exhibiting unimodal size distributions. The
polydispersity index (PDI) values were below 0.2, indicating
uniform assembly and structural stability of the nanoparticles.
Measurements of the particle size and zeta potential within 7 days
confirmed the stability of ATKR NP and HPPH@ATKR NP

Nano Research, 2026, 19, 94908620
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Figure3 Characterization of HPPH@ATKR NP. (a) The hydrodynamic size of HPPH@ATKR via DLS. (b) Size and PDI stability and (c) zeta potential of
HPPH@ATKR dispersed in water during one week. (d) The UV-Vis spectra of HPPH in DMSO, HPPH@ATKR in water, APS in water and ATKR in water. (¢) SEM
image (scale bar: 200 nm), (f) TEM image (scale bar: 200 nm) and (g) TEM image (scale bar: 500 nm) with H,0, (100 M) of HPPH@ATKR. (h) SEM mapping images
of HPPH@ATKR indicated the distribution behaviors of C, O, N and S. (i) ABDA absorbance of the Control, HPPH, HPPH@ATKR groups (n = 3). (j) In vitro release
pattern of HPPH from HPPH@ATKR in different H,O, concentrations and light conditions (1 = 3). Data represented as mean + SD.

(Figs. 3(b) and 3(c), and Figs. S2(b) and S2(c) in the ESM).
Furthermore, no significant variations in particle size or PDI were
observed across different media (PBS, 1% NaCl, RPMI 1640) (Fig.
S3 in the ESM), suggesting that HPPH@ATKR NP exhibits
favorable adaptability under physiological conditions. The CMC,
determined via a fluorescent probe method, was 57.54 ug/mL (Fig.
$4 in the ESM), falling within the typical range for polymeric
micelles (10-100 pg/mL). This indicates that ATKR NP can
maintain its nanostructure under in vivo dilution, which is
beneficial for enhancing drug delivery stability and circulation time.
Ultraviolet-visible spectrum of HPPH@ATKR NP was almost
overlapped with HPPH at 407 and 660 nm, confirming the
successful encapsulation of HPPH (Fig. 3(d)).

TEM analysis reveals that APS exhibits a relatively loose and
amorphous morphology, whereas the APS-TK-RAPA amphiphilic
material demonstrates a comparatively dense structure with
enhanced dispersibility (Figs. S5(a) and S5(b) in the ESM). In
contrast, the initial self-assembly system of ATKR NP displays
irregular dendritic aggregates distinct from the aforementioned
structures (Fig. S5(c) in the ESM). This phenomenon is
hypothesized to result from the aggregation of hydrophobic
domains driven by amphiphilic molecules in the aqueous
environment, coupled with insufficient coverage by hydrophilic
segments. SEM (Fig. 3(e)) and TEM imaging (Fig. 3(f)) of
HPPH@ATKR NP reveal regular, uniform spherical particles with
well-defined edges, suggesting that the incorporation of
hydrophobic HPPH further stabilizes the hydrophobic core of the
ATKR system and facilitates the formation of structurally compact
nanomedicine. Notably, upon the addition of 1 mM H,0, to the
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medium (to facilitate accelerated release kinetics [32]), TEM images
demonstrate significant morphological alterations (Fig. 3(g)): the
initially spherical nanoparticles progressively disintegrate, forming
beaded chain-like structures composed of connected particles and
filamentous elements. This morphological transformation is
attributed to the cleavage of TK bonds within the carrier under
oxidative conditions, resulting in the removal of the hydrophilic
shell, exposure of the hydrophobic core, and subsequent secondary
aggregation. Additionally, some residual hydrophilic segments may
extend to form filamentous connections during sample drying.
Collectively, these findings indicate that HPPH@ATKR NP exhibit
pronounced responsiveness to H,O, undergoing structural
reconfiguration under oxidative stress, thereby providing a
mechanistic basis for drug release within the tumor
microenvironment. Furthermore, energy dispersive X-ray (EDX)
elemental mapping confirms the presence of carbon, oxygen, sulfur,
and nitrogen elements (Fig. 3(h)), with sulfur specifically
corresponding to the thioketal linkages.

3.3 InvitroROS generation ability

The ROS generation capability of HPPH@ATKR NP under near-
infrared (NIR) light irradiation was assessed utilizing the ABDA
probe assay. UV-Vis spectra of ABDA-containing nanoparticles
were recorded following exposure to a 660 nm laser at
predetermined time intervals (Fig. S6 in the ESM). A progressive
decrease in the absorption peaks corresponding to HPPH and
HPPH@ATKR NP was observed with increasing irradiation
duration, whereas the absorption peak of ABDA in the Control
group remained largely unchanged. These findings indicate that
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formulations containing HPPH effectively generate ROS, while
ABDA and the irradiation conditions alone exert negligible
influence on ROS production. As a scavenger primarily targeting
singlet oxygen ('O,), ABDA exhibits a marked reduction in its
characteristic absorption peak at 378 nm upon reaction with ROS
[11]. Consequently, UV-Vis absorbance at 378 nm was further
quantified after 5 min of laser irradiation (Fig. 3(i)). The absorbance
in the Control group remained stable, whereas the values for HPPH
and HPPH@ATKR NP decreased to 80.92% + 0.81% and 66.73% +
0.86%, respectively, confirming the efficient ROS generation by the
drug-loaded nanoparticles under light exposure. This
photosensitizing property is attributed to the HPPH molecule,
which produces reactive singlet oxygen ('O,) upon NIR excitation.
The generated ROS subsequently induce cleavage of TK bonds
within the nanostructure, leading to its disruption and serving as a
trigger for drug release. Moreover, the capacity for photosensitive
ROS generation underpins the potential utility of this system in
PDT applications. While trace amounts of other ROS may be
produced, 'O, serves as the primary cytotoxic mediator responsible
for the observed therapeutic efficacy.

34 Drugrelease performances

The in vitro release behavior of HPPH@ATKR NP demonstrated
notable variations under different stimulation conditions (Fig. 3(j)).
In PBS, the nanostructure remained relatively stable, exhibiting a
cumulative drug release of only 32.97% + 2.30%, indicative of a
predominantly diffusion-controlled release mechanism. Upon the
addition of 1 mM H,O, to the medium (to facilitate accelerated
release kinetics [33, 34]), the cumulative release modestly increased
to 36.80% * 1.33%. In addition, exposure to NIR light irradiation
for 5 min (PBS + Laser group) markedly enhanced drug release,
achieving a cumulative release of 73.65% * 2.67% at 72 h. This
enhancement is attributed to the generation of ROS by the
photosensitizer under laser irradiation, which facilitates the cleavage
of TK bonds. Given the covalent conjugation of RAPA via TK
linkers, the RAPA release rate serves as a quantitative indicator of
bond cleavage efficiency, as shown in Fig. S7 in the ESM.
Consequently, the nanoassembly shell disintegrated, leading to
accelerated drug release. The introduction of the ROS scavenger
vitamin C (VC) in the PBS + Laser + VC group resulted in a
significant reduction in release (15.16% =+ 3.01%), thereby
confirming the critical role of photosensitization-induced ROS in
nanoparticle destabilization. The PBS + Laser + H,0, group showed
the most rapid release profile, with a cumulative release of 77.50% +
346% at 72 h and an elevated initial release rate. This result
demonstrates that the synergistic oxidative effect of H,O, and
photosensitization-generated ROS significantly accelerates the
nanoparticle disintegration. Overall, these findings substantiate that
APS-TK-RAPA possesses high ROS sensitivity. Notably, the near-
complete drug release in the synergistic group suggests a highly
efficient cleavage of TK linker, rendering it a promising candidate
for on-demand drug release within the tumor microenvironment.

3.5 Cellular uptake efficiency and mechanism

To assess cellular uptake characteristics and intracellular localization
of HPPH@ATKR NP, confocal microscopy was employed to
observe the internalization of the formulation (red fluorescence)
and its colocalization with lysosomes labeled by LysoTracker
(green) (Fig. 4(a)). The findings demonstrated a marked increase in
the red fluorescent signal corresponding to the formulation over
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time, reaching the maximum intensity at 4 h of incubation. This
suggests that the nanosystem can be effectively internalized by cells
and facilitate the gradual release of HPPH. However, compared
with free HPPH molecules, the HPPH@ATKR NP group exhibited
a slightly diminished fluorescent signal within the same timeframe
(Figs. S8(a)-S8(c) in the ESM). This difference is likely attributable
to differing uptake mechanisms: free HPPH molecules traverse the
cell membrane rapidly via passive diffusion, whereas drug-loaded
nanoplatforms are internalized mainly through endocytosis,
resulting in a comparatively slower initial uptake rate. In addition,
the hydrophilic shell of the nanoformulation may impede
immediate interaction between HPPH and the cell membrane,
contributing to the observed gradual increase in fluorescence as
HPPH is released. Colocalization analysis revealed that the red
fluorescence in the HPPH@ATKR NP group highly overlapped
with the green lysosomal signal (Pearson's correlation coefficient,
PCC = 0.69 £ 0.05), indicating significant accumulation within
lysosomes (Fig. 4(b)). In contrast, free HPPH exhibited a diffuse
cytoplasmic distribution with minimal lysosomal co-localization.
These observations corroborate the proposed differences in uptake
pathways between the two formulations. The distinct localization
reflects the critical influence of the carrier structure on the drug's
intracellular trafficking.

Importantly, the lysosomal accumulation of HPPH@ATKR NP
may serve as a stable reservoir for subsequent photosensitizer
activation and ROS generation, while laying a foundation for the
controlled release of HPPH and RAPA after TK bond cleavage.

The cellular uptake efficiency of HPPH@ATKR NP was further
evaluated using flow cytometry (Figs. 4(c) and 4(d)). The
intracellular fluorescence intensity measurements corresponded
well with fluorescence images, thereby confirming the stable
internalization and effective drug delivery facilitated by the
nanoparticle. Endocytosis inhibition assays (Figs. 4(e) and 4(f))
were conducted to elucidate the uptake mechanism. Free HPPH
exhibited no significant change in cellular uptake upon treatment
with cyclodextrin, chlorpromazine, or amiloride (Figs. S8(d) and
S8(e) in the ESM), suggesting that its cellular entry occurs primarily
via passive diffusion across the plasma membrane. Conversely,
HPPH@ATKR NP demonstrated a marked decrease in
fluorescence intensity following cyclodextrin treatment, indicating
that lipid raft-mediated endocytosis constitutes the principal
internalization pathway [35]. Additionally, partial inhibition
observed with chlorpromazine and amiloride treatments implied
that clathrin-mediated endocytosis and macropinocytosis serve as
secondary uptake routes [36, 37]. The resultant nanostructures,
approximately 150-200 nm in diameter, are suitably sized for
endocytic uptake, facilitating energy-dependent intracellular drug
delivery.

3.6 Induction of intracellular ROS

The intracellular ROS level directly affects the PDT effect [38]. We
investigated the intracellular ROS generation capacity using a
fluorescence probe DCFH-DA. As illustrated in Fig. 5(a), both the
Control and Control + Laser groups exhibited almost no
fluorescence, indicating that laser irradiation alone does not induce
ROS production. The HPPH group demonstrated only faint green
fluorescence, whereas the HPPH + Laser group showed a marked
increase in ROS levels following light exposure, confirming the
effective activation of HPPH under NIR light excitation. In the
HPPH@ATKR NP group, ROS levels remained low without light,
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Figure4 The cellular uptake ability of 4T1 cells. (a) The fluorescence images incubated with HPPH@ATKR from 0 to 4 h (blue channel: Hoechst, green channel:
LysoTracker, red channel: HPPH, scale bars: 50 pm) of cellular uptake ability. (b) Fluorescence co-localization of HPPH (red) and lysosomes labeled by LysoTracker
(green). The scale bars were 50 um in the merged image and 10 um in the enlarged image. (c) Flow cytometry analysis and (d) quantitative analysis of fluorescence
intensity of cellular uptake ability (1 = 3). () The flow cytometry analysis and (f) quantitative analysis of fluorescence intensity of cellular uptake ability after the addition
of uptake inhibitors (1 = 3). Data represented as mean + SD, *P < 0.05, **P < 0.01, and ***P < 0.001.

corroborating the stability of the drug-loaded nanostructure and the
absence of premature HPPH release. Importantly, upon irradiation,
the HPPH@ATKR NP exhibited the most intense green
fluorescence signal, suggesting that laser activation not only
facilitates HPPH release from the nanoparticle but may also induce
cleavage of thioketal bonds via ROS, thereby accelerating drug
release. This process effectively enhances ROS generation and
improves PDT efficacy. These findings substantiate the
photosensitive responsiveness and synergistic therapeutic potential
of HPPH@ATKR NP. Quantitative analysis of intracellular ROS
levels, as determined by flow cytometry (Figs. 5(b) and 5(c)), were
consistent with the fluorescence imaging results, further validating
that laser-activated drug-loaded nanoplatforms promote ROS
production and possess significant PDT capabilities. To further
identify the specific ROS subtypes, the singlet oxygen sensor green
(SOSG) probe was employed. The results confirmed that 'O, is the
predominant reactive species generated via the Type II
photochemical mechanism (Fig. S9 in the ESM).

3.7 In vitro cytotoxicity assay and cell apoptosis analysis
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The in vitro cytotoxic effects of HPPH, RAPA+HPPH and
HPPH@ATKR were evaluated before and after exposure to 660 nm
laser irradiation using the CCK-8 assay. As illustrated in Fig. 5(d),
after 24 h of incubation, the HPPH group exhibited minimal
cytotoxicity toward 4T1 cells, indicating that HPPH alone does not
exert significant toxicity in the absence of laser activation. In
comparison to the HPPH group, the HPPH@ATKR group showed
increased cellular inhibition, suggesting that the incorporation of
the carrier enhances the cytotoxic potential of HPPH to some
extent. Upon irradiation with a 660 nm laser at an intensity of 200
mW/cmy® for 5 min, the HPPH@ATKR group demonstrated the
most prominent cytotoxic effect (Fig. 5(e)). This synergistic
therapeutic outcome is attributed to the activation of the
photosensitizer HPPH by NIR laser irradiation, which induces the
generation of ROS. The ROS subsequently facilitate the cleavage of
the TK bond, leading to nanosystem disassembly and the rapid
release of RAPA. Furthermore, the presence of RAPA significantly
enhances the efficacy of PDT.

The apoptosis of cells following treatment in each experimental
group was assessed via flow cytometry (Figs. 5(f) and 5(g)).
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Figure5 Intracellular ROS generation, cytotoxicity and apoptosis performance. (a) Fluorescence images (blue channel: Hoechst, green channel: DCFH-DA, scale bar:
50 pm), (b) flow cytometry quantitative analysis and (c) histogram of intracellular ROS generation (1 = 3). (d) Viability of 4T1 cells after the treatment of HPPH,
RAPA+HPPH and HPPH@ATKR NP (n = 3). (e) Viability of 4T1 cells after the treatment of HPPH, RAPA+HPPH and HPPH@ATKR NP with 660 nm laser
irradiation (1 = 3). (f) Quantitative analysis and (g) flow cytometry analysis of apoptosis rate induced by different treatments (1 = 3). (h) Western blot analysis of mTOR, p-
mTOR, HIF-1a, p70 S6k, and p-p70 Sek in 4T1 cells. Statistical analysis of (i) p-mTOR/mTOR, (j) p-p70 Sek/p70 Sek, and (k) HIF-1a after exposure to CoCl,
CoCL+RAPA, CoCL+HPPH@ATKR NP (1 = 3). Data represented as mean + SD, *P < 0.05, **P < 0.01, and ***P < 0.001.

Minimal apoptosis was observed in both the Control and Control +
Laser groups, with total apoptosis rates below 1%. Under 660 nm
laser irradiation, the apoptosis rates in the HPPH group, RAPA +
HPPH group, and HPPH@ATKR group were all elevated
compared to no laser groups. The HPPH + Laser group exhibited a
total apoptosis rate of 10.14% + 0.10%, suggesting that the
photosensitizer HPPH can elicit a PDT effect after activation. The
RAPA + HPPH + Laser group demonstrated an increased total
apoptosis rate of 14.22% + 1.27% relative to the HPPH + Laser
group, indicating the contribution to cell apoptosis after adding
RAPA. Notably, the HPPH@ATKR + Laser group achieved the
highest cell death rate, with total apoptosis and necrosis reaching
23.93% + 0.75% (comprising 10.06% + 0.26% early apoptosis and
13.87% * 0.49% late apoptosis), which significantly surpassed other
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groups and aligned with in vitro cytotoxicity findings. These results
imply that HPPH@ATKR NP not only facilitates the release of
HPPH to generate ROS upon light activation but also promotes
RAPA release, thereby producing a synergistic cytotoxic effect
through combined PDT and chemotherapy, effectively inducing
tumor cell apoptosis.

To further elucidate the molecular mechanism by which RAPA
enhances therapeutic efficacy, the mTOR-HIF-1« signaling axis was
investigated via Western blot under CoCl-induced hypoxia
(Figs. 5(h)-5(k)). The results showed that HPPH@ATKR NP
significantly downregulated the expression of p-mTOR and p-p70
S6K, effectively inhibiting the compensatory activation of the
mTOR pathway. Concurrently, a marked reduction in HIF-1a
levels was observed, providing direct evidence that the delivered

Nano Research, 2026, 19, 94908620
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RAPA ameliorates the hypoxic microenvironment by suppressing
the mTOR-HIF-1« axis, thereby sensitizing tumor cells to PDT-
induced apoptosis.

3.8 Induction of ICD and DC maturation in vitro

ICD is characteristically accompanied by the translocation of CRT
to the cell surface, the release of HMGBI, and the substantial
secretion of extracellular ATP, all of which play critical roles in
activating dendritic cells and eliciting anti-tumor immune
responses [39, 40]. To assess the capacity of 4T1 cells to induce ICD
under various treatment conditions, this study systematically
detected the levels of membrane-bound CRT, intracellular HMGB1
and ATP. Immunofluorescence analysis revealed that the
HPPH@ATKR combined with laser irradiation group exhibited the

most intense green fluorescence on the cell membrane, indicative of
pronounced CRT externalization. Concurrently, this group
demonstrated the weakest nuclear red fluorescence of HMGBI,
suggesting extensive extracellular release of this protein. In contrast,
treatment with HPPH alone or in the absence of laser exposure did
not result in significant CRT translocation or HMGBI release,
implying that the HPPH@ATKR NP require laser activation to
effectively induce ICD. Furthermore, quantification of intracellular
ATP levels showed the lowest concentration in the HPPH@ATKR
+ Laser group, indicating enhanced extracellular ATP release and
potentiation of immune stimulatory signals (Figs. 6(a) and 6(b)).
These findings collectively confirm that HPPH@ATKR, upon laser
activation, robustly triggers ICD through the promotion of CRT
exposure, HMGBI release, and ATP secretion, thereby markedly
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augmenting the immunotherapeutic efficacy of the photosensitizer
HPPH.

To further assess the immune activation potential, culture
supernatants from 4T1 cells subjected to various treatments were
collected and subsequently incubated with immature DC2.4 cells
[41]. The expression levels of mature DC markers (CD80°CD86")
were then evaluated via flow cytometry (Fig. 6(c)). As shown in
Fig. 6(d), the group treated with HPPH@ATKR + Laser exhibited
the highest proportion of mature DCs at 36.16% + 6.87%,
significantly surpassing both the HPPH + Laser group (12.00% =+
2.59%) and the ATKR group (20.69% * 1.85%). Notably, the ATKR
group alone induced higher DC maturation compared to the

(a)

(e)

HPPH + Laser group, which can be attributed to the intrinsic
adjuvant effect of APS. Previous studies have confirmed that APS
directly stimulates DC differentiation and maturation by acting as a
bioactive scaffold [25, 26]. Conversely, treatments without laser
exposure demonstrated a diminished capacity to induce DC
maturation, while the Control group showed negligible effects. This
trend was especially pronounced in the CD80 and CD86 double-
positive quadrant, suggesting that the supernatant derived from
laser-activated HPPH@ATKR NP contained a greater
concentration of potent immune-stimulating factors. In conclusion,
HPPH@ATKR NP effectively activate anti-tumor immune
responses through a dual-mechanism: the induction of ICD-
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associated DAMPs by PDT and the inherent immunomodulatory
activity of the APS carrier. This provides a robust foundation for
their application in tumor immunotherapy.

3.9 RNA-sequencing analysis

Owing to the transcriptome sequencing on 4T1 cells exposed to
different treatments, the mechanism underlying the enhanced PDT
efficiency of HPPH@ATKR was analyzed by comparing gene
expression among the Control, HPPH@ATKR, and HPPH@ATKR
+ Laser groups. This grouping strategy was specifically designed to
capture the holistic biological transition of the integrated nano-
platform from a dormant state to a fully activated state, highlighting
the multi-pathway synergy among HPPH-mediated PDT, RAPA-
sensitization, and APS-adjuvant effects. Among all detected genes,
both HPPH@ATKR and its laser-activated form distinctly reshaped
cellular transcriptional profiles (Fig. 7(a)). Compared with the
control, HPPH@ATKR treatment alone induced marked
transcriptional alterations, indicating intrinsic bioactivity of the
formulation. Laser activation further intensified these changes,
reflecting additional modulation triggered by the photoexcited
sensitizer (Fig. 7(b), and Fig. S10(a) in the ESM). In addition, we
examined the intersection of differentially expressed genes between
HPPH@ATKR + Laser/Control and HPPH@ATKR/Control (Fig.
S10(b) in the ESM). These findings suggested that the
HPPH@ATKR formulation alone could elicit differential
expression in a subset of genes, whereas the application of light
further modulated an additional distinct set of genes. Principal
component analysis (PCA) revealed pronounced distinctions
among the Control, HPPH@ATKR, and HPPH@ATKR + Laser
groups (Fig. 7(c)).

Subsequently, we screened genes related to key pathways of
interest and some of the corresponding results were displayed by
heat maps (Fig. 7(d)). Additionally, Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses
revealed that differential genes under laser-activated treatment were
mainly enriched in oxidative stress response, mitogen-activated
protein kinase (MAPK)/extracellular signal-regulated kinase (ERK)
signaling, and immune-related processes, confirming that
HPPH@ATKR under laser activation triggered oxidative stress-
associated transcriptional reprogramming and immune signal
activation (Figs. 7(e) and 7(f), and Figs. S11(a), S11(b), S12(a), and
S12(b) in the ESM). Furthermore, Gene Set Enrichment Analysis
(GSEA) indicated positive enrichment of response to reactive
oxygen species, Janus kinase-signal transducer and activator of
transcription (JAK-STAT) signaling pathway and immune
activation pathways after laser irradiation (Fig. 7(g), and Figs. S13(a)
and S13(b) in the ESM). These transcriptomic findings are further
supported by the molecular downregulation of the mTOR-HIF-1«
axis, confirming the targeted disruption of tumor oxidative stress
adaptation. Collectively, these results suggest that the enhanced
PDT efficiency of HPPH@ATKR with laser activation originates
from elevated ROS generation and stimulation of immune
responses at the transcriptomic level.

3.10 Hemolysis assay

The blood compatibility of HPPH@ATKR NP was assessed using a
hemolysis assay (Fig. S14 in the ESM). Deionized distilled water (dd
H,0) served as the positive control and exhibited pronounced red
hemolysis, indicative of extensive erythrocyte ~membrane
disruption. In contrast, the saline group, employed as the negative
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control, showed no hemolytic activity. Across a concentration range
of 10 to 100 pg/mL, HPPH@ATKR NP did not produce a visibly
red supernatant, suggesting favorable blood compatibility.
Quantitative analysis revealed that the hemolysis rates at all tested
concentrations remained below 5% (the established safety
threshold) with a slight concentration-dependent increase observed
[42]. These findings indicate that HPPH@ATKR NP does not
induce significant erythrocyte lysis under in vitro conditions and
exhibits excellent biocompatibility, supporting its potential utility
for subsequent in vivo drug delivery applications.

3.11 Anti-tumor effect

Given the potent in vitro anti-tumor efficacy of HPPH@ATKR
nanoparticles and the capacity to induce DAMPs release, an
orthotopic solid tumor model was established by implanting 4T1
cells into the mammary fat pad of BALB/C mice to facilitate in vivo
investigations of anti-tumor efficacy. Treatment commenced once
tumor volumes reached approximately 100 mm’ [43]. Experimental
groups included Control, Control + Laser, HPPH + Laser, RAPA,
RAPA + HPPH + Laser, ATKR, HPPH@ATKR, and
HPPH@ATKR + Laser (660 nm, 200 mW/cmy, 5 min; n = 6 per
group, determined by G*Power software (version 3.1.9.7) analysis
based on a pilot study) (Fig. 8(a)). The findings revealed that free
HPPH + Laser group produced only a moderate tumor growth
inhibition. In contrast, the HPPH@ATKR + Laser group exhibited
the most pronounced tumor suppression, achieving a tumor
inhibition rate of 71.82% + 9.75%, significantly reduced tumor
volume, and a sustained decrease in tumor growth rate
(Figs. 8(b)-8(e)). Histological analyses, including H&E and TUNEL
staining, demonstrated marked nuclear condensation, chromatin
margination, and extensive apoptotic signals within tumor cells of
the HPPH@ATKR + Laser group (Fig. 8(f)). Meanwhile,
throughout the treatment period, the body weight of the mice
remained stable (Fig. S15(a) in the ESM), and no significant
alterations were observed in major organ indices (heart, liver,
spleen, lung, and kidney) (Fig. S15(b) in the ESM). Furthermore,
H&E staining revealed no evident tissue damage in these organs
(Fig. S15(c) in the ESM), indicating favorable biocompatibility and
safety of the nanoplatform. The above results substantiate that the
HPPH@ATKR nanoplatform, upon light activation, synergistically
utilizes the sensitization effect of RAPA and the immune adjuvant
effect of APS to elicit a robust anti-tumor immune response,
thereby demonstrating excellent therapeutic effects. Notably,
supplementary investigations with an optimized dosing regimen
(3 mg/kg, 4 injections) demonstrated a more sustained tumor
suppression with a higher inhibition rate of 89.02% + 3.29% and no
observed systemic toxicity (Fig. S16 in the ESM), suggesting the
broad therapeutic window and potency of this integrated system.

3.12 Enhanced
HPPH@ATKR NP

To understand the underlying mechanism responsible for the
enhanced  photodynamic  immunotherapy — mediated by
HPPH@ATKR NP, ex vivo immunofluorescence staining and flow
cytometry analyses were conducted to assess antitumor immune
responses. Further mechanistic investigations revealed a significant
downregulation of HIF-la expression in tumor tissues of mice
treated with the HPPH@ATKR NP combined with laser
irradiation (Figs. 9(a) and 9(b)). Previous studies have established
that persistent overexpression of HIF-la constitutes a principal

photoimmunological  response by
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Figure8 In vivo anti-tumor performance of the various formulations in 4T1 tumor bearing mice. (a) Schematic illustration of the therapeutic schedule. (b) Digital
photograph of the excised tumors at the end of treatment. (c) Tumor volume among different groups (1 = 6). (d) Tumor weight after treatment with different
formulations (1 = 6). (¢) Tumor growth curve with different treatments over a period of 13 days. (f) H&E (scale bar: 100 pm) and TUNEL staining (scale bar: 200 pm)
results of the tumor sections at the end of treatment in eight groups. Data represented as mean + SD, *P < 0.05, **P < 0.01, **P < 0.001 and ***P < 0.0001.

mechanism causing resistance to the photosensitizer HPPH, as it
enhances tumor cell adaptation to hypoxic environment, suppresses
ROS generation, and diminishes photodynamic therapy efficacy
[44]. In this study, we found that the incorporation of RAPA
markedly inhibited HIF-1a expression, thereby mitigating tumor
hypoxia tolerance and consequently augmenting the laser sensitivity
and cytotoxic effects of HPPH. Meanwhile, immunofluorescence
staining demonstrated increased CRT exposure on the tumor cell
membrane and a pronounced reduction in HMGBI signals within

7% 2ue | Sci@pen
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this treatment group, indicating successful induction of ICD by
HPPH in synergy with RAPA (Fig. 9(c)). It is well known that
DAMPs released during ICD, including CRT and HMGBI,
function as "eat me" and "danger" signals, can be recognized and
internalized by DCs, thereby promoting DC maturation and
antigen presentation [45]. It is a critical process for initiating anti-
tumor immune responses [46].

Enhanced immunogenicity induced by PDT, tumor hypoxia
alleviated through RAPA-mediated metabolic modulation, and
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Figure9 In vivo anti-tumor photoimmunological response. (a) Immune-fluorescence imaging and (b) quantitative analysis of the situation of hypoxia in 4T1 tumors
(scale bar: 50 um, n = 5). (c) Fluorescent imaging of CRT exposed and HMGBI release in tumor tissues (scale bars: 50 um). (d) Flow cytometry analysis of mature
dendritic cells in DLNS, (e) CD4/CD8' T lymphocytes in tumors, (f) MDSCs in tumors, and (g) M2 macrophages in tumors after different treatments (n = 4). (h) ELISA
analysis of the levels of inflammatory cytokines TNF-a, IFN-y, IL-10, and IL-12 in tumors (# = 3). Data represented as mean + SD, *P < 0.05, **P < 0.01, **P < 0.001, and

PP < 0.0001.

immune activation potentiated by APS adjuvanticity collectively
established the cooperative mechanism of HPPH@ATKR-based
therapy to promote DC maturation and T-cell activation. Immune
cells in tumors and tumor-DLNs from treated BALB/c 4T1 tumor-
bearing mice were comprehensively analyzed by flow cytometry.
The release of DAMPs such as HMGBI and ATP after
HPPH@ATKR + Laser treatment fueled DC maturation and
antigen presentation. As shown in Fig. 9(d), the ratio of

adjuvant activity of APS. The proportion of CD8" T cells within
tumors also increased markedly in the HPPH@ATKR + Laser
group, exhibiting a favorable systemic immune activation
(Fig. 9(e)). APS could activate the Nrf2/HO-1 pathway to promote
an anti-inflammatory immune milieu by reducing myeloid-derived
suppressor cell (MDSC) activity and relieving immunosuppression
[37]. Consistently, the percentage of CD11b'Gr-1* MDSCs in
tumors decreased to 7.80% + 3.56% compared with 24.92% +

CD80*CD86" DCs in DLNs reached 43.28% + 1.14%, surpassing 1.72% in Control, confirming that the combination of
that of other groups, indicating enhanced immunogenicity and HPPH@ATKR  with  irradiation  effectively  reduced
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immunosuppressive cell accumulation (Fig. 9(f)). Moreover, the
ratio of CD206F4/80° macrophages declined significantly,
suggesting repolarization from the M2 to M1 phenotype (Fig. 9(g)).
These results demonstrate that HPPH@ATKR + Laser effectively
enhanced immunogenicity, strengthened immune activation, and
alleviated tumor immunosuppression. Cytokine analysis further
confirmed the enhanced immune activation. The proinflammatory
cytokines tumor necrosis factor-alpha (TNF-w), interferon-gamma
(IFN-y), and interleukin-12 (IL-12) were significantly elevated,
whereas the immunosuppressive cytokine IL-10 was markedly
reduced in the HPPH@ATKR + Laser group (Fig. 9(h) and Fig. S17
in the ESM). These results further verified that the triple
combination under laser irradiation efficiently remodeled the
tumor immune microenvironment, establishing a proinflammatory
and immune-active state conducive to effective antitumor
immunity.

4 Conclusions

In conclusion, we have successfully developed a biocompatible and
ROS-responsive nanoplatform (HPPH@ATKR) based on the
clinical-proven and "Qi-tonifying" herb APS, which enables the co-
delivery of the pharmacological sensitizer RAPA and the
photosensitizer HPPH to enhance the efficacy of PDT alongside the
anti-tumor immune response. This active bioactive nanosystem is
characterized by uniform size and morphology, excellent colloidal
stability, high drug-loading efficiency, and intelligent responsive
drug release capabilities. Our research demonstrates that under NIR
laser irradiation, the activated HPPH generates substantial ROS
levels, triggering the cleavage of the TK bond and enabling targeted
release of both HPPH and RAPA at the tumor site. RAPA
improves the hypoxic tumor microenvironment by inhibiting the
mTOR signaling pathway to downregulate HIF-la expression,
thereby  significantly  sensitizing ~HPPH-mediated  PDT.
Furthermore, as an immune adjuvant, APS can activate DCs,
promote their maturation, and increase the efficiency of antigen
uptake. Therefore, the biocompatible self-assembled drug delivery
system HPPH@ATKR proposed in our study, through the
synergistic interplay of HPPH, RAPA, and APS, presents a
scientifically robust and highly promising anti-tumor therapeutic
approach. This strategy leveraging the clinical translation potential
of APS is expected to achieve a favorable synergy between
photodynamic therapy and immunotherapy in cancer treatment.

Electronic Supplementary Material: Supplementary material
(linear correlation of RAPA and HPPH against its corresponding
concentrations, characterization of ATKR NP, the physiological
medium stability of HPPH@ATKR NP, CMC value constituted by
ATKR using pyrene probe, TEM images of APS, APS-TK-RAPA
material and ATKR NP, the UV-Vis absorption spectra of ABDA,
in vitro release pattern of RAPA from HPPH@ATKR, the cellular
uptake ability of 4T1 cells with free HPPH, SOSG-based flow
cytometry analysis and quantitative analysis for singlet oxygen
detection, Venn plot, volcano diagram, GO enrichment analysis,
KEGG enrichment analysis, GSEA multiple gene sets bubble plots,
hemolysis image and hemolysis rate, biological safety evaluation to
mice, in vivo anti-tumor performance of the various formulations
in 4T1 tumor bearing mice at an increased administration dosage,
enzyme-linked immunosorbent assay (ELISA) quantitative analysis
of the levels of inflammatory cytokines TNF-«, IFN-y, IL-10 and IL-
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12 in tumors) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908620.
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