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Abstract A major challenge facing photodynamic therapy (PDT) is that the activity of the immune-

induced infiltrating CD8þ T cells is subject to the regulatory T lymphocytes (Tregs), leaving the tumor

at risk of recurrence and metastasis after the initial ablation. To augment the antitumor response and

reprogram the immunosuppressive tumor microenvironment (TME), a supramolecular photodynamic na-

noparticle (DACss) is constructed by the host-guest interaction between demethylcantharidin-conjugated

b-cyclodextrin (DMC-CD) and amantadine-terminated disulfide-conjugated FFVLGGGC peptide with

chlorin e6 decoration (Ad-ss-pep-Ce6) to achieve intelligent delivery of photosensitizer and immunomod-

ulator for breast cancer treatment. The acid-labile b-carboxamide bond of DMC-CD is hydrolyzed in

response to the acidic TME, resulting in the localized release of DMC and subsequent inhibition of Tregs.

The guest molecule Ad-ss-pep-Ce6 can be cleaved by a high level of intracellular GSH, reducing photo-

sensitizer toxicity and increasing photosensitizer retention in the tumor. With a significant increase in the

CTL/Treg ratio, the combination of Ce6-based PDT and DMC-mediated immunomodulation adequately

achieved spatiotemporal regulation and remodeling of the TME, as well as improved primary tumor and

in situ lung metastasis suppression with the aid of PD-1 antibody.
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1. Introduction

Photodynamic therapy (PDT) is emerging as a minimally invasive,
rapid, and secure treatment modality for superficial tumors such as
breast cancer, which primarily resorts to the triad of photosensi-
tizer, light, and oxygen, to produce reactive oxygen species (ROS)
and induce tumor apoptosis1e4. More importantly, PDT can
induce immunogenetic cell death (ICD) to augment the immune
system’s anti-tumor response for further cancer immunotherapy5.
During this process, the release of tumor-associated antigen
(TAA) from damaged tumor cells promotes the maturation of
dendritic cells (DCs) and the infiltration of cytotoxic T lympho-
cytes (CTLs) into the tumor microenvironment (TME), which
exert the most dominant killing effect on tumor cells and deter-
mine the efficacy of immune activation-related cancer therapy6e8.
Despite the above strong superiority, in most cases, severe
immunosuppression in the TME shapes the pattern and level of
T-cell infiltration (T-cell homing) and activation, making it diffi-
cult to rely on ICD for complete tumor ablation or even possible
risk of recurrence and metastasis9e12. Given these mechanisms,
the combination of PDT and TME immunomodulation is neces-
sary to further advance immunotherapy13e15.

In addition to redox status, acidity, and several biochemical
pathways, the activity of CTLs is largely suppressed by certain
cell types, the most important of which are regulatory T lym-
phocytes (Tregs), a highly immunosuppressive subset of CD4þ T
cells that negatively regulate the immune response and impair
CTL activity, thereby maintaining immune homeostasis and pro-
moting tumor progression16e20. Reducing the number of Tregs in
the immunosuppressive TME facilitates an increase in the number
and activity of CTLs and better levels of anti-tumor immunity21,22.
Demethylcantharidin (DMC), a protein phosphatase 2A (PP2A)
inhibitor, shows potential as a TME immunomodulator23. It en-
hances tumor debulking by increasing the infiltration of CTL and
reducing Treg numbers, without causing noticeable acute or
chronic toxicity24. This effect is achieved through the inhibition of
PP2A and activation of the mammalian target of rapamycin
complex 1 (mTORC1) signaling pathway, resulting in reduced
expression of forkhead box P3 (FOXP3) and hindering Treg for-
mation in the TME22. Based on the immunomodulatory effects of
DMC, the combination with photosensitizer is expected to play an
important role in improving the efficacy of immunotherapy and
tumor suppression.

Despite the combination is promising, delivering two compo-
nents to different parts of the tumor to achieve a synergy effect is a
significant challenge, especially given the disparities in hydro-
philicity and pharmacokinetics between photosensitizer and
immunomodulator. Nanotechnology has recently shown prom-
ising potential in drug co-delivery, particularly with the emergence
of drug self-assembly systems25e30. Supramolecular self-
assembly systems, specifically b-cyclodextrin (CD)-based sys-
tems, have been widely used for the delivery of many types of
drugs31e34. CD’s inherent hydrophilic surfaces and hydrophobic
cavity enable the separate loading of DMC and photosensitizer,
forming nanoparticles through hosteguest non-covalent
interactions35e39. Nevertheless, two challenges remain: (1) DMC
is rapidly metabolized and its precise delivery to the TME is
difficult; (2) photosensitizer suffers from phototoxicity. To over-
come these challenges, a stimulus-responsive strategy was
employed. DMC was modified on the b-CD surface via stimulus-
activatable chemical bonds to create a prodrug system, which
maintains an “off” state until exposure to a specific trigger in the
TME to release drugs on demand for precise manipulation of
immunomodulation. Similarly, photosensitizer was connected to a
guest molecule module (such as amantadine) via stimulus-
responsive chemical bonds. In this way, the nanoparticles can be
degraded and retained in the tumor cells in response to specific
signals, reducing phototoxicity due to the accumulation of the
photosensitizer at non-target sites. Based on the above assump-
tions, the CD-based dual-responsive supramolecular prodrug self-
assembly system holds great potential for the specific and accurate
co-delivery of photosensitizer and DMC.

Although the combination of PDT and the immunomodulator
DMC promotes CD8þ T-cell infiltration and activation, there is an
adaptive upregulation of PD-L1 expression on the surface of
tumor cells, which may lead to T-cell dysfunction. This may be
due to several factors: (1) PDT-mediated hypoxia via the hypoxia-
inducible factor 1a (HIF-1a) signaling pathway40; (2) PDT-
induced increased production of IFN-g by lymphocytes41,42; (3)
ROS-generated exogenous oxidative stress43; (4) DMC-mediated
activation of the Akt signaling pathway through inhibition of
PP2A23,44,45. The presence of these mechanisms reduces the
therapeutic efficacy of the combination, so we integrated immu-
notherapy based on immune checkpoint blockade (ICB) therapy,
PDT, and DMC, using PDT to increase T-cell infiltration, DMC to
decrease the number of Tregs to alleviate the immunosuppressive
TME, and PD-1 antibody to reverse T-cell dysfunction, ultimately
leading to enhanced therapeutic efficacy.

Here, we designed a CD-based supramolecular self-assembled
nanomedicine with photosensitizer and immunomodulator to
restore the activity of T cells and remodel immunosuppressive
TME. As illustrated in Scheme 1, hydrophilic DMC was modified
on the surface of the host molecule b-CD using an acid-sensitive
b-carboxamide bond. Simultaneously, the hydrophobic photosen-
sitizer chlorin e6 (Ce6) was linked with amantadine group
(Ad)-terminated peptide FFVLGGGC via disulfide bonds to form
the hydrophobic core Ad-ss-pep-Ce6. Through host-guest recog-
nition, DMC-CD and Ad-ss-pep-Ce6 self-assembled to form the
DMC-CD/Ad-ss-pep-Ce6 nanoparticles (DACss). The immuno-
modulatory capacity of DMC on the surface of the nanoparticles in
the physiological environment was in the “off” state. After passive
accumulation in the tumor, the b-carboxamide bond in DMC-CD
was hydrolyzed in the acidic TME and released DMC to suppress
Treg formation. After entering into the tumor cells, the remaining
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Scheme 1 Schematic illustration of the preparation and biological function of DMC-CD/Ad-ss-pep-Ce6 nanoparticles (DACss).
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nanoparticles disintegrated in response to the high level of intra-
cellular GSH, generating ROS under near-infrared light to ablate the
tumor and induce ICD. With the improvement of the CTL/Treg
ratio, the combination of Ce6-based PDT and DMC-mediated
immunomodulation fully realized the spatiotemporal regulation of
TME, which greatly enhanced the effect of photo-immunotherapy.
Meanwhile, the combination with PD-1 antibody could counteract
the PD-L1 upregulation on the membrane of tumor cells caused by
PDTand DMC, improve the tumor suppression rate, and inhibit the
occurrence of in situ lung metastasis.
2. Materials and methods

2.1. Materials

Ce6 was purchased from Frontier Scientific, Inc. (Logan, Utah,
USA). b-CD and Mono-(6-amino-6-deoxy)-beta-cyclodextrin
(short for b-CD-NH2) were purchased fromZhiyuan Biotechnology
Co., Ltd. (Binzhou, China). Peptides (NH2-FFVLGGGC) were
obtained from Sangon Biotech Co., Ltd. (Shanghai, China). DMC,
DCFH-DA, and 3-(2-pyridyl dithiopropionic acid) were purchased
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from Bidepharm (Shanghai, China). Anti-PD-1 antibody was pur-
chased from BioXCell (West Lebanon, NH, USA). 1-(3-Dimethy-
laminopropyl)-3 ethylcarbodiimide hydrochloride (EDC), 4-dime-
thylaminopyridine (DMAP), N-hydroxysuccinimide (NHS), and
trimethylamine (TEA) were purchased from Aladdin (Shanghai,
China). Ad-Mal was purchased from Xi’an Qiyue Biotechnology
Co., Ltd. (Xi’an, China). Alexa Fluro 647 Goat Anti-Rabbit IgG
(H þ L) secondary antibody, Goat Anti-Rabbit IgG H&L (FITC)
antibody (ab6717), anti-calreticulin (CRT) antibody (ab92516),
anti-mouse PD-L1 antibody (ab213480), anti-mouse high-mobility
group box-1 protein (HMGB-1) (ab18256), and anti-mouse CD31
(ab222783) antibody were purchased from Abcam (Hongkong,
China). PE-anti-mouse Foxp3 antibody (320008) and APC-anti-
mouse CD40 antibody (124612) were purchased from Biolegend
(San Diego, CA, USA). The Annexin V-fluoresceine isothiocyanate
(FITC) apoptosis assay kit was obtained from Yeason (Shanghai,
China). HMGB-1 ELISA detection kit was purchased from
QuanzhouRuixin Biotechnology (Quanzhou, China), the adenosine
triphosphate (ATP) assay kit was achieved from Beyotime
Biotechnology (Shanghai, China), and the PP2A ELISA detection
kit was purchased from Jiangsu Meimian Industrial Co., Ltd.
(Jiangsu, China). The murine 4T1 breast cancer cell line was ob-
tained from the Chinese Academy of Sciences Cells Bank
(Shanghai, China). Female BALB/c mice (5e6 weeks, 18e20 g)
were obtained from SPF Biotechnology Co., Ltd. (Beijing, China).
All animal experiments were approved by the Animal Experimen-
tation Ethics Committee of Sichuan University.

2.2. Methods

2.2.1. Synthesis of DMC-modified CD
The synthesis process of DMC-CD is shown in Supporting In-
formation Fig. S1. b-CD-NH2 (100 mg), DMC (74.14 mg), and
DMAP (5.39 mg) were thoroughly mixed in 4 mL of N,
N-dimethylformamide (DMF) and stirred at 65 �C for at least 24 h.
The reaction mixture was then dialyzed (MWCO500) in deionized
water (pH w8.5) at room temperature for 8 h. After dialysis, the
solution was collected and lyophilized. The product was charac-
terized and verified by proton nuclear magnetic resonance (1H
NMR) spectrum (Agilent, DD2 600, USA) and Liquid Chroma-
tography with Mass Spectrometry (LC‒MS, PerkinElmer, USA).

2.2.2. Synthesis of Ad-ss-pep-Ce6 and Ad-pep-Ce6
The purchased peptide NH2-FFVLGGGC (60 mg, 1 eq.) and Ad-
ss-Py (31.41 mg, 1.2 eq.) were mixed in 3 mL DMF and stirred in
the dark for 12 h at 30 �C under a nitrogen atmosphere to obtain
Ad-ss-pep. Then Ce6 (53.84 mg, 1 eq.), EDC (28.10 mg, 3 eq.),
and NHS (31.15 mg, 3 eq.) were dissolved in 2 mL DMF and
stirred for 2 h at room temperature to activate the carboxyl of Ce6.
The latter solution and TEA (37.52 mL, 3 eq.) were added into the
former one and allowed to react for 24 h in the dark at 30 �C under
a nitrogen atmosphere. The final collected solution was dialyzed
with DMSO(MWCO1000) for 12 h and with deionized water for
24 h at room temperature.

The preparation of Ad-pep-Ce6 is similar to the Ad-ss-pep-
Ce6, with only the first step being slightly different. The peptide
NH2-FFVLGGGC (60 mg, 1 eq.), Ad-Mal (45.45 mg, 2 eq.), and
TEA (the pH of the solution was adjusted to 7.5) were mixed in
DMF and stirred at 30 �C under a nitrogen atmosphere for 24 h.
The subsequent reaction with Ce6 was the same as described
above. The final product and intermediate product of Ad-ss-pep-
Ce6 and Ad-pep-Ce6 were verified by 1H NMR spectrum
(Agilent), LC‒MS (PerkinElmer), and matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF-MS, SHIMADZU, AXIMA-TOF, Japan) (the matrix was
sinapic acid).

2.2.3. Construction of DACss
The nanoparticles were prepared according to the previous liter-
ature46. In brief, DMC-CD and Ad-ss-pep-Ce6, dissolved in DMF,
were mixed at a molar ratio of 1:1 and sonicated in a water-bath
ultrasonic apparatus (40 W, 30 min) to form an inclusion com-
plex. Subsequently, the mixed solution was added drop-by-drop
into 15 times the volume of deionized water (pH w 8.5) during
stirring at room temperature (1000 rpm, 15 min). Then the mixture
was ultrasonicated using an ultrasonic cell crusher for 5 min
(65 W, 5 s/5 s/cycle) to make the nanoparticles more homoge-
neous in size. DMF was then removed and the solution was
concentrated by centrifugal filters (10 kDa, Millipore) to obtain
DACss. The same procedure was used to prepare AC, ACss, and
DAC, with b-CD used as a DMC-free control for the host mole-
cule in the AC and ACss groups, and Ad-pep-Ce6 as a guest
molecule control in the AC and DAC groups, lacking GSH
responsiveness.

2.2.4. In vitro pH-responsive DMC release
A 10 mmol/L aqueous solution of sodium acetate was prepared
and the pH was adjusted with acetic acid to obtain release media
for different pH conditions, and the DACss solution was loaded
into a dialysis bag (MWCO1000) and incubated at 37 �C. At
different time intervals, the content of DMC was determined by
LC‒MS (PerkinElmer), and the cumulative release at different
times was calculated to obtain the release profile of DMC.

2.2.5. Cellular uptake and retention
1 � 105 4T1 cells were seeded into 12-well plates and incubated
until they reached 80% confluency. The cells were then treated
with different preparation groups (Ce6 concentration of 2 mg/mL)
for 2 h, and the fluorescence signal of each group was measured
using flow cytometry (Agilent NovoCyte, USA). For the qualita-
tive assay, 4T1 cells were plated on coverslips in 12-well plates
and treated as described above. Cells were then stained for lyso-
somes with Lysotracker Red DND-99, fixed with 4% para-
formaldehyde, and then nuclei stained with DAPI for confocal
imaging. The fluorescence intensity was observed using confocal
microscopy (CLSM, Leica, Wetzlar Germany).

To prepare multicellular spheroids (MCSs), 4T1 cells
(5 � 103 cells per well) were added to 96-well plates coated with
2% (w/v) low-melting-point gel. After approximately five days of
incubation, spherical MCSs were selected and treated with Ce6,
AC, ACss, DAC, and DACss. After 12 h of incubation, the drug-
containing medium was replaced with a fresh DMEM medium for
another 12 h. Then, the MCSs were washed, fixed, and observed
by CLSM.

2.2.6. In vitro cytotoxicity and apoptosis assay
When 4T1 cells were seeded into 96-well plates (3 � 103 cells per
well) and grew to 50% confluency, the fresh medium (as a control)
or medium containing different formulations (Ce6þL, AC,
AC þ L, ACss, ACss þ L, DAC, DAC þ L, DACss, and
DACss þ L) at various Ce6 concentrations (0.625e10 mg/mL)
were introduced into the wells. Irradiation (100 mW/cm2, 20 s per
well) was performed 12 h post-incubation. At 12 h post-
irradiation, cytotoxicity was assessed by MTT assay.



Photodynamic and immunomodulatory nanomedicine synergistically improves the anti-tumor effect 769
For the apoptosis assay, 4T1 cells (1 � 105 cells per well) were
placed in 12-well culture plates and incubated for 36 h. The cells
were then treated with different formulations as described in
the cytotoxicity assay. Irradiation was conducted after 12 h
(100 mW/cm2, 1 min). After 2 h, the cells were collected, stained
with Annexin V-FITC and PI, and then measured by flow
cytometry.

2.2.7. In vitro PP2A activity assay
2 � 105 4T1 cells were seeded into 6-well plates and incubated
until they reached 80% confluency. The cells were then treated
with DMC, AC, and DACss (DMC concentration of 3 mg/mL) for
6 h. Then cells were washed twice with PBS and lysed with RIPA
lysis buffer for 15 min on ice. The lysates were centrifuged at
12,000 rpm for 15 min and the supernatants containing total
cellular protein were collected. Protein quantification was per-
formed using the BCA protein assay kit. The lysate was also used
to detect PP2A phosphatase activity using the PP2A ELISA
detection kit.

2.2.8. In vitro ICD assessment and DC maturation
4T1 cells were seeded onto a coverslip in a 12-well plate and
incubated with different formulations. After 12 h of incubation,
the cells were irradiated (100 mW/cm2, 1 min) and then incubated
for an additional 2 h. The cells were then washed, collected, and
stained with an anti-CRT antibody (1:100) at 4 �C for 30 min. This
was followed by incubation with a FITC-conjugated secondary
antibody (1:500) at 4 �C for 15e20 min. Finally, they were
measured by flow cytometry. In addition, the supernatants were
collected for ATP detection and ELISA assay of HMGB-1.

For the DC maturation assay, bone marrow-derived dendritic
cells (BMDCs) were extracted from the femur and tibia of 8-
week-old female BALB/c mice and cultured in a Petri dish for 6
days. Concurrently, 4T1 cells were treated with different formu-
lations as described above. The supernatants of the 4T1 cells were
then collected and added to the BMDCs in 12-well plates. After a
24-h incubation period, the cells were washed, collected, and
stained with anti-CD11c-FITC, anti-CD40-APC, anti-CD80-PE/
CY7, and anti-CD86-APC/CY7. The cells were then measured by
flow cytometry.

2.2.9. In vivo biodistribution
4T1 cells suspended inPBSwere subcutaneously injected into the left
mammary fat pads of female BALB/c mice (3 � 105 cells/mouse).
After 12 days, mice bearing tumors of approximately 150 mm3 were
randomly divided into 5 groups (nZ 3). Then, free Ce6, AC, ACss,
DAC, and DACss, each with an equivalent Ce6 concentration of
3.5 mg/kg, were intravenously injected into the 4T1 tumor-bearing
BALB/c mice. In vivo fluorescent imaging was carried out at 2, 6,
12, and 24 husing aLumina III ImagingSystem(PerkinElmer,USA).
After the final imaging, all the tumors and organs were dehydrated,
frozen, sectioned, and imaged by CLSM (Leica).

2.2.10. Validation of upregulation of PD-L1 induced by PDT
and DMC
The construction of 4T1 breast cancer models in BALB/c mice
was carried out as previously described, with each mouse
receiving a subcutaneous injection of 3 � 105 cells. After 10 days,
when the tumors had reached approximately 100 mm3, the mice
were randomly divided into three groups (n Z 3). The groups
were treated with PBS, Ce6þL (4 mg/kg), and DMC (1 mg/kg)
via tail-vein injection (Fig. 1A). 2 h post-injection, the Ce6þL
group was subjected to irradiation for 5 min (650 nm,
100 W/cm2). This treatment regimen was repeated every two days
for a total of three cycles. On the eighth day, the mice were
euthanized, and single-cell suspensions were prepared from the
tumors. These were then stained with anti-PD-L1-APC and
analyzed via flow cytometry to assess the expression of PD-L1.

2.2.11. Anti-tumor therapy
4T1 cells were initially subcutaneously injected into the left
mammary fat pads of female BALB/c mice (2 � 105 cells/mouse).
After 9 days, when the tumor sizes reached approximately
60 mm3, the tumor-bearing mice were randomly divided into eight
groups (n Z 5). These groups were intravenously injected with
PBS, Ce6þL, DMC, AC þ L, DAC þ L, DACss, DACss þ L, and
DACss þ L þ anti-PD-1 (1 mg/kg DMC, 4 mg/kg Ce6), respec-
tively. At the 4-h post-injection, the laser groups were irradiated
for 5 min (650 nm, 100 W/cm2). The treatments were repeated
every 5 days for 3 cycles, while tumor volumes and body weights
were recorded every 2 days. The PD-1 antibody was injected
intraperitoneally in the DACss þ L þ anti-PD-1 group at a dose of
100 mg per mouse 24 h after laser irradiation, repeated 3 times
starting from the second administration cycle. Tumor volume was
calculated as 0.5 � length � width2, measured via a caliper. After
31 days, the mice from all groups were euthanized and the major
organs and tumors were collected and washed with PBS for
subsequent histological analysis of hematoxylin and eosin (H&E),
terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick
end labeling (TUNEL), and Ki67 staining assay. Additionally, the
total number of in situ lung metastatic lesions was counted to
evaluate the anti-metastatic effects of each group (n Z 5).

2.2.12. Immune response
Fresh lymph nodes, spleens, and tumors from each group were
collected to prepare single-cell suspensions. Anti-CD11c-FITC,
anti-CD80-PE/CY7, and anti-CD86-APC were used for DC
maturation in lymph nodes and spleen. To evaluate the level of T
cells, splenocytes were stained with anti-CD3, anti-CD4, and
anti-CD8; tumor cells were stained with anti-CD3, anti-CD4,
anti-CD8, anti-PD-L1, and anti-Foxp3. For the investigation of
memory T cell response, splenocytes were stained with
anti-CD3, anti-CD44, and anti-CD62L. Cytokines in the tumor
tissue homogenate, including TNF-a, TGF-b, IFN-g, IL-1b,
IL-2, IL-6, IL-10, and IL-12, were measured by ELISA kits
according to the protocols.

3. Results and discussion

3.1. Pre-validation of PD-L1 upregulation induced by PDT and
DMC

Phototherapy and DMC treatment have been reported to cause
an adaptive upregulation of PD-L1 receptors on the surface of
tumor cells, leading to the dysfunction of T cells. When
comparing the three groups, we observed higher levels in both
the DMC and Ce6þL groups, which were 1.8- and 2.5-fold
higher than the control group, respectively (Fig. 1B and C).
The results from the immunofluorescent images were consistent
with those from the flow cytometry (Fig. 1D). This may reflect
the immunosuppressive mechanism of residual cancer cells in



Figure 1 Validation of PD-L1 upregulation induced by PDTandDMC in 4T1 tumor-bearingmice. (A) Schematic illustration of the administration

process. (B)Quantitative data and (C) representative flow cytometry plots of PD-L1 expression in tumors for each treatment group.Data are presented

as mean � SD (nZ 3). **P < 0.01. (D) Immunofluorescent images of PD-L1 expression in tumors. Scale bars represent 100 mm.
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response to PDT and DMC, underscoring the need for further
incorporation of PD-L1 blockade for further immunotherapy.

3.2. Characterization of DACss

Besides the peaks around dH 3.55，dH 3.8, and dH 5.0 in b-CD-
NH2, the critical peaks of DMC around dH 1.64, dH 2.90, and dH
4.85 were also observed in DMC-CD (Supporting Information
Fig. S2). The peaks at m/z around 1302.0 belonged to DMC-CD,
further confirming the successful synthesis (Supporting Informa-
tion Fig. S3). For the guest molecule, the peaks at m/z around
1616.22 and 1678.80 belonged to Ad-ss-pep-Ce6 and Ad-pep-Ce6
(Supporting Information Fig. S4), respectively, suggesting their
successful synthesis. The MALDI-TOF-MS assay showed that the
disulfide bond in Ad-ss-pep-Ce6 (1616.22) was cleaved to pro-
duce Ce6-pep-SH (1376.47) after incubation with 10 mmol/L
GSH, confirming that the disulfide-bound Ad-ss-pep-Ce6 has
good reduction sensitivity (Fig. S4). Based on the literature46, we
constructed DACss autonomously by supramolecular interactions
using a 1:1 molar ratio of DMC-CD and Ad-ss-pep-Ce6 (Fig. 2A).
The supramolecular inclusion complex was characterized by
MALDI-TOF-MS (Supporting Information Fig. S5). When the
host and guest molecules were physically mixed, the peaks of
DMC-CD and Ad-ss-pep-Ce6 were observed at m/z around 1300
and 1600, respectively. After the formation of the inclusion
complex, these two peaks weakened and the peak of the inclusion
complex appeared at m/z around 2900, this result proved that the
two formed the inclusion complex.

Subsequently, we performed a series of characterizations of
DACss and its controls. The hydrodynamic sizes of AC, ACss,
DAC, and DACss were 72.98 � 3.20, 72.72 � 3.81, 72.46 � 2.48,
and 73.67 � 1.80 nm respectively, and appeared spherical under
transmission electron microscopy (TEM) imaging (Fig. 2B‒D and
Supporting Information Table. S1). Moreover, all nanoparticles
showed good uniformity, as confirmed by the polydispersity index,
and had a negatively charged surface with a zeta potential from
�20 to �30 mV (Fig. 2E and Supporting Information Table. S1).
Furthermore, the four groups of nanoparticles showed excellent
stability and biosafety. As seen in Fig. 2F and Supporting Infor-
mation Fig. S6A and S6B, the nanoparticles could be maintained
in water, high-salt solution, and 5% glucose solution with negli-
gible size changes for 96 h. Fig. 2G and Fig. S6C showed the
nanoparticles did not cause obvious hemolysis even at the con-
centration of up to 200 mg/mL (<10% hemolysis), indicating good
biocompatibility and stability in the blood circulation of all
nanoparticles. The release profile of DMC from DACss was
determined and, as seen in Fig. 2H, the release rate of DMC was
faster at pH 5.5 than at pH 7.4, indicating that the b-carboxamide
successfully responded to the acidic pH and released DMC.
Moreover, the nanoparticles had similar absorption peaks at 405
and 650 nm and emission peak at 650 nm (Fig. 2I and J), sug-
gesting great potential for real-time in vivo tracking and photo-
regulation.

3.3. Cellular uptake and retention, ROS generation, in vitro
cytotoxicity studies, and PP2A activity assay

The cellular uptake abilities of nanoparticles were evaluated using
confocal imaging and flow cytometry. As shown in Fig. 3A, the
uptake of DACss was time-dependent, with an increase in



Figure 2 Characterization of nanomedicines and responsiveness. (A) Chemical structure of DACss and mechanism of pH-responsive DMC

release and GSH response. Hydrodynamic diameters and TEM images of (B) AC, (C) ACss, (D) DACss. The scale bars represent 100 nm. (E)

Zeta potential of AC, ACss, DAC, and DACss. (F) The stability of nanoparticles in water for 96 h. (G) Hemolysis analysis of red blood cells

(RBCs) with different treatments for 2 h. Inset: images of RBCs after incubation with Triton X-100, PBS buffer, and groups of nanoparticles in

PBS buffer at an equivalent dose (50 mg/mL for Ce6) followed by centrifugation. 1 � PBS buffer was used as a negative control (�), and Triton

X-100 was used as a positive control (þ). (H) Cumulative release of DMC at different pH from the DACss. (I) UVeVis absorption and

(J) fluorescence spectra of free Ce6 and the nanoparticles. Data are presented as mean � SD (n Z 3).
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Figure 3 Cellular uptake, ROS generation, in vitro cytotoxicity studies, and PP2A activity assay. (A) The uptake of DACss at different time

points is shown. (B) The uptake of four groups of nanoparticles at pH 6.5 and 7.4 conditions for 2 h. (C) CLSM images of cellular uptake for 2 h.

Scale bars represent 25 mm. (D) Quantitative results and (E) representative flow cytometric images of intracellular ROS in 4T1 cells after in-

cubation with different formulations in the presence or absence of laser irradiation by DCFH-DA probe. Data are presented as mean � SD

(n Z 3). (F) Relative cell growth rate of 4T1 cells after being treated with free Ce6 and nanoparticles at different Ce6 concentrations with or

without laser irradiation. Error bars indicate SD (n Z 4). (G) Statistical graph and (H) representative flow cytometric images of apoptosis results.

Error bars indicate SD (n Z 3). (I) PP2A activity of 4T1 cells after incubation with DMC (3 mg/mL), AC, and DACss for 8 h. The PP2A activity

of control cells was indicated as 1. Data are presented as mean � SD (n Z 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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fluorescent signals from intracellular nanoparticles as the uptake
time increased. Importantly, the intensity of DACss at pH 7.4 and
6.5 for 2 h was 1.7- and 1.5-fold higher than DAC, consistent with
the results of confocal imaging (Fig. 3B and C), implying that
DACss can be more internalized by 4T1 cells when compared with
other groups. We attributed this result to the disassembly of
DACss in response to the high intracellular level of GSH. This led
to the shedding of the hydrophilic CD shell and the formation of
the CGGGLVFF-Ce6 structure, which was more hydrophobic and
less likely to be cleared from the cell. As a result, exocytosis was
reduced compared to the DAC group, leading to increased uptake
at this time point, compared to the other groups. To prove the
above conjecture, we introduced 4T1 MCSs for verification.
Likewise, the DACss group showed the most robust retention ef-
fect compared to the free Ce6 and the other three nanoparticles in
4T1 MCSs (Supporting Information Fig. S7). This result
confirmed the responsive retention of DACss.

The DCFH-DA probe was employed to detect the concentra-
tion of intracellular ROS generated by PDT. As depicted in
Fig. 3D and E, with the addition of the laser, several groups of
nanoparticles were able to produce a higher ROS level compared
to the free Ce6 as well as the groups without the laser, indicating
that the nanoparticles could enter into cells more and produce
more ROS to eradicate tumor cells. The cytotoxicity of the DACss
was verified by MTT experiments. As seen in Fig. 3F, the nano-
particle groups exhibited stronger cytotoxicity compared to free
Ce6 after laser irradiation, while they were essentially non-toxic in
the absence of laser irradiation, suggesting that the nanoparticles
had a good biosafety profile. The MTT results also showed that
low concentrations of free DMC had no significant killing effect
(Supporting Information Fig. S8B). In addition, we examined the
toxicity of these agents on HUVEC cells (Fig. S8C), and it can be
seen that the toxicity of the DACss þ L on HUVEC was lower
than that on 4T1 cells, indicating that normal cells were well
tolerated to the DACss þ L. Furthermore, the DACss þ L group
resulted in the strongest killing effects, including 18% late
apoptosis and 4% early apoptosis, which was higher than the
ACss þ L and DAC þ L groups, as shown by the results of the
FITC and PI double-staining assay assays (Fig. 3G and H). These
results jointly suggested that DACss exhibited excellent anti-
tumor activity at the cellular level.

To verify the immunomodulatory effect of DMC, we examined
the effect of DACss on PP2A activity in 4T1 cells. As shown in
Fig. 3I, the PP2A activity was significantly reduced in the DMC
and DACss groups, both below 10%, whereas PP2A activity
remained unchanged after treatment with AC, indicating the PP2A
inhibitory ability of DACss.

3.4. ICD and BMDC maturation

We first evaluated the signals underlying the indicators of ICD. The
mean fluorescence signals of CRT in the laser-irradiated group were
significantly enhanced compared with those without laser irradia-
tion (Fig. 4A and B, and Supporting Information Fig. S9). In this
context, the mean fluorescence intensity of the DACss þ L group
was 2.9-fold higher than that of the DACss group. Likewise, all
groups treated with PDT released a noticeable amount of ATP
compared to the control and groups without laser irradiation
(Fig. 4C). Among them, the released ATP concentration of the
DACss þ L group was the highest, which was 25.5- and 1.8-fold
higher than the control and DAC þ L groups, respectively.
Similar results were obtained for the detection of extracellular
HMGB-1 concentration (Fig. 4D), but the confocal results differed
from this, as can be seen from Supporting Information Fig. S10,
HMGB-1 was mainly distributed in the nucleus, with the highest
fluorescence signals in the control group, and the signals were all
very low in the nanoparticle laser groups, suggesting that the
nanoparticle laser groups secreted HMGB-1 into extracellular roles,
and thus the corresponding content in the nucleus was low. Sub-
sequently, we used BMDCs to confirm the maturation of DCs. As
shown in Fig. 4E and F, compared with the control and groups
without laser irradiation, the percentage of CD40þCD86þ BMDCs
in DACssþL significantly increased, which was 2.1- and 1.1-fold
more than those of the control and DAC þ L groups, respec-
tively. These results indicated that PDT can potentially produce
effective ICD, leading to the exposure of adequate TAAs to mature
DCs and activate a potent anti-tumor immune response.

3.5. In vivo biodistribution

The in vivo targeting of the nanoparticles was investigated in a
4T1 tumor-bearing nude BALB/c model. As shown in Figs. 5A
and 2 h post-injection, the free Ce6 group was distributed across
the body, followed by rapid elimination from the liver and kid-
neys, while the other four nanoparticle groups showed stronger
tumor site distribution and longer elimination time. According to
the ex vivo results (Fig. 5B), the DACss showed the strongest
retention effect. The semi-quantitative results also showed that its
accumulation in the tumor was significantly 3.4-, 1.8-, and 1.3-
fold more than the control, AC, and DAC groups (Fig. 5C).
Similar results were obtained by confocal imaging of the tumor
and major organ slices (Fig. 5D and Supporting Information
Fig. S11). The distribution in the main organ exhibited in Fig. 5E,
suggests that the liver and kidney were the main metabolism or-
gans for Ce6.

3.6. In vivo anti-tumor and lung metastasis performance

The in vivo effects of DACss-mediated photo-immunotherapy and
the suppression of in situ lung metastases were further evaluated
in 4T1 tumor-bearing BALB/c mice (Fig. 6A). As depicted in
Fig. 6B and Supporting Information Fig. S12A, the control group
and the two single-agent groups, Ce6þL and DMC, exhibited the
steepest growth trend, followed by the DACss group without laser
treatment. All nanoparticle groups with laser irradiation demon-
strated strong tumor-suppressing effects. The average tumor vol-
ume in the DACss þ L þ anti-PD-1 group maintained a slow
growth rate and was below 300 mm3 on Day 31, with a final tumor
growth inhibition rate of 73.7% (considering control group as
0%), which was 1.1-, 1.3-, and 4.4-fold higher than that of the
DACss þ L (65.3%), DAC þ L (57.6%), and DACss (16.8%)
groups, respectively. In addition, the tumor weights and ex vivo
tumor image results were highly compatible (Fig. 6C and D). To
further validate this, the results of immunohistochemistry Ki67
and immunofluorescence TUNEL staining confirmed that the
DACss þ L þ anti-PD-1 group had a superb anti-tumor effect
(Fig. 6E and F). Fortunately, no significant change was observed
in body weights in all groups during the treatment period
(Fig. S12B), while H&E staining indicated no obvious histo-
pathological damage in major tissues, indicating the good
biocompatibility and biosafety of DACss (Supporting Information
Fig. S13).

Considering the highly aggressive nature of 4T1 cancer cells,
we also evaluated the potential anti-metastatic effect of DACss in



Figure 4 ICD-induced immune response and BMDC maturation. (A) Flow cytometry analysis and (B) representative flow cytometric images of

CRT on the surface of 4T1 cells. (C) Extracellular ATP level and (D) HMGB-1 level in 4T1 cells treated with different nanoparticles. (E) Flow

cytometry analysis of the percentages of CD40þCD86þ cells gated on CD11cþ BMDCs incubated with culture supernatants of 4T1 tumor cells

treated with different formulations. (F) Representative flow cytometric images of BMDC maturation. Data are presented as mean � SD (n Z 3).

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant.
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the lungs. Consistent with previous tumor volume results,
DACss þ L þ anti-PD-1 exerted the best anti-metastatic effect
with the lowest number of the mean metastatic nodules, sug-
gesting the therapeutic potential against metastatic tumors
(Fig. 6G and Supporting Information Fig. S14). Meanwhile, H&E
staining showed a consistent trend (Fig. 6H). Overall, DACss þ L
with the presence of PD-1 antibody could confer an effective in-
hibition of in situ lung metastases.
3.7. The amelioration of immunosuppressive TME

Before examining the immunological effects, we performed
immunofluorescence staining of PD-L1 levels in all groups. As
seen in Fig. 7A and B, the synergistic effect of DMC and Ce6 led
to a significant increase in PD-L1 levels at the tumor site in both
the DACss þ L and DACss þ L þ anti-PD-1 groups, further
validating the need for co-administration of PD-1 antibody.



Figure 5 Evaluation of in vivo biodistribution. (A) Fluorescence images of 4T1 tumor-bearing nude BALB/c mice 2, 6, 12, and 24 h after

intravenous injection. (B) Ex vivo fluorescent imaging of tumors 24 h post intravenous injection with different nanoparticles. (C) Semi-

quantification of major organs and tumors 24 h post-injection. (D) Confocal images of frozen tumor slices. Nanoparticle groups carried their

fluorescence signals for Ce6, nuclei were stained by DAPI, and vessels were stained green with an anti-CD31 antibody. (E) Ex vivo fluorescent

imaging of main organs 24 h post intravenous injection. Data are presented as mean � SD (n Z 3). The scale bar represents 100 mm.
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Subsequently, we examined the secretion of HMGB-1 and the
expression of CRT in tumor tissues, both of which are critical for
DC migration and maturation. Intensified red fluorescence sig-
nals of HMGB-1 and CRTwere detected in the tumor sections of
groups containing Ce6 (Fig. 7A and Supporting Information
Fig. S15), indicating the generation of ICD by Ce6-mediated
PDT, with the strongest signals in the DACss þ L þ anti-PD-1
group. We then examined the maturation of DCs in lymph nodes
and spleen using flow cytometry. The DACss þ L þ anti-PD-1
group significantly promoted DC maturation in lymph nodes and
spleens (Fig. 7C‒E and Supporting Information Fig. S16), with
the percentages of CD80þCD86þ cells 1.9- and 1.5-fold higher
than control and AC þ L groups, respectively. CD80þCD86þ

DCs in the lymph nodes of control and drug-free groups
remained at a lower level. Similar results were observed in the
spleen. These results indicated that DACss induced substantial
ICD, but was followed by adaptive upregulation of PD-L1 on the
tumor surface.

The immunosuppressive TME tends to promote tumor escape
and progression, severely undermining the anti-tumor process. To
validate the ability of photosensitizer and immunomodulator to
synergistically enhance anti-tumor immunity and convert the
immunosuppressive “cold” TME into an immunogenic “hot” T
cell-infiltrated TME, we measured the relevant infiltrating lym-
phocytes and cytokines at the tumor site. DACss-mediated photo-
immunotherapy resulted in a significant increase in CD3þ T cells.
The DACssþL þ anti-PD-1 group reached 20.7 � 4.1% CD3þ T
cells, which was 2.6 times higher than the control group.



Figure 6 In vivo anti-tumor and anti-metastasis effects. (A) Schematic illustration of the combined therapy experiment design in vivo. (B)

Tumor growth profiles after different treatments were recorded every two days for 22 days. (C) Corresponding tumor weights of mice on Day 22

following indicated treatments. Data are shown as mean � SD (n Z 5). (D) Photographic image of tumors at the end of the treatment. (E) Ki67

and (F) TUNEL staining images of tumor slices. The scale bar represents 200 and 100 mm, respectively. (G) Statistical results and (H) H&E

images of the number of metastatic nodules in the lungs. Scale bar: 2 mm. Data are shown as mean � SD (n Z 5). *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001.
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Moreover, a larger proportion of infiltrated CD4þ T cells and
cytotoxic CD8þ T cells was observed in the Ce6-mediated
photodynamic immunotherapy group (Fig. 8A‒C). CD8þ T
cells in tumors of DACssþL þ anti-PD-1 reached 12.9%, which
was enhanced by 1.2- and 6.8-fold when compared with
DACss þ L and control groups. Interestingly, as seen in the
AC þ L group (Fig. 8CeE and Supporting Information Fig. S17),
Ce6-mediated PDT alone enhanced CD8þ T cell infiltration,
accompanied by increased tumor infiltration of Tregs. However,
the effect of Tregs was attenuated by the DMC-containing groups,
with the percentage of Tregs decreasing to 5.8 � 1.7% and
4.9 � 1.6% in the DAC þ L and DACss þ L groups, respectively,
compared to the AC þ L group (6.5 � 0.9%). Specifically, the
DACss þ L þ anti-PD-1 group restored Treg levels to the control



Figure 7 (A) Immunofluorescent images of PD-L1, CRT, and HMGB-1 in tumors. Scale bars represent 100 mm. (B) Quantification data of PD-

L1 expression in tumors in each treatment group. Flow cytometry analysis of percentages of CD80þCD86þ cells gated on CD11cþ cells in the

(C) lymph nodes and (D) spleen of each treatment group. (E) Representative flow cytometry plots of CD80þCD86þ cells gated on CD11cþ cells

in the lymph nodes. Data are shown as mean � SD (n Z 4). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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group and showed the highest CD8þ T/Treg cell ratio of all
groups, possibly due to the combined effect of PDT, DMC, and
ICB therapy. Moreover, DACss þ L þ anti-PD-1 treatment
induced the highest population of IFN-g-producing CD8þ T cells,
indicating the excellent activity of T cells infiltrating the TME
(Fig. 8F). High secretion levels of pro-inflammatory cytokines in
tumors including IFN-g, TNF-a, IL-2, and IL-12 supported that
the DACss þ L þ anti-PD-1 group realized effective tumor in-
hibition. In addition, IL-1b, IL-6, IL-10, and TGF-b, which are
tumor immunosuppression indicators, were also reduced after
treatment (Fig. 8G and Supporting Information Fig. S18).

Furthermore, we examined the infiltration of CD4þ and CD8þ

T cells in the spleen (Supporting Information Fig. S19), which is
consistent with the results in the tumors described above. To
further confirm the immunological memory induced by DACss
with 650 nm laser irradiation, the ratios of central memory T cells
(Tcm, CD44þCD62Lþ) and effector memory T cells (Tem,
CD44þCD62L�) in spleens were determined (Fig. 8HeJ). In
comparison to the control group (Tcm: 6.0 � 0.2%, Tem:
11.1 � 1.8%), DACss þ L þ anti-PD-1 exhibited a much higher
level of memory T cells (Tcm: 15.3 � 3.3%, Tem: 45.1 � 3.9%),
confirming the induction of local immunological memory and the
potential of long-term immunity against tumor recurrence and
metastasis. All of the above results signified that Ce6-based PDT
and DMC-mediated immunomodulation with ICB therapy truly
increased tumor-infiltrating CTLs and decreased Tregs TME-
resident to trigger a robust adaptive immune response, thus effi-
ciently inhibiting tumor growth and in situ lung metastasis.



Figure 8 (A) Representative flow cytometry plots and quantification data of (B) CD3þCD4þ T cells and (C) CD3þCD8þ T cells from 4T1 tumor-

bearingmice after all treatments. (D) Tregs (CD3þCD4þFoxp3þ), and (E) ratio of CD8þ T to Tregs in the tumor. Percentages of (F) IFN-gþ after gating

onCD3þCD8þTcells.Data are shownasmean�SD(nZ 4). (G) Pro-inflammatory cytokines (TNF-a, IL-12) and tumor immunosuppressive cytokines

(IL-10,TGF-b) levels in tumor supernatants.Data are shownasmean�SD(nZ3). (H)Representative flowcytometryplots and quantificationdata of (I)

Tcm and (J) Tem cells in spleens. Data are shown as mean � SD (nZ 4). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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4. Conclusions

In conclusion, to overcome the bottleneck of the immunosup-
pressive TME towards PDT, we developed a multifunctional su-
pramolecular photodynamic nanoparticle (DACss). In terms of
delivery, DACss has a dual-responsive feature. On one hand, it can
release DMC in response to the acidic conditions of the TME after
enrichment at the tumor site. On the other hand, it can respond to
the high GSH level within the cell, leading to the disintegration of
nanoparticles. This responsive-driven delivery strategy enabled
DACss to achieve site-specific on-demand drug release and
reduced toxicity of the photosensitizer. In terms of combination
therapy, PDT, immunomodulation, and ICB therapy were com-
bined to achieve good tumor suppression. DMC compensated for
the drawbacks of the immunosuppressive TME induced by PDT,
by reducing the number of Tregs in the TME as well as improving
the number and activity of infiltrating CD8þ T cells. The com-
bination of PD-1 antibody mitigated the side effects of the first
two, which increased the surface expression of PD-L1. The three
interacted and complemented each other, ultimately achieving
excellent anti-tumor and anti-in situ lung metastasis effects.
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