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a b s t r a c t 

Photodynamic therapy (PDT) can produce high levels of reactive oxygen species (ROS) to kill 

tumor cells and induce antitumor immunity. However, intracellular antioxidant systems, 

including glutathione (GSH) system and thioredoxin (Trx) system, limit the accumulation 

of ROS, resulting in compromised PDT and insufficient immune stimulation. Herein, we 

designed a nanomedicine PtHPs co-loading photosensitizer pyropheophorbide a (PPa) and 

cisplatin prodrug Pt–COOH(IV) (Pt (IV)) based on hydroxyethyl starch (HES) to inhibit both 

GSH and Trx antioxidant systems and achieve potent PDT as well as antitumor immune 

responses. Specifically, HES-PPa and HES-Pt were obtained by coupling HES with PPa 

and Pt (IV), and assembled into nanoparticle PtHPs by emulsification method to achieve 

the purpose of co-delivery of PPa and Pt (IV). PtHPs improved PPa photostability while 

retaining PPa photodynamic properties. In vitro experiments showed that PtHPs reduced 

GSH, inhibited Trx system and had better cell-killing effect and ROS generation ability. 

Subcutaneous tumor models showed that PtHPs had good safety and tumor inhibition effect. 

Bilateral tumor models suggested that PtHPs promoted the release of damage-associated 

molecular patterns and the maturation of dendritic cells, induced T cell-mediated immune 
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responses, and thus suppressed the growth of both primary and distal tumors. This study 

reports a novel platinum-based nanomedicine and provides a new strategy for boosting PDT 

therapy-mediated antitumor immunity by overcoming intrinsic antioxidant systems. 

© 2024 Shenyang Pharmaceutical University. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

hotodynamic therapy (PDT) is considered as a promising 
ancer treatment [ 1 ]. It uses molecular oxygen to produce 
 large amount of reactive oxygen species (ROS), especially 
inglet oxygen (1 O2 ), by photosensitizers under the excitation 

f a specific wavelength laser, thereby killing tumor cells and 

nhibiting the development and occurrence of various tumors 
 2–4 ]. Compared with other tumor treatments, PDT has the 
haracteristics of non-invasive, space-time controllability, and 

ow side effects [ 5 ,6 ]. Light, photosensitizer, and molecular 
xygen are safe when administered alone, because ROS 
enerated after illumination has a short lifetime (less than 

00 ns) and a small diffusion range (about 20 nm), which 

imits the cytotoxicity of PDT to the illumination area [ 5 ,7 ].
owever, photosensitizers generally have shortcomings such 

s poor water solubility, short blood circulation time, and lack 
f tumor targeting [ 8–10 ]. 

ROS produced by PDT cannot only induce tumor cell 
poptosis but also trigger the occurrence of immunogenic 
ell death (ICD) [ 11–14 ]. High levels of ROS cause oxidative 
tress injury within tumor cells and induce calreticulin 

CRT) eversion, release of high mobility group box-1 (HMGB- 
), and secretion of adenosine triphosphate (ATP) [ 4 ,15 ,16 ].
hese damage-associated molecular patterns (DAMPs) bind 

o antigen-presenting cells and activate adaptive immune 
esponses [ 17–19 ]. However, the generation of ROS is usually 
imited by intracellular antioxidant systems (thioredoxin 

ystem, Trx system and glutathione system, GSH system),
ompromising PDT-mediated cancer cell killing and immune 
timulation [ 20–23 ]. 

Cisplatin is a commonly used chemotherapeutic drug for 
t (II) and has been reported to be capable of suppressing 
hioredoxin reductase (TrxR) activity [ 24–26 ]. However, side 
ffects of cisplatin (nephrotoxicity, ototoxicity, hepatotoxicity,
astrointestinal toxicity, etc.) and drug resistance limit the 
linical application [ 27–29 ]. Tetravalent platinum prodrug Pt 
IV) can overcome some shortcomings of Pt (II). Pt (IV) has a 
table spatial octahedral structure and strong kinetic inertia,
hich alleviate side effects to some extent [ 30 ,31 ]. Inside the 

umor cells, inactive Pt (IV) can consume GSH to be reduced 

o active Pt (II), helping the drug exert therapeutic effect at 
umor cells selectively [ 32–34 ]. In addition, compared with Pt 
II), Pt (IV) carries two additional ligands [ 35 ,36 ]. Therefore, Pt 
IV) can be endowed with specific functions by adjusting the 
omposition of ligands [ 37 ,38 ]. 

Hydroxyethyl starch (HES) is a widely used plasma 
ubstitute product in clinical practice [ 39 ]. It has good 

iosafety, low immunogenicity, excellent biodegradability, and 

bundant reaction sites [ 40 ]. These advantages render HES 
romising carrier for drug delivery. Our previous studies have 
emonstrated that the coupling of HES with photosensitizer 
an improve aqueous solubility, improve light stability,
romote photosensitizer tumor targeting ability, and augment 
DT efficacy [ 41 ,42 ]. Moreover, HES can be linked with Pt
IV) by oxidation of cisplatin to yield HES-Pt conjugates 
 43 ]. In the current study, we designed and synthesized a 
ES-based nano drug delivery system (NDDS), which co- 
elivered photosensitizer and Pt (IV) to the tumor site,
romoted the generation of ROS by inhibiting intracellular 
ntioxidant systems, and augmented PDT efficacy and 

ntitumor immunity. Specifically, HES-PPa (HP) and HES-Pt 
PtH) were prepared by conjugating HES with photosensitizer 
yropheophorbide a (PPa) and HES with Pt (IV), respectively.
anoparticles PtHPs were obtained by co-assembly of these 

wo conjugates (HP and PtH) via an emulsification method 

 Scheme 1 A). PtHPs improved the water solubility and 

hotostability of photosensitizer. Compared with PPa, PtHPs 
ad longer blood circulation time and enhanced tumor 
ccumulation and enrichment. In addition, Pt (IV) in PtHPs 
ould consume GSH to release Pt (II), which further inhibited 

rxR activity. Therefore, PtHPs simultaneously inhibited 

wo antioxidant systems of Trx and GSH, promoted the 
ccumulation of ROS after laser light illumination, and 

chieved potent therapeutic effects and immune responses 
 Scheme 1 B) in tumor bearing mice. This study reports a 
ovel nanomedicine based on HES and demonstrates a new 

aradigm for boosting PDT and antitumor immunity by 
nhibiting dual antioxidant systems. 

. Materials and methods 

.1. Materials 

ES 130/0.4 (molecular weight: 130 kDa, molar substitution 

f hydroxyethyl: 0.4) was donated by Wuhan HUST Life 
cience & Technology Co., Ltd. (Wuhan, China). PPa was 
urchased from Shanghai Dibo Chemicals Technology 
o., Ltd. (Shanghai, China). Cisplatin, N-Ethyl-N′ -(3- 
imethylaminopropyl) carbodiimide hydrochloride (EDCI,
8 %) and 4-dimethylaminopyridine (DMAP, 99 %) were 
ought from Aladdin Reagent Inc. (Shanghai, China). CCK-8,
nnexin V-FITC/PI apoptosis detection kit, N-acetyl-l-cysteine 

NAC) and calcein-AM/PI double staining kit were bought from 

easen Biotechnology (Shanghai, China). oxidized thioredoxin 

eductase (TrxR) activity assay kit was purchased from Beijing 
olarbio Science & Technology Co., Ltd. (Beijing, China).
nhanced ATP assay kit, GSH and GSSG assay kits were 
urchased from Beyotime Biotechnology (Shanghai, China).

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Scheme 1 – Schematic illustration of (A) nanoparticles PtHPs preparation and (B) their mechanism of inhibiting intracellular 
reduction systems to promote PDT and antitumor immunity in tumor-bearing mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DCFH-DA was bought from MedChemExpress (Shanghai,
China). Mouse high-mobility protein box-1 (HMGB-1) ELISA
kit was bought from Wuhan Gene Beauty Biotechnology Co.,
Ltd. (Wuhan, China). Flow cytometry antibodies (CD3, CD4,
CD8, CD11c, CD44, CD62L, CD80, CD86, and IAIE) were bought
from BioLegend (San Diego, USA). 

Triple negative breast cancer (TNBC) 4T1 cell line was
bought from Shanghai Institute of Biological Sciences. 4T1
cells were cultured in RPMI 1640 medium at 37 °C and 5% CO2 .
The RPMI 1640 medium contained 1 % antibiotics (penicillin
:100 U/ml, streptomycin :100 μg/ml) and 10 % fetal bovine
serum. 

BALB/c mice were purchased from Liaoning Changsheng
Biotechnology Co., Ltd. The mice were kept in indoor cages
at 22–24 °C with a light/dark cycle of 12/12 h and a
relative humidity of 55%–60%. All animal procedures were
performed in strict accordance with the internationally
accepted principles and guidelines for the Care and Use of
Laboratory Animals of Huazhong University of Science and
Technology and the experiment protocols were approved
by the Institutional Animal Ethical Committee of Huazhong
University of Science and Technology. 

2.2. Synthesis of HP and PtH 

PPa (0.077 mmol) was dissolved in 20 ml DMSO, EDCI
(0.31 mmol) and DMAP (0.31 mmol) were added as catalysts,
and HES (1.54 mmol) were added and stirred at 30 °C for
48 h. The reaction products were precipitated with isopropyl
alcohol, and then washed with isopropyl alcohol for three
times. The reaction system was dissolved in DMSO, dialyzed
and lyophilized to obtain the product HP. PtH was synthesized
according to our previous work [ 43 ]. In short, cisplatin was
dissolved in hydrogen peroxide for 1 h and centrifuged
to collect precipitation. The precipitate was washed with
water, ethanol and ether, and vacuum dried to obtain c,t,c -
[PtCl2 (OH)2 (NH3 )2 ], the oxidation product of cisplatin. The
obtained c,t,c - [PtCl2 (OH)2 (NH3 )2 ] (1.5 mmol) was dispersed
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n 40 ml DMSO, then succinic anhydride (1.5 mmol) was 
dded, and the reaction was stirred at 45 °C for 12 h. The 
recipitate was washed with ethanol and ether, and vacuum 

ried to obtain c,t,c - [PtCl2 (OH)(OOCCH2 CH2 COOH)(NH3 ) 2 ].
he obtained c,t,c - [PtCl2 (OH)(OOCCH2 CH2 COOH)(NH3 ) 2 ] 

0.46 mmol) was dispersed in 20 ml DMSO. EDCI (1.84 mmol) 
nd DMAP (1.84 mmol) were added as catalysts, and the 
eaction was stirred at room temperature for 0.5 h, and 

hen HES (1.54 mmol) was added. The reaction was stirred 

t 30 °C for 48 h. The reaction products were precipitated 

ith isopropyl alcohol, and then washed thrice with isopropyl 
lcohol. The reaction system was dissolved in DMSO, dialyzed 

nd lyophilized to obtain the product PtH. The structure was 
onfirmed by 1 H NMR and FTIR. The valence change of Pt was 
etected by XPS. 

.3. Preparation and characterization of PtHPs 

P and PtH were dissolved in 2 ml water (mass ratio 
Pa:Pt = 1:2). 200 μl DCM was added to the solution, and 

mulsified by cell ultrasonic crusher (150 W, 2 min, 2 s/2 s).
fter emulsification, DCM was removed by rotary evaporation 

37 °C, 4 min) to obtain PtHPs. 
The particle size and zeta potential of PtHPs were 

etected by dynamic light scattering (DLS). The morphology 
f nanoparticles was observed by transmission electron 

icroscopy (TEM), and the element distribution was 
onfirmed by field emission TEM (FTEM). The 7-d stability 
f PtHPs was measured by DLS. During the experiment,
tHPs was stored in a refrigerator at 4 °C and the EP tube 
as shaken with the hand before determination. The 

pectroscopic properties of PtHPs were detected by ultraviolet 
pectrophotometer and fluorescence spectrometer. 

The release of PtHPs: The PtHPs solution was placed in a 
ialysis bag (MWCO: 10 kDa), which was placed on PBS (pH 7.4,
.1 M, 0.5% Tween-80) and shaken in a shaker with or without 
0 mM GSH (37 °C, 180 rpm). 1 ml sample was taken at 5, 10, 30,
0, 120, 240, 480, 720 and 1,440 min, respectively, and the same 
olume of release fluid was added. The obtained samples were 
entrifuged (15,000 rpm, 15 min) and determined by HPLC 

or cisplatin concentration. The mobile phase was 0.9% NaCl 
olution (0.9% sodium heptane sulfonate), and the detection 

avelength was 220 nm. 

.4. Photostability of PtHPs 

he light stability of PtHPs was investigated by UV–vis. PPa, HP,
nd PtHPs (2 μg/ml of PPa) were added to a 48-well plate and 

rradiated with a 660 nm laser at 100 mW/cm2 . The absorbance 
alues at 668 nm were detected at 0, 5, 10, 20, 30, 60, 90, 120,
50 and 180 s, respectively. 

.5. In vitro ROS generation 

,3-diphenylisobenzofuran (DPBF) was dissolved in ethanol to 
btain DPBF stock solution (1 mg/ml). Then 25 μl DPBF solution 

as added to 1 ml PPa, HP, and PtHPs solution (1 μg/ml of 
Pa), and 1 ml corresponding solution was added to 48-well 
late. The mixture was then irradiated with a 660 nm laser 
t 200 mW/cm2 , detecting absorbance at 405 nm every 5 s.
he time attenuation of the absorbance of DPBF at 405 nm 

epresents the ROS generation capacity. The singlet oxygen 

roduction capacity of PtHPs was further tested by electron 

pin resonance (ESR). 

.6. Cellular uptake 

he uptake of nanoparticles by tumor cells was qualitatively 
tudied by confocal laser scanning microscopy (CLSM,
lympus, FV3000). 4T1 cells were diluted with 1640 medium 

nd spread into confocal dishes, with 150,000 cells in each 

ish, and cultured in the incubator for 12 h. HP and PtHPs 
ere added respectively. After incubation for 12 h, the 
riginal medium was removed. Then the cells were fixed with 

araformaldehyde, and DAPI was added for staining. After 
5 min, the DAPI was removed and washed with PBS. After 
ashing three times, the fluorescence of PPa in 4T1 cells was 
etected by CLSM. 

Cultured 4T1 cells were diluted using 1640 whole medium 

nd spread into 6-well plates, with 200,000 cells in each well,
nd cultured in the incubator for 12 h. HP and PtHPs were 
dded respectively. After incubation for 12 h, the original 
edium was removed and washed with PBS. After washing 

hree times, the cells were digested and collected. The 
uorescence intensity of PPa was detected by flow cytometry,
nd the fluorescence channel was PC5.5. According to the 
ame experimental method, the cells at 0, 1, 2, 4, 6, 8, 12 and
4 h after administration were collected respectively, and the 
ptake of cells over time was detected by flow cytometry. 

.7. In vitro cytotoxicity assessment 

or free drug, the 96-well plates were laid with 5000 cells 
n each well and cultured in the incubator for 12 h. Culture 

edium containing PPa, cisplatin, PtH, HP, PtHPs in different 
oncentrations was incubated for 24 h, and blank control 
nd cell-free control groups were set up. After incubation 

or 24 h, a 660 nm laser was used for laser irradiation with
 power of 0.2 J/cm2 . After irradiation, the 96-well plates 
ere incubated in the incubator for 24 h. In addition, the 

ytotoxicity of PtHPs( + ) with or without N-acetyl cysteine 
NAC, 6 mM) was compared to demonstrate that ROS were 
esponsible for killing cells. After incubation, the original 

edium was removed, and the cell viability was measured 

ith CCK8 kit. Calculation of combination index (CI): CI 

tHPs( + ) = IC50PtHPs( + ) /IC50PtH 

+ IC50PtHPs( + ) /IC50HP( + ) . CI < 1 
ndicates synergistic action, CI > 1 indicates antagonistic 
ction, and CI = 1 indicates additive action. 

.8. Apoptosis study 

T1 cells were diluted with 1640 medium and spread into 
onfocal dishes, with 1.5 × 105 cells in each dish, and cultured 

n the incubator for 12 h. PtH, HP and PtHPs were added 

espectively. After incubation for 24 h, a 660 nm laser was used 

or laser irradiation with a power of 2 J/cm2 . After irradiation,
he confocal dishes were incubated in the incubator for 24 h.
taining was performed according to the instructions of the 
alcein-AM/PI cell activity and cytotoxicity detection kit, and 

hotos were taken by CLSM after staining. 
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4T1 cells were diluted with 1640 medium and spread into
6-well plates, with 2 × 105 cells in each hole, and cultured
in the incubator for 12 h. PtH, HP, and PtHPs were added
respectively. After incubation for 24 h, a 660 nm laser was
used for laser irradiation with a power of 2 J/cm2 . After
irradiation, the 6-well plates were incubated in the incubator
for 24 h. Staining according to Annexin V-FITC/PI apoptosis
detection kit instructions. After staining, the apoptosis level
was detected by flow cytometry. 

2.9. TrxR enzyme activity detection 

Cultured 4T1 cells were diluted with 1640 whole medium,
spread into 6-well plates with 5 × 105 cells per well, and
cultured in the incubator for 12 h. After cell adhesion, PtH,
HP and PtHPs were added and cultured in an incubator for
24 h. The enzyme activity of TrxR was detected according
to the instructions of the thioredoxin reductase (TrxR)
activity detection kit. 4T1 cells were dissolved with cell lysis
buffer supplemented with protease inhibitors. Centrifuge at
12,000 rpm at 4 °C for 20 min, transfer the supernatant into
1.5 ml centrifuge tube, and heat it at 100 °C for 10 min to obtain
sample. 

2.10. GSH/GSSG ratio 

Cultured 4T1 cells were diluted with 1640 whole medium,
spread into 6-well plates with 5 × 105 cells per well, and
cultured in the incubator for 12 h. After cell adhesion, PtH, HP,
and PtHPs were added and cultured in an incubator for 24 h.
Intracellular GSH/GSSG ratios were measured using GSH and
GSSG test kits after treatment with different drugs. 

2.11. Intracellular ROS generation 

Intracellular ROS was detected by fluorescent probe DCFH-DA.
4T1 cells were diluted using 1640 whole medium and spread
into confocal dishes, each dish was spread with 1.5 × 105 cells,
and cultured in the incubator for 12 h. PtH, HP and PtHPs
were added respectively. After incubation for 12 h, the original
medium was removed and 1 ml 10 μmol/ml DCFH-DA medium
was added for incubation. After incubation for 30 min, the
medium containing DCFH-DA was removed and washed with
PBS. After washing three times, the medium was incubated
with PBS and irradiated by 660 nm laser (2 J/cm2 per dish).
The fluorescence of DCFH-DA in 4T1 cells was detected by
CLSM. 

4T1 cells were diluted using 1640 whole medium and
spread into 6-well plates, with 5 × 105 cells in each hole,
and cultured in the incubator for 12 h. PtH, HP, and PtHPs
were added respectively. After incubation for 12 h, the original
medium was removed and 1 ml 10 μmol/ml DCFH-DA medium
was added for incubation. After incubation for 30 min, the
medium containing DCFH-DA was removed and washed with
PBS. After washing three times, the medium was incubated
with PBS and irradiated by 660 nm laser (2 J/cm2 ). The average
fluorescence intensity of DCFH-DA in 4T1 cells was measured
by flow cytometry. 
2.12. Pharmacokinetics and biodistribution study 

BALB/c female mice were inoculated with subcutaneous
tumors. After the tumor volume reached 200 mm3 , the tumor-
bearing mice were randomly divided into 3 groups with
3 mice in each group. Free PPa, HP and PtHPs (3 mg/kg
of PPa) were injected into the tail veins, respectively. Mice
were anesthetized at 0, 1, 2, 4, 8, 12 and 24 h after
administration, and fluorescence imaging was performed
with a Caliper IVIS Lumina II in vivo imaging system.
The in vivo biodistribution behavior of PtHPs was further
studied. 24 h after administration, the mice were killed, and
heart, liver, spleen, lung, kidney, and tumor were obtained.
The fluorescence images of each organ and tumor were
collected by Caliper IVIS Lumina II, and the fluorescence was
quantitatively analyzed. 

Free PPa, HP, and PtHPs (3 mg/kg for PPa) were administered
to mice through the tail vein. After administration of 0.25, 0.5,
0.75, 1, 2, 4, 8, 12, 24 and 48 h, mouse blood was collected
by cheek blood collection and stored in an anticoagulant EP
tube. The blood was thoroughly mixed with anticoagulant
and centrifuged at 3000 rpm for 10 min immediately, and the
supernatant was taken. After that, the plasma was mixed with
ultra-pure water, and then the mixture was centrifuged at
10,000 rpm for 10 min, and the supernatant was taken for
assay. 

2.13. Inhibition of subcutaneous 4T1 tumors 

BALB/c female mice were purchased at 6 weeks of age with
weight around 19 g. After one week of adaptive feeding in
the laboratory animal room, the hair around the right hind
limb of the mice was shaved. 4T1 cells were cultured to
inoculate subcutaneous tumors. At inoculation, 4T1 cells were
re-suspended into 107 /ml cell suspension. A syringe was used
to inject 100 μl cell suspension subcutaneously above the right
hind limb of each mouse. Continue feeding after injection.
The tumor volume was calculated as follows: V = ( L × W2 )/2,
where V represents the tumor volume, L represents the long
diameter of the tumor, and W represents the short diameter.
When the tumor volume reaches 120 mm3 , it was recorded
as Day 1. Tumor bearing mice were randomly divided into
6 groups with 8 mice in each group. Give different drugs to
the tail veins. G1: saline, G2: cisplatin + PPa( + ), G3: PtH, G4:
PtHPs(-), G5: HP( + ), G6: PtHPs( + ) (1 mg/kg of PPa, 2 mg/kg
of Pt). The drug was administered every three d for a total
of two doses and the mice were illuminated with a 660 nm
laser (180 J/cm2 ) 12 h after each dose. During the experiment,
mice weight and tumor volume were measured every other
day. The mice were euthanized on Day 15, the tumors
were stripped, and the excised tumors were weighed and
photographed. 

2.14. Safety evaluation 

At the end of treatments, heart, liver, spleen, lung, and kidneys
of mice in each group were harvested and stained with H&E
for histological evaluation. At the same time, blood samples
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f mice were collected for blood routine (WBC, RBC, HGB, PLT) 
nd blood biochemistry (ALT, AST, BUN, CK, CREA) assays. 

.15. Preparation of single cell suspension of tumor tissues 

he excised tumors were placed in 1.5 ml EP tube and 

rushed with sterile ophthalmic scissors. 1 ml digestive fluid 

ontaining collagenase IV and DNase I was added, digested 

or 1 h, and shaken for 30 min. After digestion, the cells were 
laced on a screen, a serum-containing medium was added,
he cells were pressed vertically downward with the rubber tip 

f a sterile syringe, and the suspension was passed through a 
00-mesh filter membrane. Centrifuge at 2,000 rpm at 4 °C for 
 min. Add PBS for cleaning, centrifuge at 2000 rpm for 5 min.
dd PBS to re-suspend cells. 

.16. Flow cytometry analysis 

ingle cell suspensions of different groups of tumor tissues 
ere stained with DCFH-DA, ANNEXIN V-FITC/PI apoptosis 
etection kit, CD44 and CD24 antibodies and analyzed by flow 

ytometry. 

.17. Antitumor effect of PtHPs in bilateral tumor model 

ALB/c female mice were inoculated with subcutaneous 
umor on one side first, and then inoculated on the other 
ide when the tumors grew to 100 mm3 . The second d of 
noculation on the other side was recorded as day 1. Tumor 
earing mice were randomly divided into 4 groups with 6 
ice in each group. Give different drugs to the tail veins.

1: saline; G2: PtH; G3: HP( + ). G4: PtHPs( + ) (1.5 mg/kg of PPa,
 mg/kg of Pt). Light exposure (180 J/cm2 ) was performed 12 h 

fter administration. During the experiment, the mice’s body 
eight and bilateral tumor volume were measured every other 
. On the 15th d, the mice in each group were killed, the 
xcised tumors were weighed and photographed, and spleen 

s well as lymph nodes were taken for further analysis. 

.18. Immune cell analysis 

umor, spleen, and lymph node single cell suspensions were 
btained. CD3, CD4 and CD8 antibodies were used to stain 

umor and lymph node suspensions, and the proportion of 
ach lymphocyte was detected. Spleen lymphocytes were 
tained with CD3, CD4, CD8, CD44, CD62L antibodies to detect 
 cells and memory T cells. CD11c, CD80, CD86 and IAIE 
taining were used to detect the maturation of dendritic cells 
DCs). 

.19. ICD effect study 

fter obtaining tumor single cell suspension, CRT, HMGB-1 
nd ATP levels were detected according to the kit. Similar 
ssay has been performed with 4T1 cancer cells. 

.20. Statistical analysis 

ll data are expressed as mean ± standard error of the mean 

SEM). Statistical significance was calculated via unpaired 
wo-tailed student’s t -test. All statistical calculations were 
erformed on GraphPad Prism 8.0, A P value < 0.05 was 
onsidered significant. 

. Results and discussion 

.1. Preparation and characterization of PtHPs 

onventional photosensitizers (such as PPa) have poor water 
olubility, low tumor targeting efficiency, and dismal light 
tability. Nanocarriers are promising to solve these issues 
 10 ]. When photosensitizers are coupled with hydrophilic 
olymers ( e.g., heparin, PEG, HA, etc.), aqueous solubility of 
hotosensitizers could be enhanced. For instance, HP-PP NPs 
ssembled by HP-PTX and HP-PPa improved water solubility 
f PPa, and achieved synergistic effects of chemotherapy 
nd PDT with a tumor inhibition rate of 98.1% [ 44 ]. PTX-
-OA/PPa-PEG2k NPs promoted PPa blood circulation time 
nd accomplished a potent combination therapy between 

hemotherapy and PDT [ 45 ]. HA-PPa-Dendron also improved 

ater solubility of PPa. At the same time, dendron-8Glu 

arried by HA-PPa-dendron could further prolong blood 

irculation time, increase tumor accumulation, and enhance 
ntitumor efficacy. Tumor growth inhibition rate of HA- 
Pa-dendron was 99.2%, which was much higher than that 
f HA-PPa (50.6%) [ 46 ]. Therefore, modification of PPa with 

ydrophilic polymers is a feasible and powerful solution to 
ugment PPa-mediated PDT. 

HES is a widely used plasma substitute product in clinical 
ettings while HES has good water solubility, long plasma half- 
ife, and good biocompatibility and biosafety. HES can also be 
sed as nanocarriers [ 47 ], either by directly conjugating with 

rugs, such as HES-Pt [ 43 ], or conjugating with hydrophobic 
olymers to prepare NDDS for delivery of free drugs [ 48 ].
herefore, coupling PPa with HES can address some problems 
ssociated with PPa. Here, we prepared nanoparticle PtHPs by 
o-assembling HP and PtH ( Scheme 1 A). 

HP (Fig. S1) was obtained by esterification of HES and 

Pa, and PtH (Fig. S2) was synthesized according to our 
revious scheme [ 43 ]. It was confirmed that HP and PtH were 
uccessfully synthesized by observing the appearance of the 
orresponding characteristic peaks in 1 H NMR (Figs. S3-S4) 
nd the appearance of ester bond peaks in FTIR (Fig. S5). Fig. S6
s the XPS spectrum of platinum, and the result shows that Pt 
II) in cisplatin is transformed into Pt (IV) after reaction. The 
tandard curve was drawn by measuring absorbance values 
f PPa at 668 nm, and the drug loading of PPa for HP was 3.5%,
ith an average of 9 PPa per HES. The drug loading of Pt for

tH was 5.5% by ICP-OES, with an average of 37 Pt (IV) per
ES. These results indicated PPa and Pt (IV) were successfully 
oupled to HES. 

PtHPs were prepared by emulsification method, in which 

he drug loading of PPa was 1.5%, and the drug loading of 
t was 3%. After the preparation of PtHPs, particle size and 

eta potential of PtHPs were measured by DLS. Figs. 1 A and 

7 show that the diameter of PtHPs was 177.8 ± 2.3 nm, the 
DI was 0.145 ± 0.026, and the PtH and HP are obviously 
lustered. The zeta potential of PtHPs was 6.19 ± 0.71 mV 

 Fig. 1B ), indicating that PtHPs have a positive charge and was
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Fig. 1 – Characterization of PtHPs. (A) Hydrodynamic diameter distribution of PtHPs. (B) Zeta potential of PtH, HP, and PtHPs 
( n = 3). (C) TEM images of PtHPs; scale bar = 200 nm. (D) Elemental mapping of PtHPs; scale bar = 50 nm. (E) Colloidal 
stability of PtHPs in PBS for 7 d ( n = 3). (F) UV–vis and (G) fluorescence spectra of PPa, HP and PtHPs. (H) Photostability of PPa, 
HP and PtHPs (2 μg/ml of PPa) in PBS under 660 nm laser irradiation (100 mW/cm2 ). (I) Decay of DPBF absorbance in 

water/ethanol solution (water/ethanol = 40/1) at 405 nm in the presence of PPa, HP, and PtHPs (1 μg/ml for PPa) under 
660 nm laser irradiation (200 mW/cm2 ). (J) ESR spectra in the presence of PPa and PtHPs. Data are expressed as mean ± SEM. 
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ns stands for not significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

more easily absorbed by cells. Fig. 1C showed PtHPs captured
by TEM. PtHPs was spherical and the particle size was
consistent with DLS data. Fig. 1D showed element mapping
by FTEM. Pt, N and Cl were evenly distributed on PtHPs.
The particle size distribution of PtHPs was tracked by DLS
for one week. Fig. 1 E and S8 show that PtHPs maintained
good stability in water, PBS and FBS. The above results
demonstrated that PtHPs with uniform size and good stability
were prepared. Fig. 1F displayed that both HP and PtHPs had
the same characteristic absorption peak as PPa. Similarly,
Fig. 1G demonstrateed that both HP and PtHPs had the same
fluorescence emission peak as PPa. However, the intensity
was slightly different, which may be due to the ordered
arrangement of PPa on HES, resulting in aggregation caused
quenching (ACQ) effect in PtHPs and HP [ 49 ]. 

Pt (IV) consumes GSH and releases Pt (II). The release of
Pt (IV) was explored here, and the results were shown in Fig.
S9. In PBS solution containing 10 mM GSH (0.5% tween 80),
56.6% ± 1.3% of Pt (IV) in PtHPs was converted to cisplatin at
24 h. In the absence of GSH, Pt (IV) was barely released. This
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esult indicates that PtHPs have the ability to respond to GSH 

elease. 
The photostability and photodynamic effect of PtHPs were 

urther evaluated. As shown in Fig. 1H , after irradiation of 
00 mW 660 nm laser for 3 min, absorbance of PtHPs at 688 nm
ecreased by 4.1% ± 0.1%, and that of HP and PPa decreased 

y 9.3% ± 0.2% and 13.1% ± 0.1%, respectively. These results 
how that HES modified HP can improve photostability of PPa,
hile nanostructure confers PtHPs the best photostability.
ubsequently, 1,3-diphenylisobenzofuran (DPBF) probe was 
sed to detect the ability of different components to generate 
OS under 660 nm laser irradiation. Fig. 1I shows that free 
Pa, HP, and PtHPs all could generate abundant ROS, indicating 
hat the modification or assembly into nanoparticles has 
nsignificant effect on photodynamic activity of PPa. Finally,
sing the probe 2,2,6,6-tetramethylcapsid (TEMP) as the 
rapping agent, typical 3 spectral lines were observed with an 

ntegral ratio of 1:1:1 ( Fig. 1J ), indicating that 1 O2 was produced 

 50 ]. Together, the above results demonstrate that PtHPs can 

mprove photostability while retaining potent photodynamic 
erformance of PPa. 

.2. Cellular uptake and in vitro cytotoxicity 

he cellular uptake behavior of drugs is very important for 
rug function [ 51 ]. Firstly, the uptake of HP and PtHPs by 4T1
ancer cells was evaluated with CLSM and flow cytometry. As 
hown in Figs. 2 A and S10, both PtHPs and HP are internalized 

y 4T1 cancer cells and no difference can be detected between 

tHPs and HP. Furthermore, Fig. S11 illustrates that the cellular 
ptake of PtHPs is time-dependent. 

The cytotoxicity of different formulations was determined 

y CCK-8. Firstly, free drugs were evaluated. Fig. S12 and 

able S1 show that PPa and cisplatin display a synergistic 
ffect on killing 4T1 cancer cells. Next, 4T1 cancer cells 
ere incubated with different concentrations of PtH, HP, and 

tHPs, and irradiated with a 660 nm laser. The results are 
isplayed in Fig. 2B . To get a more accurate IC50 of PtH,
e did a higher concentration of Pt administration (Fig S13).
he half maximum inhibitory concentration (IC50) of PtH 

s 10.78 μg/ml. After illumination, the IC50 is 1.14 μg/ml 
nd 0.50 μg/ml for HP and PtHPs, respectively. These results 
ndicate that PtHPs have the best cell killing effect among 
ll groups. Combination index (CI) is 0.5295, suggesting that 
here is a good synergistic effect between platinum and PDT 

f PtHPs. Then, Annexin V-FITC/propidium iodide (PI) kit was 
sed to detect apoptosis. Fig. 2C and D demonstrate that 
tHPs( + ) could induce the highest apoptosis level (51.7% ±
.4%), followed by HP( + ) and PtH with apoptosis ratios of 47.8% 

0.4% and 38.6% ± 0.4%, respectively. The calcein-AM/PI co- 
taining experiment showed the same trend ( Fig. 2E ). 

.3. PtHPs promote ROS generation by inhibiting 
ntracellular antioxidant systems 

DT is inhibited by intracellular reduction systems. Here, Pt 
IV) can consume intracellular GSH to obtain Pt (II), which 

an inhibit TrxR activity [ 26 ,34 ]. Simultaneous inhibition of 
SH system and Trx system, two important intracellular 

eduction systems, could boost PDT. To further understand 
he synergistic effect between the two components of 
tHPs, we detected the changes of Trx system and GSH 

ystem after treatments. Fig. 3A shows that both PtH and 

tHPs significantly inhibit TrxR activity because they contain 

latinum, in good agreement with others [ 25 ]. In striking 
ontrast, HP containing no platinum hardly inhibits TrxR 

ctivity. Fig. 3C shows both PtH and PtHPs significantly 
ownregulate TrxR proteins. Fig. 3B and D corroborate that 
tHPs repress TrxR expression and activity in a dose- 
ependent manner. The effects of different formulations on 

SH system were explored as well ( Fig. 3E ). Similar with the
rx system, PtH and PtHPs containing Pt could significantly 
educe GSH/GSSG ratio by 18.7% ± 1.6% and 21.4% ± 2.1%,
espectively, whereas HP exerts little impact on GSH/GSSG 

atio. To confirm the role of the reduction systems in boosting 
DT, NAC replenishment experiments were performed. The 
ell killing effect of PtHPs( + ) with or without NAC was 
arried out. Fig. 3F shows that the IC50 of PtHPs( + ) is
.54 μg/ml without NAC while IC50 is 0.76 μg/ml with NAC 

upplementation, indicating that the reduction systems have 
n inhibitory effect on PDT. Similar results have also been 

eported by others [ 52 ]. 
Finally, the effect of PDT was studied by exploring 

he production of ROS. The DCFH-DA probe was used 

o measure the generation of ROS after treatments with 

ifferent formulations ( Fig. 3G and 3H). Fig. 3G shows that 
tH results in a 1.48-fold increase in intracellular ROS,
resumably via simultaneously depleting GSH and inhibiting 
rxR activity ( Fig. 3A and 3E). HP( + ) causes the ROS burst
ue to its photodynamic action, and ROS increases by 1.25- 
imes relative to control. PtHPs( + ) achieves the highest level of 
OS, through PPa-mediated photodynamic effects ( Fig. 1I ) and 

nhibition of intracellular dual reduction systems ( Fig. 3A and 

E), which is 3.05-times of control. Based on the above results,
he synergistic effect between the two components of PtHPs 
s derived from the fact that Pt can inhibit dual antioxidant 
ystems (GSH system and Trx system) and promote the 
ccumulation of ROS after PDT, thereby achieving the best 
illing effect among all groups. 

.4. In vivo pharmacokinetics and biodistribution 

valuation 

fter completing the in vitro study of PtHPs, in vivo study 
f PtHPs was further performed. Before performing 
harmacodynamic study, the pharmacokinetics and 

iodistribution of different formulations were investigated.
rbital blood of BALB/c mice was collected at different 

ime points to study pharmacokinetic behavior of different 
ormulations, and the blood concentration-time curve of PPa 
as fitted with a single compartment model. As shown in 

ig. 4A and Table S2, T1/2 of HP and PtHPs were 1.46 h and
.92 h, respectively, much higher than free PPa (0.29 h). In 

ddition, compared with the free PPa, the AUC0 ∼∞ 

of HP and 

tHPs was increased by 4.80 times and 5.49 times, respectively.
hese results showed that PtHPs had a longer half-life and 

igher bioavailability than PPa. The biodistribution of different 
ormulations in mice bearing 4T1 subcutaneous tumors was 
valuated by detecting the fluorescence of PPa with an in vivo 
maging system. As shown in Fig. 4B and 4C, free PPa could 
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Fig. 2 – In vitro anticancer treatment of PtHPs. (A) Mean fluorescence intensity (MFI) of cells after treatment with PtH, HP and 

PtHPs by flow cytometry ( n = 3). (B) Cytotoxicity after different treatment ( n = 3). (C) The apoptosis percentage of 4T1 cells 
treatment with PtH, HP( + ), and PtHPs( + ) ( n = 3). (D) The apoptosis of 4T1 cells analyzed by flow cytometry. (E) Live/dead 

staining images of 4T1 cells treatment with PtH, HP( + ), and PtHPs( + ); Scale bar: 100 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

hardly accumulate at tumor site; HP lacking tumor targeting
could not enrich in high concentration at the tumor site. In
contrast, PtHPs achieves high concentration and long-term
accumulation at the tumor site. After administration for 24 h,
the mice were sacrificed, the main organs and tumors were
excised, and ex vivo imaging was performed. Fig. 4D and 4E
show that no significant fluorescence of PPa is detectable at
the tumor site in free PPa group. Fluorescence is observed
in HP group. However, the strongest fluorescence is noticed
in PtHPs-treated tumors among all groups. These results
collectively indicate that PtHPs conspicuously prolong PPa
blood circulation and augment PPa tumor accumulation and
enrichment. 

3.5. In vivo antitumor effect of PtHPs 

Long circulation and good tumor targeting and enrichment
suggest that PtHPs might have excellent antitumor effect
in vivo [ 53 ]. To test this hypothesis, a 4T1 subcutaneous

tumor model was constructed. When tumor volume reached 

 

about 120 mm3 , it was recorded as Day 0 and various
formulations were administered on Day 1 and 4 ( Fig. 5A ).
Since PtHPs achieved the highest enrichment at the tumor
site at 12 h ( Fig. 4C ), the illumination time was selected
as 12 h after administration. During the treatments, body
weight and tumor volume of each mouse were recorded
every two d ( Fig. 5B and 5C). The mice were sacrificed
on the 15th d to obtain tumors and major organs. As
indicated in Fig. 5B –5F, cisplatin + PPa( + ), PtH and PtHPs(-
) groups displayed similar antitumor efficacy, with tumor
inhibition rate (TIR) of 26.3%, 22.6% and 23.0%, respectively.
Because metabolism of PPa in cisplatin + PPa( + ) group was
fast, there was negligible PDT effect on the tumor site during
light irradiation. Antitumor efficacy of these three groups was
mainly caused by Pt. Mice in the cisplatin-containing group
were observed to lose significant weight during treatment,
indicating significant toxicity of cisplatin ( Fig. 5C ). While
free cisplatin exhibited evident side effects to mice, the
modified Pt had negligible side effects. HP improved aqueous
solubility of PPa, and could remain in the tumor site 12 h
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Fig. 3 – PtHPs promote ROS production by inhibiting intracellular reduction systems. (A) Enzyme activity of TrxR in 4T1 cells 
after different treatments ( n = 3). (B) Enzyme activity of TrxR in 4T1 cells treated with different concentrations of PtHPs 
( n = 3). (C) Western blot analysis of TrxR protein in 4T1 cells after different treatments. (D) Western blot analysis of TrxR 

protein in 4T1 cells treated with different concentrations of PtHPs. (E) Relative GSH/GSSG ratio in 4T1 cells with different 
treatments ( n = 3). (F) Cell viability of 4T1 cells incubated with PtHPs with or without NAC ( n = 4). (G) Relative MFI of 
DCFH-DA after different treatments ( n = 3). (H) Images of the ROS generation in 4T1 cells after different treatments; scale 
bar = 50 μm. Data are expressed as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ns stands for not significant. 
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fter administration ( Fig. 4C ). Therefore, HP( + ) achieved a 
etter therapeutic effect after light illumination, with TIR of 
9.2% ± 6.4%. PtHPs( + ) has the best therapeutic effect (TIR: 
7.1% ± 4.0%) among all groups, which could be ascribed 

o long circulation ability and good tumor targeting and 

nrichment capacity ( Fig. 4C ). Besides, PtHPs effectively inhibit 
ntracellular reduction systems (GSH system and Trx system) 
hrough Pt to promote the accumulation of PPa-generated ROS 
 Fig. 3 ). Fig. 5G confirms that the average fluorescence intensity 
f ROS in PtHPs( + ) is twice that of HP( + ). Then, we detected
poptosis of tumor cells. As shown in Fig. 5H , there was 
nsignificant apoptosis in the groups of cisplatin + PPa( + ), PtH,
nd PtHPs (-), indicating that platinum alone was insufficient 
o evoke excessive tumor cells death. PtHPs( + ) group induced 

3.2% ± 1.0% apoptosis, which was significantly higher than 

hat of HP( + ) group (72.0% ± 6.2%), suggesting that the 
ombination of PDT and Pt could indeed improve therapeutic 
ffect. In addition, as shown in Fig. 5I , H&E staining, Ki67 
taining and cleaved caspase-3 staining showed that PtHPs( + ) 
roup could lead to more necrosis, more apoptosis, and less 
roliferation relative to other groups. Fig. S15 shows that PDT 

educes CD44+ CD24−CSCs in tumors, which remains to be 
urther explored. 

The biosafety of various formulations was also evaluated.
uring the treatments, except for a slight decrease in body 
eight of mice in cisplatin group (G2), body weights of mice 

n other groups were relatively stable ( Fig. 5C ). Furthermore,
o obvious lesion was observed in H&E staining of main 

rgans (heart, liver, spleen, lung, and kidney) in all groups 
Fig. S16). The blood biochemistry and blood routine of mice 
n each group were within normal range (Fig. S17), confirming 
hat our nanotherapeutics are safe. Not only cisplatin, but 
lso coupling doxorubicin with HES can significantly improve 
afety [ 48 ]. The above results indicate that HES based 

anomedicine has good biosafety. In addition to therapeutic 
ffects, after PtHPs( + ) treatment, tumor cells displayed a 
igher level of CRT surface exposure while the level of T cells 

nfiltration in tumor sites was significantly higher than that 
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Fig. 4 – Pharmacokinetic and biodistribution of PtHPs. (A) Pharmacokinetic curves within 24 h treated with PPa, HP, or PtHPs 
( n = 3). (B) In vivo fluorescent images of 4T1 tumor-bearing BALB/c mice treated with PPa, HP, or PtHPs, and (C) their 
corresponding fluorescence intensities in the tumor areas at different points in time ( n = 3). (D) Ex vivo fluorescence images 
of major organs and tumors isolated from mice at 24 h treated with PPa, HP, or PtHPs, and (E) their corresponding 
fluorescence intensities ( n = 4). Data are expressed as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ns stands for not 
significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of PBS group (Fig. S18), suggesting that PtHPs have potently
stimulated antitumor immune responses. 

3.6. In vivo antitumor immune responses of PtHPs 

PDT can trigger immune responses by inducing ICD, such as
CRT eversion, HMGB-1 release, ATP secretion, and promote
DCs maturation and T cell-mediated immune responses [ 54 ].
Validation was first performed with cellular experiments.
After PtHPs( + ) treatment, the CRT level exposed on the surface
of 4T1 cancer cells was 2.5 times that of control group (Fig.
S19). In addition, the release of HMGB-1 and secretion of ATP
in PtHPs( + ) were also significantly enhanced (Fig. S19). The
above results indicate that HP( + ) can induce ICD, while the
combined treatment of PtHPs( + ) can induce the strongest ICD
effects among all groups. 

To explore antitumor immune responses induced by PDT
in vivo , a bilateral tumor model was constructed. As shown
in Fig. 6A , primary tumor was inoculated on one side of
the mouse, and distant tumor was inoculated on the other
side when the primary tumor grew to around 100 mm3 . The
next day after inoculation of the distant tumors, various
formulations were administered and the primary tumor was
illuminated. Body weight and tumor volume on both sides
of each mouse were recorded every 2 d Fig. 6B shows that
after bilateral tumor inoculation, there was no significant
abnormality in body weight of mice, indicating that bilateral
tumors did not cause serious burden on mice. The treatment
results are displayed in Fig. 6C –6F. These results show that
PtHPs( + ) has a good therapeutic effect on primary tumors,
with a TIR of 75.4% ± 5.8%; PtHPs( + ) also has the best
inhibitory effect on distant tumors, with a TIR of 52.7% ± 9.2%.
However, administration of PtH exerts marginal effects on
neither primary tumors nor distant tumors, suggesting that
the excellent inhibitory effect of PtHPs( + ) group on distant
tumors does not originate from therapeutic effect of Pt. PDT-
induced ICD effects was further explored in vivo . Fig. 6G –6I
demonstrate that PtHPs( + ) achieves the highest levels of CRT
eversion, HMGB-1 release, and ATP secretion. These results
are consistent with in vitro findings (Fig. S19). These results
suggest that PtHPs( + ) can induce ICD both in vitro and in vivo .

The occurrence of these phenomena indicates that
PtHPs( + ) potently induces ICD effects. The relationship
between ICD and DC activation was further explored. The
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Fig. 5 – Antitumor effects of PtHPs in subcutaneous tumor model. (A) Experimental design. (B) Tumor growth profiles after 
treatment with different formulations ( n = 8). (C) Body weight changes ( n = 8). (D) Images of tumor tissues at the end of 
treatments. (E) Tumor weights at the end of the experiment ( n = 8). (F) TIR in each group calculated from tumor weights 
( n = 8). (G) ROS levels in tumor tissues after different treatments ( n = 3). (H) Quantification of apoptotic cells in tumor tissues 
( n = 3). (I) H&E, Ki-67, and cleaved caspase-3 staining images of tumor tissues at the end of treatments. G1: saline, G2: 
cisplatin + PPa( + ), G3: PtH, G4: PtHPs(-), G5: HP( + ), G6: PtHPs( + ). Data are expressed as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, 
∗∗∗P < 0.001, ns stands for not significant. 
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aturation of DCs (CD11c+ CD80+ CD86+ ) in tumor draining 
ymph nodes was detected. The results are shown in Figs. 7A 

nd S20. After PtHPs( + ) treatment, CD11c+ CD80+ CD86+ IAIE+ 

ells increased from 51.5 % ± 2.0 % to 63.8% ± 0.7%,
ndicating that PtHPs( + ) treatment can induce DC maturation 

hrough ICD, which is beneficial for T cell-mediated immune 
esponses. After PtHPs( + ) treatment, the proportion of tumor- 
nfiltrating lymphocytes (CD3) in primary tumors and distant 
umors also increased significantly (Fig. S21, S22), which were 
.91 times and 1.86 times that of control group, respectively.
hese results suggest that PtHPs( + ) can promote T cell 
nfiltration in both primary and distal tumors by inducing DC 

aturation. CD8+ cytotoxic T lymphocytes (CTL) in tumors 
ere further examined ( Fig. 7D and 7E). After PtHPs( + ) 

reatment, more CD8+ CTL was detected in primary tumors 
nd distant tumors, which was 2.10 times and 2.01 times 
f the control group, respectively. The proportion of CD4+ 

elper lymphocytes in primary tumors and distant tumors of 
tHPs( + ) group was also significantly higher than that of other 
roups, which was 2.24 times and 2.02 times that of control 



Asian Journal of Pharmaceutical Sciences 19 (2024) 100950 13 

Fig. 6 – Antitumor effects of PtHPs in a bilateral tumor model. (A) Experimental design. (B) Body weight changes ( n = 6). 
Tumor growth curves for (C) the primary tumors and (D) the distant tumors in each treatment group ( n = 6). Images of (E) the 
primary tumors and (F) the distant tumors at the end of treatments. (G) Levels of CRT+ cells in the primary tumors after 
treatment ( n = 4). (H) HMGB-1 release in the primary tumors after treatment ( n = 3). (I) ATP secretion in the primary tumors 
after treatment ( n = 3). G1: saline, G2: PtH, G3: HP( + ), G4: PtHPs( + ). Data are expressed as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, 
∗∗∗P < 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

group, respectively ( Fig. 7G and 7H). The increased infiltration
of CD3, CD4 and CD8 T cells in lymph nodes indicated the
proliferation and differentiation of T cells (Figs. 7F, 7I and
S23), which further illustrated the activation of antitumor
immune responses. These results collectively show that
PtHPs( + ) treatment triggers strong and effective antitumor
immune responses, as evidenced in the suppression of
distant tumors ( Fig. 6D and 6F). In addition, a significant
increase in the proportion of effector memory T cells (Tem 

)

and central memory T cells (Tcm 

) was observed in spleen
( Figs. 7 B, 7C and S24), implying that PtHPs( + ) treatment not
only triggers antitumor immune responses but also induces
an immunological memory effect, which might suppress
long-term tumor recurrence. In general, PtHPs( + ) can induce
powerful ICD, promote the body to produce immune response,
induce the maturation of lymphocytes, and promote the
invasion of T cells in tumors. It can also promote Tem 

and Tcm

production. 
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Fig. 7 – PtHPs-based PDT activates antitumor immune responses in vivo . Flow cytometric analyses of (A) CD11c+ CD80+ 

CD86+ DCs, (B) central memory T cells, and (C), effective memory T cells in lymph nodes. Levels of (D) CD8+ and (G) CD4+ T 

cell infiltration in primary tumors after treatment. Levels of (E) CD8+ and (H) CD4+ T cell infiltration in distant tumors after 
treatment. Levels of (F) CD8+ and (I) CD4+ T cell infiltration in lymph nodes after treatment. G1: saline, G2: PtH, G3: HP( + ), G4: 
PtHPs( + ). Data are expressed as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ns stands for not significant. 
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. Conclusion 

n summary, we designed and prepared a new nanomedicine 
tHPs by co-assembling two HES conjugates PtH and HP. PtHPs 
ave good aqueous solubility, excellent photostability, long 
irculation capacity, high tumor targeting and enrichment 
fficiency, and decent biosafety. Within tumor cells, PtHPs 
enerate ROS via illumination to trigger PDT. Meanwhile, Pt 
IV) in PtHPs consumes GSH to release Pt (II), which further 
nhibits TrxR activity. Therefore, PtHPs boost the production 

f ROS by destroying intracellular antioxidant systems and 

vercome the problem that PDT is limited by high reduction 

orce within tumor cells, amplifying oxidative stress and ICD 

ffects. As a result, PtHPs( + ) promotes DC cells maturation 

nd induces T cell-mediated immune responses to suppress 
he growths of both primary and distal tumors. 
e
This study solves the problem that photosensitizers have 
oor water solubility and cannot target tumor enrichment.

n view of the problem that PDT is inhibited by the 
ntracellular antioxidant system, it is proposed to achieve 
ouble inhibition by Pt (IV) to promote PDT and induce 
tronger immune response. Some studies have solved the 
roblem of water solubility of photosensitizers by PEG 

odification and other methods [ 55 ,56 ]. Compared with these 
ethods, HES we used has the advantages of good water 

olubility, biocompatibility, biodegradability and rich chemical 
odification groups. Some studies have solved the problem 

hat PDT is inhibited by intracellular antioxidant system by 
dding antioxidant system inhibitors [ 22 ]. Compared with 

hese methods, we used cisplatin-based Pt (IV), which has a 
ertain chemotherapeutic effect while dually inhibiting the 
ntioxidant system. Although PtHPs have a good antitumor 
ffect, it can be further improved. The rich chemical 
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modification groups on HES can further modify the targeting
groups and improve the targeting effect. Although there are
some shortcomings, this study reports a new HES-based
nanomedicine that provides a new paradigm for promoting
PDT efficacy by inhibiting both the GSH system and the Trx
system. 
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