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Abstract Chemotherapeutics can induce immunogenic cell death (ICD) in tumor cells, offering new

possibilities for cancer therapy. However, the efficiency of the immune response generated is insufficient

due to the inhibitory nature of the tumor microenvironment (TME). Here, we developed a pH/reactive

oxygen species (ROS) dual-response system to enhance chemoimmunotherapy for melanoma. The sys-

tem productively accumulated in tumors by specific binding of phenylboronic acid (PBA) to sialic acids

(SA). The nanoparticles (NPs) rapidly swelled and released quercetin (QUE) and doxorubicin (DOX)

upon the stimulation of tumor microenvironment (TME). The in vitro and in vivo results consistently

demonstrated that the NPs improved anti-tumor efficacy and prolonged survival of mice, significantly

enhancing the effects of the combination. Our study revealed DOX was an ICD inducer, stimulating im-

mune responses and promoting maturation of dendritic cells (DCs). Additionally, QUE served as a TME

regulator by inhibiting the cyclooxygenase-2 (COX2)-prostaglandin E2 (PGE2) axis, which influenced

various immune cells, including increasing cytotoxic T cells (CLTs) infiltration, promoting M1 macro-

phage polarization, and reducing regulatory T cells (Tregs) infiltration. The combination synergistically

facilitated chemoimmunotherapy efficacy by remodeling the immunosuppressive microenvironment. This

work presents a promising strategy to increase anti-tumor efficiency of chemotherapeutic agents.
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1. Introduction

Despite extensive research efforts, malignant tumors still pose a
significant global health concern1,2. Common cancer treatments
include surgical resection, chemotherapy, radiotherapy and biolog-
ical therapy3,4. Among these options, chemotherapy remains the
mainstay clinical therapy because of its simplicity and conve-
nience5,6. Nevertheless, the non-specific selectivity and severe side
effects of chemotherapeutic agents limit their effectiveness. In
addition, tumor cells often exhibit marked resistance to a single
chemotherapeutic agent7e9. To overcome these issues and improve
anti-tumor efficiency, combination therapy has been shown to be an
effective strategy10,11. Currently, as natural ingredients are increas-
ingly explored and developed, their combination with other chemo-
therapeutic agents is also attractive12,13.

Quercetin (QUE), a flavonol compound widely found in plants,
is a highly sought-after natural substance14e16. QUE possesses a
variety of pharmacological activities, such as anti-inflammatory,
anti-tumor and antioxidant properties ect17,18. During recent
years, the anti-cancer impact of QUE has been extensively
investigated19,20. The mechanism associated with anti-cancer ac-
tivity of QUE involves several signaling pathways, including
apoptosis, PI3K/AKT, JAK/STAT, NF-KB, p53 and Wnt/b-cat-
enin19,20. Wang et al.21 prepared nanoparticles targeting delivery
of QUE and found that it effectively reversed PTX resistance by
inhibiting Akt and ERK phosphorylation and MMP depolariza-
tion. Similarly, some studies indicated that QUE enhanced the
anti-cancer effects of drugs on cancer cells by downregulating the
expression of drug efflux transporter proteins, p-glycoprotein (P-
gp) and tumor resistance proteins22. However, previous combi-
nation studies have focused mainly on the impact of QUE on drug
resistance or toxicity, neglecting its immunomodulatory role.

Cyclooxygenase-2 (COX2) plays a pivotal role in regulating the
synthesis of prostaglandin E2 (PGE2). PGE2 inhibits cytotoxic T cells
(CLTs) responses in the TME, including dendritic cells (DCs) antigen
presentation and natural killer (NK) cells recruitment23. Furthermore,
PGE2 can recruit Tregs, further triggering immunosuppression24e26.
As a result, high COX2 expression exacerbates immunosuppression
in the tumor immune microenvironment (TME). Despite being little
studied, QUE as a COX2 inhibitor may regulate the TME via the
COX2-PGE2 pathway

27,28. While chemotherapeutic agents typically
rely on potent cytotoxic effects to kill tumor cells, it has been found
that anthracyclines such as DOX can induce immunogenic cell death
(ICD)29e31. However, the immunogenicity induced by single tumor
antigen-associated molecular patterns (DAMPs) is rather limited,
highlighting the importance of improving the TME16,32,33. Conse-
quently, combining an ICD inducer with a COX2 inhibitor would
augment anti-tumor effects further. The poor aqueous solubility and
lowbioavailability of QUE severely limit its clinical utility34. Current
studies are mostly confined to free drug or conventional delivery
systems with low encapsulation rates35e37. Thus, it is imperative to
develop a drug delivery system that can effectively deliver QUE/
doxorubicin (DOX).

In this study, after confirming the combination effect of free
DOX and QUE, we designed a dual-responsive tumor-targeting
nano delivery system using a polymeric pre-drug micelle strategy
with QUE pre-drug as a carrier. Firstly, the hydrophilic backbone
dextran (DEX) was linked to phenylboronic acid (PBA) through
reactive oxygen species (ROS)-responsive boronic acid ester
bonding, yielding the polymer dextran-phenylboronic acid (DEX-
PBA). Next, QUE was grafted onto DEX-PBA via acid-responsive
ester bonding to obtain the polymer dextran-phenylboronic acid-
quercetin (DEX-PBA-QUE). The DPQ-DOX nanoparticles (NPs)
were then prepared by encapsulating DOX with DEX-PBA-QUE.
The NPs are targeted to the tumor site by specific binding of PBA
to sialic acid (SA), which is highly expressed at the tumor site.
DOX and QUE can be rapidly released in response to the weak
acid and ROS stimulation in TME. The introduction of QUE into
the carrier via grafting improved the solubility of QUE and greatly
enhanced QUE loading. We evaluated the in vitro responsiveness
and cellular toxicity of DPQ-DOX NPs under varying pH and
ROS situation. Moreover, we investigated the in vivo distribution
and anti-tumor effects of DOX and QUE and explored their syn-
ergistic mechanism. DOX exerted its cytotoxicity against tumor
cells, and the addition of QUE reduced tumor resistance by
decreasing P-gp expression. Furthermore, DOX increased the
tumor immunogenicity by induced ICD. QUE was a TME regu-
lator that improved TME via inhibiting the COX2-PGE2 axis. This
combined strategy of ICD initiators and TME modulator enhanced
immunity against tumor as evidenced by increased CTLs activa-
tion and decreased of immunoregulatory cells, such as higher
proportions of mature DCs, NK cells, CD4þ T cells and CD8þ T
cells, and lower proportions of CD4þFoxp3þCD25þ T cells.
Overall, compared to single agent or conventional co-loaded de-
livery systems, the DPQ-DOX NPs achieved an effective combi-
nation of chemotherapy and immunotherapy with better immune-
enhancing effects, significant melanoma suppression and pro-
longed survival.

2. Materials and methods

2.1. Materials and animals

Sixeeight weeks old male C57 mice and were obtained from
Chengdu Dashuo Laboratory Animal Co., Ltd. All animal experi-
ments were authorized by the Animal Ethics Committee of Sichuan
University and conducted under the experimental guidelines of the
Animal Experimentation Ethics Committee of Sichuan University.
RAW 264.7 and B16F10 (mouse melanoma cell line) cells were
cultured in Dulbecco’s modified Eagles medium (DMEM, Gibco,
Carlsbad, CA, USA) containing 10% fetal bovine serum and 5%
streptomycin/penicillin at 37 �C in 5%CO2 humidified environment.

2.2. Cytotoxicity of free DOX and QUE in vitro

The cytotoxicity of the combination of free DOX and QUE on
B16F10 cells was evaluated by the 3-(4,5-dimethylthiazol-2)-2,5-
diphenyltetrazolium bromide (MTT) method38. B16F10 cells were
inoculated into 96-well plates at a concentration of 5 � 103 cells
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each well and cultured for 24 h. After incubation, different con-
centrations of free DOX or QUE were added in per well, and
cultured for a further 24 h. The culture solution was abandoned,
100 mL of MTT solution (1 mg/mL) was added and after 4 h of
culture, the medium solution was carefully aspirated and the cells
were lysed with 150 mL dimethyl sulfoxide (DMSO). The cells
were shaken for 15 min (37 �C) in a thermostatic benchtop shaker
and the absorbance was measured at 490 nm using a microplate
reader (Varioskan Flash, Thermo Fisher Scientific, Waltham, MA,
USA). In addition, the same MTT method was performed to
measure the drug combination index (CI). The drug administration
groups were in different concentrations of DOX, QUE and
different ratios of the two drugs in combination (DOX/QUE, 4/1,
2/1, 1/1 and 1/2, m/m). The rest operations were completely same
as the above. The CI was calculated as following Eq. (1):

CI Z DA/ICX,A þ DB/ICX,B (1)

where A and B represent two different drugs; ICX,A and ICX,B are
the drug concentrations when the two drugs are used alone and the
growth inhibition rate is X; DA and DB are the concentrations of
the two drugs when the two drugs are used in combination and the
growth inhibition rate is X.

2.3. Influence of DOX combined with QUE on cell apoptosis

The apoptosis of B16F10 cells induced by QUE, DOX or the
combination of both was quantified using the Annexin V-FITC/PI
Apoptosis Detection Kit (Shanghai Besai Biotechnology Co.,
Ltd.). Cells were inoculated into 6-well plates and cultured
for 24 h. Cells were treated with DOX (312.5 ng/mL), QUE
(3.2 mg/mL), DOX þ QUE (312.5 ng/mL, 3.2 mg/mL) for 24 h,
digested with trypsin and then resuspended in 1 � antibody
binding buffer (PBS containing 2% FBS), according to the kit
instructions, stain, gently mixed and incubated at 25 �C in an
environment protected from light. After treatment, the cell status
was detected by flow cytometry.

2.4. Determination of COX2 expression by Western blot
experiment

The COX2 expression level was assessed by Western blot exper-
iment. B16F10 cells and RAW cells were inoculated into 6-well
plates and cultured overnight, while the cells were stimulated by
the addition of 100 ng/mL lipopolysaccharide (LPS) and treated
with different doses (0, 2.5, 5, 10, 20, 40 mmol/L) of QUE for
24 h. After diluted to a proper concentration, protein was quan-
tified by BCA method (BCA kit, Solarbio, Beijing, China),
loading buffer was added, protein was boiled for 10 min, and
protein expression was detected according to the protein blotting
procedure. For the in vivo assay, tumors from mice with different
treatment were extracted, and subsequently lysed using a cell lysis
buffer. The expression of COX2 was then assessed.

2.5. Synthesis and characterization of DEX-PBA-QUE

Activation of phenylboronic acid ester (to obtain CDI-PBA):
7.37 g of 4-hydroxyphenylboronic acid pinacol ester (PBA) and
10.2 g of carbonyl diimidazole (1,1ʹ-carbonyldiimidazole, CDI)
were dissolved in 46 mL of anhydrous dichloromethane and
stirred for 30 min at 27 �C. Then 200 mL of ethyl acetate was
added to the reaction solution, washed with H2O (3 � 10 mL) to
remove unreacted CDI, washed once with saturated saline, dried
over absolute sodium sulfate, filtered, evaporated to obtain CDI-
PBA39.

Synthesis of dextran-phenylboronic acid ester: 90 mg of dextran
(Mw Z 10,000 Da) and 150 mg of 4-dimethylaminopyridine
(DMAP), 400 mg of CDI-PBA were completely dissolved in
5 mL of anhydrous DMSO and shaken overnight (37 �C, 100 rpm).
After the reaction, an appropriate amount of ultrapure water was
added to the reactive solution to precipitate the product, and after
sufficient precipitation, the product was centrifuged at 8000 rpm
(Sichuan Shuke Instrument Co., Ltd., Chengdu, China) for 15 min
and washed with water three times. Finally, the precipitate was
divided into beakers, pre-frozen at �40 �C and then lyophilized to
obtain DEX-PBA39,40.

Synthesis of DEX-PBA-QUE (for grafting QUE): 360 mg of
DEX-PBAwas weighed and dissolved in 5 mL of H2O in a round
bottom flask, 150 mg of QUE was dissolved in 10 mL of tetra-
hydrofuran and added dropwise to the solution of DEX-PBA and
the reaction was lasted 10 h. The product solution was then spun
off to remove THF. It was then added to a dialysis bag with a cut-
off 1000 MW and lyophilized to obtain DEX-PBA-QUE, which
was further confirmed by 1H NMR and infrared spectroscopy.

2.6. Preparation and characterization of nanoparticles

Preparation of blank carrier nanoparticles by self-assembly uti-
lizing the amphiphilic nature of the material41. The blank
nanoparticles were diluted with PBS (pH 7.4), PBS (pH 6.5),
PBS containing 1 mmol/L H2O2 (pH 7.4), PBS containing
1 mmol/L H2O2 (pH 6.5) at a ratio of 1:4 (v/v), respectively, and
then 200 mL was incorporated into a 96-well plate, and the
absorbance changes were measured continuously at 550 nm
using a microplate reader (Varioskan Flash, Thermo Fisher
Scientific, USA) at different time points. The degradation was
calculated by Eq. (2):

Degradation (%) Z100 � (A‒AN)/(A0‒AN) (2)

where A is the absorbance, A0 is the initial absorbance and AN is
the absorbance after complete degradation39.

We prepared the drug-loaded nanoparticles with reference to
the method of w/o/w emulsion and solvent volatilization42.
Briefly, 20 mg of DEX-PBA-QUE was dispersed in THF with an
appropriate dose of DOX. The mixture was sonicated for 3 min at
120 w; and then hydrated with PBS and sonicated for a further
6 min at 180 w. The THF was ultimately removed by spin evap-
oration to obtain drug-loaded nanoparticles. In the same way, the
DP-DOX NPs were prepared by encapsulating DOX with DEX-
PBA; blank nanoparticles DPQ NPs were prepared with carrier
materials for subsequent experiments. To characterize the nano-
particles, a Zetasizer Nano ZS90 (Malvern Instruments, UK) was
utilized to measure the size and zeta potential of DPQ-NP DOX
nanoparticles. The morphology and size distribution were
observed by transmission electron microscopy (TEM, Hitachi
H-600, Japan). The nanoparticles were dispersed in PBS (pH 6.5)
for 24 h and 1 mmol/L H2O2 pH 7.4 PBS for 4 h, respectively, and
the changes in nanoparticle morphology were observed by TEM.
The stabilities of DPQ-DOX NPs were investigated in PBS (pH
7.4, 25 �C) and DMEM medium (containing 10% FBS, 37 �C) via
testing their hydrodynamic diameters at fixed time points. Clas-
sical gel chromatography (GC) was chosen to remove free DOX,
and QUE and DOX were quantified by high performance liquid
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chromatography (HPLC) to determine the encapsulation rate and
drug loading capacity of the nanoparticles.

2.7. In vitro release experiment of DPQ-DOX NPs

The in vitro release research was carried out under sink conditions
using dialysis. To detect drug release, the release medium was pH
7.4 PBS, pH 6.5 PBS, pH 7.4 PBS with 1 mmol/L H2O2, pH 6.5
PBS with 1 mmol/L H2O2. Free DOX and QUE, DPQ-DOX NPs
were placed in 3000 kDa MWCO dialysis bags and immersed in
release medium mentioned above and shaken gently (100 rpm) in
a shaker at 37 �C for 72 h. At the indicated time, 1 mL of release
medium was aspirated and replaced with 1 mL of fresh release
medium. The concentrations of DOX were measured by fluores-
cence spectrophotometer after dilution with solvent.

2.8. Cellular uptake of the DPQ-DOX NPs

B16F10 cells were seeded in confocal dishes, incubated overnight
at 37 �C and treated with free DOX, DP-DOX NPs and DPQ-DOX
NPs at a concentration of 10 ng/mL DOX. After 2 h incubation,
the cells were washed with pre-cooled PBS, fixed in 4% para-
formaldehyde for 15 min and stained with 40,6-diamidino-2-
phenylindole (DAPI). Then the cells photographs were taken
with a laser scanning confocal microscope (CLSM, Nikon,
Chiyoda-ku, Tokyo, Japan). In addition, flow quantification was
performed to determine whether PBA can promote cellular uptake
of DOX. B16F10 cells were inoculated into 24-well plates and
cultivated overnight. Free DOX, DP-DOX NPs, DPQ-DOX NPs
were diluted to 400 ng/mL with media and then addition to cells.
After incubation of 2 h, the cells were rinsed twice with pre-
chilled PBS, digested with trypsin and finally resuspended with
0.4 mL of PBS. Finally, the mean fluorescence intensity was
assessed by flow cytometry (Cytomics™ FC 500, Beckman
Coulter, Miami, FL, USA). To further determine whether DPQ-
DOX NPs enhanced uptake of DOX, LC‒MS/MS was used. After
uptake treatment, cells were rinsed and digested as described
above, then resuspended in 200 mL ddH2O and repeatedly freeze-
thawed 4e5 times in liquid nitrogen. The intracellular DOX
contents were analyzed visa liquid chromatography-tandem mass
spectrometry (LC‒MS/MS, Agilent 6410B, USA). The uptake
inhibition assay was performed by adding the inhibitor PBA/SA to
evaluate the binding of PBA to SA in vitro43. B16F10 cells were
incubated with PBS or 5 mmol/L 3-aminobenzeneboronic acid
(APBA)/SA for 1 h after overnight inoculation. Then, different
groups of cells were treated with the same concentration of DPQ-
DOX NPs. The rest of experiments were performed in the same
way as the previous uptake assays. Similarly, the uptake of
nanoparticles by B16F10 cells was determined by CLSM or flow
cytometry.

2.9. Tumor model

Male C57 BL/6 mice were subcutaneously inoculated with
B16F10 cells (1 � 105 cells/mice) on the right side to establish a
B16F10 melanoma bearing mouse model. Tumor volume (mm3)
was recorded daily as in Eq. (3):

Tumor volume Z (Length‒Width2)/2 (3)

where length is the length of the tumor, width is the short diameter
of the tumor.
2.10. In vivo distribution experiments

To observe the tumor targeting of DPQ NPs in vivo, B16F10
tumor-bearing mice with 200e400 mm3 tumor volume were
randomly divided into four groups and administered with sterile
saline, DiD, DP-DiD NPs, DPQ-DiD NPs at a dose of 200 mg/kg.
After 2, 4, 8 and 12 h of intravenous injection, the mice were
ethically executed and imaged using the IVIS spectrum system. To
observe the distribution in the tumor tissue, tumor tissues from
mice executed at 8 h were collected, fixed with optimal cutting
temperature compound (OCT) and frozen at �80 �C. The samples
were then cut into thin sections using a freezing microtome,
stained and imaged by CLSM to observe the distribution of DiD.
To further quantify the distribution of DOX in tumor-bearing
mice, the distribution experiment was also conducted using
DPQ-DOX NPs. Tumor-bearing mice were randomized into four
groups and then intravenously injected with sterile saline, free
DOX, DP-DOX NPs and DPQ-DOX NPs at a dosage of 5 mg/kg.
The mice were executed and organs were collected at the time of
sampling. The organs were homogenized by adding twice the
volume of saline through a homogenizer (Precellys 24, Bertin,
France). The distribution of DOX in each tissue was determined
by LC‒MS/MS.

2.11. Pharmacokinetics of DPQ-DOX NPs

Male Sprague‒Dawley (SD) rats (200 � 3 g) were used to explore
the pharmacokinetics and 3 groups of rats were single i.v. injected
with DOX, DP-DOX NPs, DPQ-DOX NPs at a dose of 5 mg/kg
DOX. The blood samples were then taken from the mice at the
fixed time point, centrifuged to get plasma, and the amount of
DOX in plasma was measured by LC‒MS/MS.

2.12. In vitro anti-tumor efficacy study

The cytotoxicity evaluation was still performed by MTT assay.
B16F10 cells were inoculated into 96-well plates and incubated
overnight in pH 7.4, pH 6.5, pH 7.4 with 1 mmol/L H2O2, pH 6.5
with 1 mmol/L H2O2 medium, respectively. Then free DOX, free
QUE, DOX plus QUE, DP-DOX NPs, DPQ-DOX NPs with a
gradient concentration (156, 312, 625, 1250, and 2500 ng/mL)
were added to per well and treated for 24 h. The rest of the pro-
cedures were the same as before. Besides, RAW 264.7 was also
treated with different concentrations of DPQ NPs. In the same
way, the cytotoxicity of blank nanoparticles was detected by MTT.
Similarly, the effect of free QUE, DOX, QUE plus DOX and DPQ-
DOX NPs on apoptosis under different conditions was examined
using the previous kits.

2.13. In vivo anti-tumor efficacy study

The tumor-bearing mice were randomly divided into 5 groups and
intravenously administered with sterile saline, blank nanoparticles
DPQ NPs, free DOX, DP-DOX NPs and DPQ-DOX NPs. The
different formulations were given every 2 day at a dose of 3 mg/kg
and the tumor volumes of the mice were recorded. Day 1 was
defined as the treatment day for the first administration of the
treated tumor-bearing mice. On Day 11, some of the mice were
anesthetized and sacrificed. Tumors were collected, photographed
and weighed. The tumor growth inhibition rate (TGI) was calcu-
lated as Eq. (4):
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TGI (%) Z (1‒Wtreatment)/Wcontrol � 100 (4)

where Wtreatment and Wcontrol represent the mean tumor weight of
the treated and control groups, respectively. Tumor tissues were
embedded in paraffin and stained with hematoxylin and eosin
(H&E), TUNEL and Ki 67 immunohistochemistry to evaluate the
anti-tumor effects. The survival time of the remaining mice in
different groups was recorded, monitored and analyzed.

2.14. In vitro DCs maturation

Bone marrow derived cells (BMDCs) were extracted and plated
after incubation to Day 7 according to the literature method44,45.
Then, the DCs were incubated for 24 h with the supernatant
collected from B16F10 cell medium pre-treated with QUE, DOX,
QUE þ DOX, DP-DOX NPs, DPQ-DOX NPs. After 24 h incu-
bation, the DCs were labeled with corresponding antibodies (anti-
CD11C, anti-CD40, anti-CD80, anti-CD86) and the stained cells
were measured by flow cytometry.

2.15. In vivo anti-tumor immune therapy effect study

To evaluate the anti-tumor immune therapy effect, B16F10 tumor-
bearing mice were randomly divided into 8 groups, and intrave-
nously administered with sterile saline, QUE, DOX, QUE þ DOX,
DPQ NPs, DP-DOX NPs, DP-DOX þ QUE NPs and DPQ-DOX
NPs, respectively. The administration schedule and dosage were
the same as in the anti-tumor efficacy study mentioned above.
After the completion of administration, the mice were anes-
thetized and sacrificed. Then the tumors, lymph nodes and spleens
were collected and crushed, and the cells were pressed through
70 mm cell strainers for preparing single cell suspensions46,47.
Some of the collected cells were labelled with CD11b, F4/80,
CD86, and CD206 antibodies to analyze macrophages pheno-
types. Some were labelled with CD3, CD8, CD4 and NK1.1 an-
tibodies to identify T cells and NK cells. And some cells were
stained with the antibodies mentioned in the previous in vitro
assay antibodies to assess the maturation of DCs. These stained
cells were examined by flow cytometry. Randomly selected tumor
tissues were paraffin embedded and immunohistochemistry/
immunofluorescence was performed to detect the expression of
COX2, calreticulin (CRT), high mobility group protein
B1(HMGB1), P-gp and CeC motif chemokine receptor 7 (CCR7).
The expression level of COX2 in tumor tissues was also deter-
mined by Western blot. ELISA was used to assess the PGE2 level
in vivo and in vitro. Tumor tissues were collected, homogenized in
PBS containing protease inhibitors, and centrifuged at 12,000 rpm
(Anhui Zhongke Zhongjia scientific Instrument Co., Ltd., Hefei,
China) for 10 min. The supernatant was collected for PGE2 assay
according to the kit instruction. B16F10 cells were seeded in the
plate and treated with QUE, DOX, QUE þ DOX, DP-DOX NPs,
DPQ-DOX NPs, respectively. The medium was collected and the
PGE2 level in the supernatant was quantified using the PGE2 kit.

2.16. Safe evaluation

To evaluate the toxicity of NPs, we monitored the body weights of
the mice and sampled their blood on Day 11. The changes in
WBC, RBC and PLT were measured using an automated hema-
tology analyzer (MEK-6318K, Nijon-kohden, Shinjuku-ku,
Japan). The enzyme activities of AST, ALT, LDH, CK, CREA and
UA were measured by an automated biochemistry analyzer
(Hitachi). H&E staining was performed on major organs at the end
of treatment.

2.17. Statistical analyses

All data were analyzed by GraphPad Prism software (GraphPad
Software, Boston, MA, USA). Statistical significance was evalu-
ated by one-way analysis of variance (ANOVA) with Tukey’s
multiple comparisons post hoc test and two-tailed Student’s t-test.
Statistical significance was defined as *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001.

3. Results and discussion

3.1. Cytotoxicity and synergistic effect of DOX and QUE on
B16F10 cells

To ascertain whether QUE can enhance the toxicity of DOX on
B16F10 cells, we measured the effect of various concentrations of
DOX or QUE on B16F10 cells viability using the MTT assay. As
shown in Fig. 1A andB, the low concentrations of QUEwere almost
non-cytotoxic or even promoted the growth of tumor cells.When the
concentration reached 24 mmol/L, it exhibited a slight toxicity and
the cell survival ratewasmore than 80%.QUE in combinationwith a
low dose of DOX (156 ng/mL) increased the cytotoxicity, and the
toxicity became stronger as the concentration of QUE increased.
The cell viability rate decreased from 87.09 � 1.45% to 50.45
� 3.05% (Fig. 1B). Similarly, except at extremely small doses
(78 ng/mL), DOX ismore cytotoxic than alonewhen combinedwith
QUE (1 mmol/L), the IC50 of DOX for B16F10 cells decreased from
1388 ng/mL to 664.8 ng/mL (Fig. 1C). Apoptosis reagent was then
used to analysis the apoptosis of B16F10 after various drug treat-
ments. The apoptosis rate was 6.71 � 0.48% and 26.46 � 1.16%
after QUE or DOX alone, respectively, and increased to 37.6% after
combined use, the IC50 of DOX plus QUE was half that of DOX
alone (Fig. 1E and F). The above results indicated that the addition
of QUE increased the cytotoxicity of DOX. We measured CI for
exploring whether this effect was superimposed or synergistic.
When the CI < 0.9, the drugs are synergistic in combination. The
lower the CI, the stronger the synergy48. As shown in the results
(Fig. 1D), the combination of DOX andQUE produced a synergistic
effect on B16F10 cells and the synergistic effect was better when
DOX/QUE (w/w) was 1.

Next, we focused on whether QUE affects the expression of
COX2. The cells were first stimulated with LPS to mimic the
in vivo environment, and then treated with different doses of
QUE49,50. RAW264.7 cells stimulated with LPS (10 mg/mL) were
selected as a positive control51,52. As shown in Fig. 1G, QUE
significantly reduced COX2 expression in RAW264.7 cells even at
low doses. In B16F10 cells, although there was almost no dif-
ference at low QUE concentration (2.5 mmol/L), the band of
COX2 gradually weakened with increasing QUE concentration,
which was further confirmed by image J analysis. When the QUE
concentration was 40 mmol/L, the expression ratio of COX2 was
24.53 � 0.88%, which decreased the expression of COX2 by more
than 4 times (Fig. 1H and I). Thus, QUE inhibited COX2
expression in RAW264.7 and B16F10 cells in a concentration-
dependent manner. In general, the combination could increase
the cellular toxicity of DOX and has the potential to inhibit the up-
regulation of COX2-PGE2 axis at the tumor site, but it may
depend on high concentrations of QUE.



Figure 1 In vitro combination effect of DOX and QUE. (AeC) Cytotoxicity of varying concentrations of QUE (A), QUE with 156 ng/mL DOX

(B) and DOX with 3.2 mg/mL QUE (C) on B16F10 cells was assessed. (D) The CI of DOX and QUE in different ratios. (E) The relative

proportions of apoptosis induced by QUE or DOX. (F) Flow cytometry analysis of apoptotic B16F10 cells treated with QUE/DOX for 24 h

through apoptosis detection kit. (G) The level of COX2 expression in RAW264.7 and B16F10 cells after treated with QUE at different con-

centrations in vitro. (H and I) The expression level of COX2 in Fig. 1G was analyzed by image J, RAW264.7 cells (H), B16F10 cells (I). Data are

presented as mean � SD, n Z 4, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. indicated.
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3.2. Synthesis and characterization of DPQ-DOX NPs

After confirming that QUE could improve the efficacy of DOX in
a concentration dependent manner, we plan to graft QUE onto the
carrier to increase the amount of QUE. The synthetic route of the
pH/ROS dual-responsive prodrug polymer DEX-PBA-QUE is
shown in Scheme 1. We carried out 1H NMR spectrum (Suppo
rting Information Fig. S1A and S1B) and infrared spectrum
detection (Supporting Information Fig. S1C and S1D) to confirm
the structure of the material. According to the calculation, the
content of PBA in DEX-PBA is about 9.86% (w/w) and the con-
tent of QUE in DEX-PBA-QUE is 7.4% (w/w).



Scheme 1 The synthesis and degradation routes of DEX-PBA-QUE. The synthesis process involved the activation of PBA followed by grafting

it onto DEX. Finally, QUE was grafted onto the compound via an ester bond to obtain DEX-PBA-QUE, which was degraded under weak acid or

ROS-rich conditions as shown in the scheme.
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The polymer material DEX-PBA-QUE was prepared into
nanoparticles with a particle size of approximately 100 nm by
self-assembly. To test the responsiveness of the material, referring
to the method of Kyle E. Broaders39, we measured the absorbance
of the nanoparticles at various times and in different dispersion
medium to analyze the degradation of the nanoparticles. In
Fig. 2A, there was almost no change in the control group within
6 h, indicating that the nanoparticles were stable in PBS. While
the degradation rate of nanoparticles in the pH 6.5 PBS group was
up to 50% at 4 h. At 5 h, 90% of the nanoparticles in the peroxide
group were degraded, and more than 90% of the nanoparticles in
the pH 6.5 PBS plus H2O2 group underwent degradation at 2 h,
and it could be observed that the nanoparticles in this group were
almost transparent solution. These results indicate that the nano-
particles are quite stable under physiological conditions, but can
be rapidly and responsively degraded in a weakly acid tumor
environment containing ROS. The DEX-PBA-QUE has good
acidic and ROS responsiveness. We have successfully prepared a
dual-responsive material with a high grafting rate of QUE.

Then, we prepared DPQ-DOX NPs by encapsulating DOX
in DEX-PBA-QUE. The size of the nanoparticles was
167.1 � 2.92 nm, the polydispersity coefficient (PDI) was 0.1e0.2,
and the zeta potential was �18.83 � 2.84 mv as measured by
Malvern Laser Particle Sizer (Fig. 2B and C). The nanoparticles
showed relatively high encapsulation efficiency of both drugs.
Considering the CI index and synergistic effect, the ratio of DOX/
QUE (w/w) was chosen as 1:1 for the further researches53e55.
Therefore, approximately same amount of DOX and QUE (around
7.4%) was loaded in the nanoparticles. The morphology of the
nanoparticles was regularly spherical (Fig. 2D) as shown by the
TEM. The changes of the size and PDI of the nanoparticles were
measured in 10% serum or PBS at 37 �C and PBS at 25 �C to verify
the stability of the nanoparticles in vitro and in vivo, and the results
(Fig. 2E and F, Fig. S2) showed that the size and PDI of the
nanoparticles didn’t change significantly and tended to be stable,
indicating the good stability of the nanoparticles. In addition, the
morphological changes of the nanoparticles in different dispersion
media were observed by TEM (Fig. 2GeI), and the nanoparticles
degraded from regular spherical shape to irregular dotted or fila-
mentary fragments under the action of acidic or reactive oxygen
species, which further directly demonstrated that DPQ-DOX NPs
also possessed the dual responsiveness of DPQ-DOX NPs.

3.3. Evaluation of dual responsive release behavior of drugs
from nanoparticles

In vitro release assays were performed to measure the release
characteristics of the drug in different release medium (Fig. 3A).
As the results showed that free DOX was released completely and
rapidly within a few h, while the nanoparticles in pH7.4 PBS were
stable with almost no release in the first few h and no sudden
release. The release of DPQ-DOX NPs increased slightly under
weakly acidic conditions, with a final release of about 37%, while
the final cumulative release rate was about 80% in the presence of



Figure 2 Characterization of DPQ-DOX NPs. (A) Degradation curves of DPQ NPs in pH7.4 PBS, pH 6.5 PBS, pH 7.4 PBS with 1 mmol/L

H2O2 and pH 6.5 PBS with 1 mmol/L H2O2. (B) Size distribution graph of DPQ-DOX NPs. (C) Zeta potential distribution of DPQ-DOX NPs. (D)

A representative TEM image of DPQ-DOX NPs. (E) and (F) The particle size and PDI variation of DPQ-DOX NPs after 48 h incubation in 50 %

fetal bovine serum at different temperatures. (GeI) TEM of nanoparticles degradation in pH 6.5 or 1 mmol/L H2O2 after 12 h. Data are presented

as mean � SD, n Z 3.
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ROS. Under the superposition of acidity and H2O2, the cumulative
release reached more than 60% within 8 h. The nanoparticle group
had the fastest release rate, with a total release of about 95%,
which was close to the free drug. These results demonstrated that
nanoparticles can precisely release drugs in the weakly acidic and
ROS-rich microenvironment, supporting the in vivo experiments.

3.4. Cellular uptake experiments of nanoparticles

The PBA in DPQ-DOX NPs can specifically bind to SA highly
expressed on the tumor surface to achieve tumor targeting. This
effect can still occur in the weakly acidic TME43,56. However, SA
is also expressed in erythrocytes, normal liver and lung57. In
addition, the PBA may bind to many sugars under normal phys-
iological conditions58. Therefore, it is easy to get off-target effects
if the PBA is not closed. The tumor targeting effect can be
improved by QUE blocking the PBA to avoid off-targeting. We
verified the in vitro targeting of the nanoparticles by cellular up-
take experiments58e60. To verify whether the grafting of QUE
affects the targeting of PBA to tumors, we selected the pre-
grafting material DEX-PBA, prepared as nanoparticles DEX-
PBA nanoparticles (DP NPs), as a control group. Qualitative
analysis of cellular uptake revealed that the uptake of the prepa-
ration groups was higher than of free DOX, probably due to the
targeting effect of PBA (Fig. 3B). There was no significant dif-
ference between DPQ-DOX NPs and DP-DOX NPs. Quantitative
analysis by flow cytometry (Fig. 3C) showed the same results,
with the uptake of DPQ-DOX NPs and DP-DOX NPs being 1.5
and 1.8 times higher than that of free DOX, respectively. To make
the results more direct and accurate, we also measured the intra-
cellular DOX content after repeated freeze-thaw lysis of the cells
(Fig. 3D), and the uptake fraction of DPQ-DOX NPs was 2.2
times that of free DOX and 1.3 times that of the control.
Furthermore, the binding of PBA to SA was verified by compe-
tition inhibition of uptake assay. As shown in Fig. 3D and E, the
uptake of nanoparticles by B16F10 cells in the APBA/SA
incubation-treated group was significantly lower than the PBS
group. The incorporation of free APBA/SA directly interfered
with the interaction of PBA in nanoparticles with SA on the cell
surface. It indicated the tumor-targeting effect of PBA in DPQ-
DOX NPs.

The addition of QUE didn’t decrease drug uptake, instead there
was a slight increase. It is possible that the high concentration of
glucose in the medium interfered with the binding of PBA to SA.
The DPQ-DOX NPs avoided the interference due to the confine-
ment effect of QUE, which favored the competitive binding of SA.
This anti-off-target effect is negligible in vitro and should be more
significant during in vivo targeting experiments. In addition,



Figure 3 Release behavior and cellular uptake of DPQ-DOX NPs. (A) Release behavior of DOX from DPQ-DOX NPs after treatment with

various release buffers. (B) Quantification of DOX uptake by B16F10 cells from different formulations by flow cytometry. (C) Cellular uptake of

DOX from different formulations on B16F10 cells imaged qualitatively by CLSM. (DeE) The uptake of DOX by B16F10 cells in competitive

inhibition assay was determined by CLSM and flow cytometry. (F) Quantification of DOX uptake by B16F10 cells from different formulations by

LC‒MS/MS. Data are presented as mean � SD, n Z 4, **P < 0.01, ***P < 0.00, ****P < 0.0001 vs. indicated.
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multidrug resistance (MDR) in cancer cells is also a major
problem55. MDR is mainly caused by the overexpression of P-gp
with drug pump function61. Studies have shown that when
chemotherapeutic drugs are combined with QUE, QUE can inhibit
the expression of P-gp and improve the accumulation of drugs in
cells, which could reverse the MDR effect62,63. Based on the
regulatory effect of QUE on the efflux transporter (such as P-gp,
BCRP, MRP1)61,64, we hypothesized that the uptake of modified
nanoparticles would be higher than that of the control group,
which may also be related to the facilitating effect of QUE itself
on cellular uptake. In conclusion, compared to free DOX, DPQ-
DOX NPs increased drug accumulation in tumor s and achieved
its tumor targeting effect in vitro.

3.5. In vivo distribution of DPQ-DOX NPs

Systemic toxicity and poor drug accumulation frequently
constrain the efficacy of chemotherapy. The adequate tumor
accumulation is an important factor for improving chemotherapy.
The tumor targeting effect of DPQ NPs was further verified by
in vivo distribution experiments. The distribution results showed
that all the drugs gradually accumulated at the tumor site after
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administration. The accumulation reached a maximum level at 8 h
and decreased thereafter. DPQ-DiD NPs showed more targeted
accumulation at the tumor with a 5.95-fold increase in fluores-
cence intensity compared to free DiD and a 1.65-fold increase
compared to DP-DiD NPs at 8 h (Fig. 4A and B). This result was
consistent with the cellular uptake study. Similar results were
observed in isolated tumor mice sections at 8 h post-
administration where DiD distribution was examined by CLSM
(Fig. 4E).

In order to more intuitively investigate the distribution of DOX
in the body, LCeMS/MS was used to further examine the distri-
bution of DOX in tumors and major organs. It was found that
DPQ-DOX NPs had the highest DOX concentration in tumors
(Fig. 4C and E). Among them, the accumulation at the tumor site
still remained the highest at 8 h (Fig. 4C). At this time, the
nanoparticle group of drugs was most abundant in the liver, while
free DOX was less abundant. This is a relatively normal phe-
nomenon, due to the nature of nanoparticles such as particle size.
It is worth noting that nanoparticles reduced renal and heart dis-
tribution. Compared to DP-DOX NPs, DPQ-DOX NPs signifi-
cantly reduced drug accumulation in the liver and lung (Fig. 4D).
This is consistent with our earlier discussion that QUE enclosed
PBA avoiding off-target effects. The role of reducing off-targeting
to improve the effect of targeting tumors is more pronounced
in vivo. The experimental results showed that DPQ-DOX NPs
improved the distribution of chemotherapy drugs in vivo, signifi-
cantly increased the accumulation of drugs in tumor sites, and
realized the targeting effect of drugs on tumors, which is expected
to improve the efficacy of drugs. In addition, the pharmacokinetics
of DPQ-DOX NPs were also explored and the plasma concen-
trations of DOX were evaluated by LC-MS/MS. Just as the
Supporting Information Fig. S3 and Table S1 showed, loading the
DOX into nanoparticles can improve the bioavailability of DOX.
And there is no difference between the nanoparticle groups.

3.6. In vitro drug efficacy experiments of nanoparticles

To evaluate the actual anti-tumor efficacy of the prepared drug
delivery system, the in vitro cytotoxicity of DPQ-DOX NPs on
B16F10 cells was first determined by MTT (Fig. 5AeE). Not
surprisingly, free DOX had the lowest IC50 in the drug alone group
due to its non-release process and transient entry into the cells.
Consistent with previous studies, free QUE had no direct cyto-
toxicity at low concentrations, and the cytotoxicity was signifi-
cantly enhanced after combination of DOX and QUE. It is worth
noting that the cytotoxicity of the free drug was not affected by the
changes in pH and H2O2 conditions. In contrast, DP-DOX NPs
and DPQ-DOX NPs were less cytotoxic in pH 7.4 PBS due to the
lack of responsive release conditions resulting in less drug release.
In fact, both groups of nanoparticles showed increased cytotox-
icity in the presence of H2O2. More importantly, in the pH
6.5 þ 1 mmol/L H2O2 group, the IC50 of DPQ-DOX NPs
decreased to 0.5 times that of free DOX, 0.87 times that of free
QUE plus DOX (Supporting Information Table S2), owing to its
rapid responsive release in TME. Similarly, the cell apoptosis
experiment manifested that the highest rate of apoptosis was
induced by DPQ-DOX NPs in B16F10 cells under weak acid and
reactive oxygen conditions compared to free drug and other
conditions, which increased to 67%, yet only 37.8% for DOX
alone (Fig. 5F and G). These results suggested that DPQ-DOX
NPs exhibited greater cytotoxicity than free drug, possibly
because of its targeted and responsive release. Using QUE as a
prodrug not only greatly improved the properties of QUE, but it
also realized co-administration with DOX, which could produce a
synergistic effect of QUE and DOX to enhance tumor efficacy.
3.7. In vivo efficacy of DPQ-DOX NPs in mice

Encouraged by the in vitro efficacy assay, we used the same ani-
mal model as the in vivo biodistribution assay to evaluate the
in vivo anti-tumor efficiency of the designed drug delivery system.
On the 11th day after intravenous injection, tumor-bearing
B16F10 mice treated with different drugs were euthanized and
tumor size was measured before and after execution. The sepa-
rated tumors were further analyzed and studied. The change
curves of tumor volume (Fig. 6C), tumor weight (Fig. 6D) and
tumor inhibition rate (Fig. 6E) showed that DPQ-DOX NPs had
the best anti-tumor effect with 90.5 � 3.1% tumor inhibition rate
compared to the saline group, while the inhibition rates of DPQ
NPs, DOX and DP-DOX NPs were 16.13%, 43.75% and 65.28%,
respectively. In addition, Kaplan-Meier survival curves showed
that DPQ-DOX NPs significantly prolonged the survival of mice,
with a median survival of 42 days compared with 24 days in the
saline group (Fig. 6F and Supporting Information Table S3). These
figures demonstrated that the high drug loading of the QUE and
DOX co-loaded responsive release system enhanced the overall
treatment effectiveness in melanoma.

Paraffin sections of isolated tumors were subjected to H&E
staining, immunofluorescence TUNEL staining and immunohis-
tochemical Ki67 assay. H&E staining (Fig. 6I) displayed that all
tumor tissues exhibited some degree of necrosis, but the DPQ-
DOX NPs group had the highest percentage of necrosis and the
best treatment effect. This was verified in subsequent experiments.
The cell necrosis in the physiological saline group this was due to
excessive tumor growth causing ischemia and hypoxia and spon-
taneous tumor death. The fluorescence images detected by
TUNEL (Fig. 6G) showed that the saline group had the lowest
percentage of apoptotic cells (2.04%), while the DPQ-DOX NPs
group had the highest percentage of apoptotic cells (91.87%). In
the immunohistological experiments, the proliferation marker Ki-
67 was stained. Consistent with the H&E analysis, the control
group had the greatest level of proliferation with a ratio of the
number of Ki-67 positive cells (yellow) to the total number of
cells (blue) of 48.13%, while the DPQ-DOX NPs group was lower
(1.04%). All these results together showed that the DPQ-DOX
NPs group was significant in treating tumors in vivo. We hy-
pothesized that this favorable anti-tumor effect may be related to
the fact that the delivery system improved certain mechanisms of
drug action in vivo.
3.8. DPQ-DOX NPs enhance the chemoimmunotherapy effect
by remodeling the tumor microenvironment via COX2-PGE2 axis

The immunomodulatory effect was analyzed to further explore the
mechanisms underlying the anti-tumor efficacy of DPQ-DOX
NPs. For a more comprehensive comparison of efficacy, free QUE
group, free QUE-DOX combination group (a small amount of
DMSO dissolved, subcutaneous injection), and DEX-PBA com-
bined load DOX and QUE (DP-DOX þ QUE NPs) group were
added, which had a low QUE load, and the deficiency was sup-
plemented by subcutaneous injection. As can be seen, the DPQ-
DOX NPs group still had the best anti-tumor effect in all groups
(Supporting Information Fig. S5).



Figure 4 The in vivo distribution of DPQ NPs. (A) Semi-quantification of tumor fluorescence in B16F10 tumor-bearing mice injected with

different DiD preparations at various time points. (B) The ex vivo fluorescence images of tumors executed at 8 h after injection of different DiD

preparations in B16F10 tumor-bearing mice. (C) LC‒MS/MS determination of DOX levels in tumors at 1, 2, 4, 8 and 12 h after different

treatments. (D) LC‒MS/MS determination of in vivo DOX levels in each organ at 8 h after different treatments. (E) Fluorescence images of

tumor-bearing mice treated with different DiD preparations for 8 h observed by CLSM. Data are presented as mean � SD, n Z 4, **P < 0.01,

***P < 0.00, ****P < 0.0001 vs. indicated.
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DOX is a typical inducer of ICD that relies on the coordinated
expression and release of a series of injury-related pattern mole-
cules, typically chemotherapeutic agents that promote exocytosis
from the endoplasmic reticulum (ER) and increase adenosine
triphosphate (ATP) secretion and HMGB1 release, and these
molecules can stimulate DCs maturation and further activation of
T cells65,66. We first determined whether DPQ-DOX NPs suc-
cessfully induced ICD in vivo by immunofluorescence and
immunohistochemical examination of tumor tissue. The results
confirmed that DOX promoted CRT exposure and HMGB1
release, while the effect was better when combined with QUE,
especially the DPQ-DOX NPs group had the highest exposure. It
is possible that the promoting effect of QUE on DOX cytotoxicity
increased the exposure of DAMPs. These results suggested that
the combination of DOX and QUE loaded nanoparticles can
significantly enhance the tumor immunogenicity based on tumor
ICD (Fig. 7A).

Then the flow cytometry was used to analyze the infiltration of
lymphocytes in mice. DCs are an important class of antigen-
presenting cells, and whether antigen can reach and be taken up by
DCs and induce their maturation is crucial for the subsequent
immune response. We first measured the expression levels of three
surface molecules, including CD40, CD80 and CD86, on the
surface of DCs in draining lymph nodes, and DPQ-DOX NPs
possessed the strongest ability to induce DCs maturation with the
proportion of CD40þCD80þDC increasing from 23.1 � 4.14% to
71.73 � 3.17%, and the proportion of CD80þCD86þDC
increasing from 24.3 � 1.93% to 68.28 � 2.71% compared with
the control (Fig. 7BeE). In addition, CD103þDC can promote
intratumoral CTLs infiltration and anti-tumor immunity by stim-
ulating CTLs67,68. Compared to the other groups, the frequency of
CD103þDC was significantly increased in the DPQ-DOX NPs
treated group (Fig. 7F). Thus, most of the DCs in the mice have
been activated, and the mature DCs can deliver tumor-associated
antigens to the immune site and further stimulate the generation
of tumor-specific CTLs (CD8þ T cells), which can directly kill
tumor cells, and helper T lymphocytes (Th, CD4þ T cell). The
level of activated T cells in each group was detected. According to
the measurement results (Fig. 7HeJ), the proportion of CTLs
(CD3þCD8þ T cells) and Th cells (CD3þCD4þ T cells) in DPQ-
DOX NPs group was the highest, demonstrating that the tumor
immune system was successfully activated. Specifically, the pro-
portion of CD3þCD8þ T cells increased from 18.88 � 1.12% to
48.95 � 2.42% in the DPQ-DOX NPs group, which was 2.66
times higher than that in the PBS group, showing that the tumor
immune system was effectively activated. Meanwhile, NK cells



Figure 5 In vitro anti-tumor effect of DPQ-DOX NPs. (AeE) The cytotoxic effect of different preparations at different concentrations on

B16F10 cells was evaluated, the concentration of DOX: (A) 156 ng/mL, (B) 312 ng/mL, (C) 625 ng/mL, (D) 1250 ng/mL, (E) 2500 ng/mL. (F)

The relative percentages of early apoptosis cells. (G) Flow cytometry analysis of apoptotic and necrotic B16F10 cells induced by various for-

mulations for 24 h via apoptosis detection kit. (a) PBS, (b) QUE, (c) DOX, (d) DOX þ QUE, (e) DPQ-DOX NPs at pH 7.4, (f) DPQ-DOX NPs at

pH 6.5, (g) DPQ-DOX NPs at 1 mmol/L H2O2, (h) DPQ-DOX NPs at pH 6.5 þ 1 mmol/L H2O2. Data are presented as mean � SD, n Z 4,

*P < 0.05, **P < 0.01, ***P < 0.00, ****P < 0.0001 vs. indicated.
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gradually increased in the drug combination group, with the
maximum percentage in the DPQ-DOX NPs group being
4.76 � 0.87% (Fig. 7G).

Moreover, the ability of DPQ-DOX NPs to promote DCs
maturation was also investigated in vitro. BMDCs were extracted
from healthy male C57 mice, and the supernatants of tumor cells
culture medium treated with different preparations for 24 h were
co-incubated with DCs for 24 h. After stimulation of the group
with LPS as a positive control, the positive rate of DC cell surface
molecules (CD80, CD86, CD40) was detected by flow cytometry,
and the results are shown in Fig. 8GeI. The untreated tumor su-
pernatants could not promote the upregulation of CD86, CD40,
CD80, and the free QUE-treated group also did not cause a
notable increase in surface molecules, indicating that these
influencing factors could not effectively induce the maturation of
DCs. Under the effect of DOX and DOX þ QUE, DP-DOX NPs,
DPQ-DOX NPs, the surface molecules (CD86, CD40, CD80) of
DCs were upregulated at different levels. More importantly, the
DPQ-DOX NPs group induced the highest expression of both
double positive CD86, CD40, CD80, demonstrating its ability to
maximally stimulate the maturation of DCs.

In the previous study, we found that QUE could affect the
COX2-PGE2 axis. The COX2/PGE2 axis promoted tumor immune
escape by hindering DCs recruitment and increasing immuno-
suppressive components. Therefore, we hypothesized that DPQ-
DOX NPs could enhance the immunotherapeutic effect by
affecting the COX2-PGE2 pathway. Firstly, the expression levels
of the COX2-PGE2 axis were measured in tumor tissues, and in
line with what we have earlier demonstrated, QUE reduced the
expression of COX2. Notably, the combination with DOX sup-
pressed the tumor induced upregulation of COX2. The DPQ-DOX
NPs group showed the best suppression with a relative expression
level of COX2 of 0.49, which was about 1/3 of that of the DP-
DOX NPs group (Fig. 8AeC). The expression of COX2 showed



Figure 6 In vivo anti-tumor efficacy of DPQ-DOX NPs. (A) Illustration of the animal administration regimen. (B) Image of the B16F10

xenograft tumor at the end of therapy. (C) Tumor growth graphs of tumor-bearing mice after treatment with differing formulations. (D) Isolated

tumor weight and tumor suppression rate. (E) Tumor inhibition rate in each group after different treatment. (F) Survival curves of B16F10 tumor-

bearing mice in each group. (G) Representative fluorescence microscopy images of tumor tissues of TUNEL staining. (H) Body weight change

curves of tumor-bearing mice during treatment. (I) H&E staining and Ki-67 staining of tumor tissues after treatment. Data are presented as

mean � SD, n Z 5, **P < 0.01, ***P < 0.00, ****P < 0.0001 vs. indicated.
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Figure 7 In vivo anti-tumor immune effect of DPQ-DOX NPs. (A) (A) The expression of calreticulin (CRT) and HMGB1 in B16F10 tumor

tissues after treatment. (B), (E), (H) and (K) Representative FCM profiles of various immune effector cell, (B) and (E) mature DC cells; (H)

CD8þT cells (K)Tregs. (C), (D), (F), (G), (I) and (J) Quantitative data analysis of various immune cells, (C) and (D) matured DCs; (F)

CD103þDCs; (G) NK cells; (I) and (J) CD4þ, CD8þT cells; (L) Tregs; (M) M1-tumo-associated macrophages (TAMS). Data are presented as

mean � SD, n Z 4; *P < 0.05, **P < 0.01, ***P < 0.00, ****P < 0.0001 vs. indicated.
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Figure 8 Effect of DPQ-DOX NPs on COX2-PGE2 axis. (AeD) Analysis of COX2 and PGE2 expression at the tumor site. (E) Expression

levels of COX2 protein in B16F10 cells after treatment in different ways. (F) PGE2 expression levels in B16F10 cell supernatants after treatment

with different agents. (GeI) Determination of the effect of tumor cell supernatants on primary DCs maturation after treatment with different

agents: (G) CD40þCD80þ DCs; (H) CD40þCD86þDCs; (I) CD80þCD86þ DCs. Data are presented as mean � SD, n Z 4; *P < 0.05,

**P < 0.01, ***P < 0.00, ****P < 0.0001 vs. indicated.
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the same trend in the tumor staining results (Fig. 8D). We also
evaluated whether the DPQ-DOX NPs could regulate COX2
expression levels in B16F10 cells. Western blotting was conducted
to determine the expression level of COX2 in B16F10 cells after
treatment with different preparations (Fig. 8E). It can be seen that
QUE could effectively inhibit the expression of COX2 and the
expression of COX2 is the lowest in the DPQ-DOX NPs group.
Next, the levels of the metabolite PGE2 downstream of COX2
were examined (Fig. 8F). Consistently, DOX in combination with
QUE significantly reduced PGE2 expression, and DPQ-DOX NPs
had the best inhibitory effect.

As mentioned above, PGE2 can act on a variety of cells and be
involved in tumor immunomodulation. Having confirming the
downregulation of the COX2-PGE2 axis by nanoparticles, we
examined their effect on tumor immunosuppression. Conse-
quently, we examined the ratio of Tregs in tumor tissues. The Treg
ratio in the QUE group was 42.63 � 1.4%, which was 0.84 of that
in the saline group, showing that QUE could reduce Tregs. The
DPQ-DOX NPs group had the lowest percentage of Tregs
(CD4þFoxp3þCD25þ) (Fig. 7K and L), which decreased from
50.58 � 1.69% to 29.83 � 2.88%. In addition, other immuno-
suppressive cells at the tumor site were measured, such as myeloid
suppressor cells (MDSCs, CD11bþGr-1þ) and M2 macrophages
(CD11bþCD206þ). In the DPQ-DOX NPs group, the proportions
of MDSCs and M2 macrophages were decreased (Supporting
Information Fig. S6), while immune-promoting M1 macro-
phages were increased (Fig. 7M). These results indicated that the
DPQ-DOX NPs can significantly weaken tumor immune sup-
pression compared with free drug alone. Therefore, after investi-
gating the effect of DPQ-DOX NPs on the representative immune
cells and the COX2-PGE2 axis. We found that DOX increased
immunogenicity and promoted the maturation of DCs through the
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ICD. QUE down-regulated the expression of COX2, which in turn
reduced the secretion of PGE2. The PGE2 affected on a wide
range of cells and was involved in the regulation of the TME.
Overall, the DPQ-DOX NPs achieved synergistic enhancement of
anti-tumor effects by remodeling the tumor immune environment
via the COX2-PGE2 axis.

We also examined the expression of P-gp, which is correlated
with drug resistance. Notably, the DPQ-DOX NPs group had the
lowest expression (Supporting Inforamtion Fig. S7A). Thus, the
nanoparticles reduced tumor resistance to drugs and increased
drug uptake, in line with the previously mentioned hypotheses. In
addition, the COX2-PGE2 axis can regulate CCR7, which is
associated with tumor metastasis. We evaluated the expression of
CCR7 and showed that the nanoparticle could inhibit the over-
expression of CCR7 (Fig. S7B). This suggested that the DPQ-
DOX NPs delivery system may also play a role in inhibiting
tumor metastasis.

3.9. Safety study

We evaluated the safety of the drug delivery system. Body mass
index in mice is a pivotal marker of systemic toxicity and side
effects. It can be seen that mice in the saline and blank nano-
particle groups slightly gained weight due to tumor growth
(Fig. 6H), mice in the free DOX and DP-DOX NPs lost weight due
to DOX toxicity, and the weight curve of mice in the DPQ-DOX
NPs group was largely stable over time, indicating low systemic
toxicity of the prepared nanoparticles. The H&E stained images of
the major tissues (Supporting Information Fig. S8) showed diffuse
tumor metastasis in the lung tissue of the saline group, car-
diotoxicity in the free DOX group with marked thinning of
myocardial muscle fibres, most of which lysed and broke, and
some nephrotoxicity, hepatotoxicity with mild oedema seen in the
liver cells, marked reduction in glomerular volume, partial glo-
merulosclerosis, reduced white marrow percentage in the spleen,
lymphatic damage, and possible immunosuppressive effects were
also seen in the DP-DOX NPs group, but to a minor extent, while
no metastases were seen in the DPQ-DOX NPs group, with mild
myocardial lysis, and the rest of the organs were normal with no
obvious abnormal histopathology. We next measured the changes
in the numbers of WBC, RBC and PLT in the blood at the end of
treatment. We could see that the WBC, RBC and PLT in the free
DOX and DP-DOX NPs groups were reduced, probably due to the
myelosuppressive effect of DOX, while the levels were increased
in the DPQ-DOX NPs group (Supporting Information
Fig. S9AeS9C), indicating that DPQ-DOX NPs can effectively
slow down the myelosuppressive response of DOX and reduce the
toxic side effects. The results of serum biochemical assays were
consistent with H&E staining, and free DOX had some organ
toxicity (Fig. S9DeS9F), LDH, CK levels in response to the
cardiotoxicity of free DOX were alleviated in the nanoparticle
group. In the DPQ-DOX NPs group, other liver function and renal
function parameters were also close to those of the control group,
indicating that the drug delivery system reduced toxicity and had a
good safety profile.

4. Conclusions

In summary, we developed a pH/ROS dual-responsive targeted
drug delivery system for improved anti-tumor chemoimmunot
herapy. The DPQ-DOX NPs precisely targeted to the tumor site
and responsively released DOX and QUE. Subsequently, the de-
livery system enhanced tumor immunogenicity by stimulating
ICD with DOX and affected a variety of immune cells by regu-
lating the COX2-PGE2 axis through QUE. This synergistic effect
increased mature DCs, Th cells and CTLs at the tumor site,
decreased the proportion of Tregs and promoted macrophage
polarization from M2 to M1, thereby remodeling the immune
microenvironment. The strategy significantly increased QUE
loading and enhanced chemoimmunotherapy compared to
conventional nano-delivery systems, inhibited tumor growth
and prolonged survival in mice, which may contribute to the
development of more effective chemoimmunotherapy delivery
systems. It may also be effective in improving tumor resistance
and metastasis.
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