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Abstract Considering that photodynamic therapy (PDT)-induced oxygen consumption and microvas-

cular damage could exacerbate hypoxia to drive more glycolysis and angiogenesis, a novel approach to

potentiate PDT and overcome the resistances of hypoxia is avidly needed. Herein, morpholine-modified

PEGylated bilirubin was proposed to co-deliver chlorin e6, a photosensitizer, and diclofenac (Dc). In

acidic milieu, the presence of morpholine could enable the nanocarriers to selectively accumulate in tu-

mor cells, while PDT-generated reactive oxidative species (ROS) resulted in the collapse of bilirubin na-

noparticles and rapid release of Dc. Combining with Dc showed a higher rate of apoptosis over PDT alone

and simultaneously triggered a domino effect, including blocking the activity and expression of lactate

dehydrogenase A (LDHA), interfering with lactate secretion, suppressing the activation of various angio-

genic factors and thus obviating hypoxia-induced resistance-glycolysis and angiogenesis. In addition, in-

hibition of hypoxia-inducible factor-1a (HIF-1a) by Dc alleviated hypoxia-induced resistance. This study
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offered a sequentially responsive platform to achieve sufficient tumor enrichment, on-demand drug

release and superior anti-tumor outcomes in vitro and in vivo.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting 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/).
1. Introduction

Photodynamic therapy (PDT) has emerged as an appealing and
potent treatment modality against solid tumors, wherein upon
exposure to irradiation, photosensitizer could generate highly
toxic reactive oxidative species (ROS) to eradicate malignant cells
directly through apoptosis and indirectly by induction of vascular
shutdown and recruitment of immune mediators1. However, most
PDT agents consume oxygen (O2) to produce ROS, coupled with
vascular shutdown, which can aggravate the intrinsic hypoxia
within tumors2. Through induction and stabilization of hypoxia-
inducible factor-1a (HIF-1a), it would result in two potential
resistance mechanisms: one is metabolic reprogramming from
oxidative phosphorylation (OXPHOS) to glycolysis, including the
upregulation of hexokinase 2 (HK2), lactate dehydrogenase A
(LDHA) and monocarboxylic acid transporter-4 (MCT-4), to
reduce their reliance on O2, while the other is enhanced secretion
of various pro-angiogenic factors such as vascular endothelial
growth factor (VEGF) and angiopoietin (ANGPT), to trigger
angiogenesis and increase O2 supply3e5. Worse yet, increased
glycolysis will engender copious amount of lactate, and lactate is
shuttled between glycolytic cancer cells and angiogenic endo-
thelial cells by MCT6, which stimulates VEGF-a/VEGFR2 pro-
duction through the HIF-dependent pathway7,8, activates nuclear
factor-kappa B (NF-kB)-mediated proangiogenic interleukin-8
(IL-8) signaling9 as well as binds to and stabilizes N-MYC
downstream-regulated protein (NDRG3)10 to fuel angiogenesis,
tumor regrowth and metastasis during prolonged hypoxia. For this
reason, it is highly feasible to disrupt PDT-triggered glycolysis
and angiogenesis, so as to potentiate the efficacy of PDT against
hypoxic tumors.

In the context of lactate metabolism, LDHA preferentially
converts pyruvate to lactate, accompanied by NADH oxidation to
NADþ, while another subtype LDHB could reoxidize lactate to
pyruvate to drive OXPHOS. MCT1 or MCT4 is responsible for
lactate transport between oxidative cells and glycolytic cells11.
Among these, LDHA, a key enzyme in glycolysis, could produce
lactate and its expression, primarily regulated by several important
transcription factors, including c-MYC and HIF-1a12e14.
Following the LDHA inhibition by FX11 or shRNA, it led to ROS
production and decreased energy levels, resulting in apoptotic cell
death. Glycolysis-dependent cell lines were more susceptible to
LDHA blockade, relative to oxidative cells15,16. Besides, LDHA
expression was positively correlated with the activation of VEGF/
VEGFR2 signaling pathway, and regulating angiogenesis by
LDHA is mainly dependent on the production of lactate12,17.
Based on these findings, targeting LDHA could achieve its full
potential in modulating both glycolysis and angiogenesis through
lactate reduction, to augment the lethality of ROS to tumor in
PDT. Diclofenac (Dc), one of non-steroidal anti-inflammatory
drugs (NSAID), was found to significantly diminish c-MYC
expression, and reduce LDHA and MCT1 gene expression with a
decrease in lactate secretion18, while other research showed
decreased LDHA gene expression19 or activity20 in glioma cells.
In addition, molecular docking revealed Dc could prominently
interact with LDHA protein21. Compared with conventional in-
hibitor, like FX-11 and galloflavin, or LDHA siRNA, Dc was a
relatively more affordable and safer alternative for combination
therapy.

We thus hypothesized that the combined application of LDHA
inhibitor Dc and photosensitizer chlorin e6 (Ce6) could provoke
more ROS-potentiated apoptosis, while overcoming PDT-induced
glycolysis and angiogenesis. However, for co-delivery of Dc and
Ce6, obstacles such as hydrophobicity, poor pharmacokinetics
behavior and insufficient tumor accumulation limit drugs’ access
to malignant cells, subsequently impeding the application of free
drugs in vivo22. Furthermore, systemic administration of high-dose
Ce6 and Dc could solve this, but induce a series of off-target ef-
fects and, for example, more ROS production by PDT causes more
harm to the peripheral tissues around the tumor23,24 and over-
dosing Dc triggers myocardial infarction, urinary system injury or
liver dysfunction25e27. In view of this, the drug nanocarrier comes
under the spotlight to address the aforementioned problems28e30,
as it features the following superiority: encapsulating hydrophobic
drugs, accumulating in tumor tissues through the enhanced
permeability and retention (EPR) effect, and on-demand drug
release in respond to either external or internal signals.

Toward this end, our “proof-of-concept” strategy was built on
an ideal platform dmorpholine-modified bilirubin nanoparticles
to co-deliver hydrophobic Ce6 and Dc (Ce6&Dc@MBNP) for
combinatory phototherapy of 4T1 breast cancers (Fig. 1)31,32. Of
note, much less is known about the effects of Dc on LDHA ac-
tivity, protein expression and related upstream pathway in 4T1
cells. In this regard, its effect was systemically studied in 4T1 cells
in vitro. Dc treatment inhibited LDHA through interfering with
activity and decreasing its expression, which correlated with the
obtained result that Dc downregulated its upstream proteins
including HIF-1a33 and c-MYC18, while PDT induced slightly
increased LDHA expression. We also evaluated the effects of Dc
on B16F10, MCF-7 and HUVEC. Dc were verified to be more
sensitive to glycolytic malignant cells, in consistent with recent
literature34. Moreover, morpholine-decorated nanocarriers, which
in blood circulation stayed neutral but became positively charged
in acidic tumor microenvironment (TME), could achieve
enhanced accumulation and endocytosis35,36 by tumor cells. The
hydrophobic core of nanocarriers could ensure excellent co-
delivery of Dc and Ce6 simultaneously into cancer cells and
prevent burst drug leakage, mainly through the pep stacking and
hydrophobic interactions. Exposed to 650 nm near-infrared (NIR)
laser irradiation, abundant ROS generation by Ce6 could disrupt
bilirubin particles and concurrently achieve on-demand Dc release
by hydrophobic-to-hydrophilic switch37e39. Apart from more
tumor apoptosis induction, in vivo mechanism assay indicated the
released Dc, like dominoes, downregulated LDHA, subdued
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Figure 1 Schematic illustration of the composition of Dc&Ce6@MBNP and its synergistic anti-cancer mechanism.
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lactate production and reduced VEGF, ANGPT and CD31
expression40, thus interfering with PDT-triggered glycolysis and
angiogenesis. In addition, inhibition of HIF-1a pathway by Dc
also facilitated the efficacy of PDT. This simple and multifunc-
tional nanocarrier might provide a compelling paradigm for
phototherapy of breast cancers by inhibiting glycolysis, angio-
genesis and the hypoxia pathway.

2. Materials and methods

2.1. Materials

Chlorin e6 was purchased from J&K Scientific Ltd. (Beijing,
China). Diclofenac, morpholin-4-yl-acetic acid hydrochloride, 1-
(3-dimethylaminopropyl)-3 ethylcarbodiimide hydrochloride
(EDC), 4-dimethylaminopyridine (DMAP) and trimethylamine
(TEA) were purchased from Aladdin (Shanghai, China). Bilirubin
and N,N0-diisopropylcarbodiimide (DIC) were purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). mPEG2k-NH2

and Fmoc-NH-PEG2k-NH2 were purchased from Ponsure
Biotechnology (Shanghai, China). Cou-6 was obtained from
SigmaeAldrich (USA). DiD and DCFH-DA were obtained from
Meilunbio (Dalian, China). The annexin V-fluoresceine isothio-
cyanate (FITC) apoptosis detection kit and calcium-AM were
obtained from Yeason (Shanghai, China). Lactate detection kit and
lactate dehydrogenase assay kit were obtained from Nanjing
Jiancheng Bioengineering Institute (Naijing, China). Anti-HIF-1a
antibody, Cy3 goat anti-rabbit IgG (H þ L) and Alexa fluor 647
goat anti-rabbit IgG (H þ L) secondary antibody were purchased
from Abcam (Hongkong, China). Anti-LDHA and anti-CD31
antibody were purchased from Servicebio Company (Wuhan,
China). Anti-LDHB and anti-c-MYC antibody were purchased
from Proteintech (Wuhan, China). Anti-VEGFa and anti-
angiopoietin-2 antibody were purchased from Abclonal Com-
pany (Wuhan, China).

2.2. Cell lines and animals

Murine 4T1 breast cancer cells, HUVEC, MCF-7 and B16F10
were obtained from Chinese Academy of Sciences Cells Bank
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(Shanghai, China). Complete RPMI-1640 or DMEM cell culture
medium (containing 10% of fetal bovine serum, 100 U/mL of
penicillin G, and 100 U/mL of streptomycin sulfate) was used to
culture cells. Cells were maintained in incubator under a condition
of 37 �C and 5% CO2.

Female BALB/c mice (5e6 weeks, 18e22 g) were purchased
from Ensiweier Biotechnology Co., Ltd. (Wuhan, China). All
animal experiments were performed under the guidelines, evalu-
ated and approved by the Ethics Committee of Sichuan University.

2.3. Synthesis of PEGylated bilirubin and morpholine-
decorated PEGylated bilirubin

According to the literature41, the synthesis method with minor
modifications was as follows. Bilirubin (0.1 mmol) and EDC
(0.15 mmol) were dissolved in 2 mL of dimethyl sulfoxide
(DMSO), and stirred at room temperature for 10 min. Then
mPEG2k-NH2 (0.05 mmol) dissolved in 1 mL of DMSO and tri-
methylamine (0.15 mmol) were added into the mixture. After 12 h
stirring, the mixture was added to chloroform (CH3Cl) and washed
by 0.1 mol/L HCl and saturated NaCl solution. Then the organic
layer was collected and removed by rotary evaporation. Then,
methanol (MeOH) was introduced to precipitate unreacted bili-
rubin and the supernatants were collected and evaporated to obtain
sticky solid. Small amount of chloroform was used to dissolve this
solid and then precipitated in ether. The obtained solid was
separated by silica gel column, with gradient elution of solution
(CH3Cl:MeOH) from 100:1 to 10:1. Finally, the collected liquid
was removed by rotary evaporation and dried under high vacuum
to obtain PEGylated bilirubin (PEG-BR) (yield: 65%). The
product was characterized by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (Shimadzu, Japan).

For morpholine-decorated PEGylated bilirubin (M-PEG-BR),
DIC (0.15 mmol), morpholin-4-yl-acetic acid hydrochloride
(0.10 mmol), triethylamine (0.10 mmol) and DMAP (catalytic
amount) were added into dimethylformamide (DMF) under a ni-
trogen atmosphere, and then the solution was stirred for 30 min.
To this flask, a solution of DMF containing Fmoc-NH-PEG2k-NH2

(0.05 mmol) was added. The reaction solution was stirred at 30 �C
for 2 days. Then, the solvent, catalyst, and unreacted raw material
were mostly removed through dialysis with DMSO and water at
room temperature. After dialysis, the solution was collected and
lyophilized. The 1H NMR results verified the successful conju-
gation of morpholine, otherwise the obtained product would
continue to react. Fmoc groups were removed by the treatment
with 20% (v/v) 4-methylpiperidine in dimethylformamide (DMF)
for 30 min, and the PEGylated molecules were precipitated and
washed three times by cold ether. Then, modifying bilirubin onto
morpholine-decorated PEG was prepared as described previously
(yield: 33%).

2.4. Loading of Ce6 and Dc to nanoparticles

A certain amount of Dc and Ce6 in a mixed solution
(CHCl3:MeOH Z 3:1; 20 and 5 mg/mL, respectively) were
introduced and mixed with 4 mg of PEG-BR or M-PEG-BR dis-
solved in 100 mL of CHCl3. Then, 1.5 mL of water was added into
the mixture, and then emulsified by using ultrasonic cell crusher
(65 W, 5 s/5 s a cycle for 5 min). Centrifugation and ultrafiltration
by KDC-140HR high speed refrigerated centrifuge (Anhui USTC
Zonkia, China) were employed for the removal of free drugs and
large particles to obtain Dc&Ce6@BNP or MBNP. The content of
Ce6 was measured at an excitation/emission wavelength of 405/
660 nm by a RF-5301PC spectrofluorophotometer (Shimadzu,
Japan). And Dc was detected by high performance liquid chro-
matograph (HPLC) analysis, using a C-18 chromatography col-
umn (5 mm, 4.6 mm � 250 mm), and the separation conditions of
elution were as follows: methanol:5% acetic acid aqueous solution
(80:20); flow rate, 1.0 mL/min; and the detection wavelength was
276 nm.

2.5. Cellular uptake

When 4T1 cells were seeded into 6-well plates (3 � 105 cells per
well) and grew to 80%, concentrated Cou6@BNP and
Cou6@MBNP were diluted using fresh pH 7.4 or 6.5 medium
without FBS and added into the wells at the same Cou6 concen-
tration of 150 ng/mL, respectively. At 0.5 h and 2 h post incu-
bation, the cells were collected and detected by flow cytometry
(Agilent NovoCyte, USA). For a qualitative assay, 4T1 cells were
plated into the coverslip in 6-well plates and treated with the same
method as described above. Then, the cells were fixed with 4%
paraformaldehyde and stained with DAPI. The fluorescence in-
tensity was observed by confocal microscopy (A1Rþ, Nikon,
Japan).

2.6. In vitro cytotoxicity assay

4T1 cells were cultured in the 96-well plates for 12 h. Then, the
fresh pH 7.4 or 6.5 medium (as a control) or medium containing
different formulations (Ce6þLaser, Dc, Dc&Ce6þLaser,
Dc&Ce6@BNP, Dc&Ce6@BNP þ Laser, Dc&Ce6@MBNP, and
Dc&Ce6@MBNP þ Laser) were introduced into wells. The
irradiation was performed 8 h post incubation. After 24 h, the
cytotoxicity was evaluated by MTT assay.

2.7. Apoptosis assay

4T1 cells were treated with pH 6.5 medium containing
Ce6þLaser, Dc, Dc&Ce6@BNP þ Laser and
Dc&Ce6@MBNP þ Laser (5 mg/mL for Ce6 and 17.5 mg/mL for
Dc). Laser irradiation was conducted after 8 h. After 12 h, the
cells were collected and stained with annexin V-FITC and PI, and
measured by flow cytometry (BD FACSCelesta, USA).

2.8. Calcein-AM/PI staining assay

4T1 cells were cultured in 24-well plates as described above.
Following different treatments for 24 h, cells were stained with
calcein-AM (5 mg/mL) and PI (10 mg/mL). Then, cells were
washed with PBS buffers to remove excessive dyes and imaged by
fluorescence microscope.

2.9. Western blotting analysis

To start with, 4T1 cells were collected after the treatment with
PBS, Ce6þLaser, Dc&Ce6þLaser, Dc&Ce6@BNP þ Laser and
Dc&Ce6@MBNP þ Laser for 36 h (pH 6.5). The tumor tissues
were harvested after four-times injection with PBS, Ce6þLaser,
Dc&Ce6þLaser, Dc&Ce6@BNP þ Laser and Dc&Ce6@
MBNP þ Laser. Then, lysis buffer was used to prepare the total
cellular and tumor tissues proteins, followed by quantification
using a BCA kit (Beyotime, Shanghai, China), according to the
manufacturer’s instructions. After the separation on SDS-
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polyacrylamide gels and protein transfer to a PVDF membrane
(Millipore, USA), the proteins were incubated overnight at 4 �C,
with antibodies against rabbit LDHA (abclonal, China), rabbit
HIF-1a (Abcam, UK), rabbit MCT1 (Thermo Fisher, US), rabbit
CD31 (Servicebio, China), rabbit VEGFa (Abclonal, China) or
rabbit angiopoietin-2 (Abclonal, China). After washing, mem-
branes were treated with the second antibody (Abclonal, China) at
37 �C for 2 h, and then imaged using the enhanced chem-
iluminescence (ECL) method. Experiments were performed in
triplicate.

2.10. Immunofluorescence of cellular HIF-1a expression and
LDHA expression under hypoxia

4T1 cells were seeded onto coverslips and when cells grew to
approximately 70%, and then incubated with drugs and formula-
tions and covered with a layer of liquid paraffin to prevent oxygen
entry for 24 h. Twelve hours post incubation, laser irradiation
(80 mW/cm2, 1 min) was conducted. After the liquid paraffin layer
was quickly removed, paraformaldehyde was added to fix cells for
20 min. The process demanded rapid operation to minimize HIF-
1a degradation. Then, the coverslips were washed and stained
with anti-HIF-1a or anti-LDHA primary antibody at 4 �C over-
night and then incubated with Alexa Fluro 647-labeled secondary
antibody at 37 �C for 2 h. The nuclei were stained with DAPI. The
stained cells were observed by CLSM.

2.11. pH and lactate measurement

For pH measurement, cells were cultured in 24-well plates. After
24 h incubation, 2 mL of fresh medium containing different for-
mulations were added into the cells, along with pH detection at 0,
1, 2, 4, 8, 12, 24, 36 and 48 h. For lactate measurement, cells were
seeded into 12-well plates for 24 h, and then incubated with
different formulations for 48 h. The supernatant was collected and
centrifuged to be determined with a lactate detection kit, and
calibrated by BCA protein assay.

2.12. Biodistribution

4T1 cells (3 � 105 cells) were transplanted into the left mammary
fat pad of female BALB/c mice. After 10 days, DiD@BNP and
DiD@MBNP (0.3 mg DiD/kg) were intravenously injected into
4T1-bearing BALB/c mice. At 2, 6, 12 and 24 h, the fluorescence
distribution was observed by the Lumina III Imaging System
(PerkinElmer, USA). Twenty-four hours post injection, main or-
gans were excised for imaging. Then, all the tumors and organs
were dehydrated and frozenly sectioned to a 10 mm thickness with
the freezing microtome (Leica CM1950, Germany). The DiD
distributions were observed using a confocal microscope (A1Rþ,
Nikon, Japan).

2.13. In vivo anti-tumor test

4T1 cells (3 � 105 cells) were transplanted into the left mammary
fat pad of female BALB/c mice. Eight days later, when the tumor
size reached around 70e80 mm3, the mice were randomly divided
into 8 groups (n Z 6). Mice were intravenously injected with
different formulations, including PBS, Ce6þLaser, Dc,
Dc&Ce6þLaser, Dc&Ce6@BNP, Dc&Ce6@BNP þ Laser,
Dc&Ce6@MBNP, and Dc&Ce6@MBNP þ Laser (3 mg/kg for
Ce6 and 10.5 mg/kg for Dc), respectively. The irradiation was
carried out 12 h post administration (150 mW/cm2, 5 min). The
treatments were repeated every 3 days for 4 cycles, while tumor
volumes and body weights were recorded every 2 days. The tumor
volumes were calculated with the following Eq. (1):

V Z0:5�Length�Width2 ð1Þ

After the last treatment, all the mice were sacrificed and major
organs coupled with tumors were harvested. Part of them were
fixed at 4% paraformaldehyde and used for H&E staining,
Immunohistochemistry (CD31 staining) and Immunofluorescence
staining (LDHA and TUNEL staining), and then imaged by mi-
croscope. The rest were used for Western blotting and lactate
detection.

2.14. Statistical analysis

One-way analysis of variance (ANOVA) or t-test for multiple
comparisons were used for statistical analysis. All data were
expressed as mean � standard deviation (SD). Statistical signifi-
cance was set at *P < 0.05, **P < 0.01 and ***P < 0.001.

3. Results and discussion

3.1. Preparation and characterization of Dc&Ce6@MBNP

To start with, two types of materials, including morpholine-
decorated PEGylated bilirubin (M-PEG2K-BR) and PEGylated
bilirubin (PEG2K-BR), were synthesized (Fig. 2A and Supporting
Information Scheme S1) and confirmed by matrix-assisted laser
desorption/ionization time of flight mass spectrum (MALDI-TOF-
MS). The peaks at m/z around 2073 and 2676 in Supporting
Information Fig. S1, 2090 and 2648 in Supporting Information
Fig. S2 belonged to MeO-PEG2KeNH2, PEG2K-BR, Fmoc-NH-
PEG2K-NH2, M-PEG2K-BR, respectively, while proton nuclear
magnetic resonance (1H NMR) spectra showed the appearance of
characteristic peak of bilirubin, including HC]CH2 and HC]C
proton signal at 5e7 ppm, in PEG2K-BR and M-PEG2K-BR,
indicating the successful linkage of bilirubin to PEG (Supporting
Information Figs. S5 and S6). Meanwhile, 1H NMR spectra
directly demonstrated the morpholine groups were successfully
conjugated to Fmoc-NH-PEG2K-NH2, as (CH2)2N proton signal
appeared roughly at 2.6 ppm (Fig. S6). The morpholine group in
Fmoc-NH-PEG2K-M were further verified by the appearance of
the absorption peak at 1677 cm�1 (nC Z O) in near-infrared (IR)
spectra, while peak of C]O group in raw material (Fmoc-NH-
PEG2K-NH2) only located in 1718 cm�1 (Supporting Information
Fig. S3). After the removal of Fmoc, the remaining M-PEG2K-
NH2 only showed peak at 1677 cm�1, rather than 1718 cm�1.
Coupled with the UV‒Vis spectra of raw and synthesized mate-
rials (Supporting Information Fig. S7), these above demonstrated
that compound morpholine and bilirubin have successfully con-
jugated onto the N terminus of PEG.

In an aim to achieve both optimal synergism between drugs
and preferable drug loading, the in vitro cytotoxicity of different
masses of free Dc and Ce6 was firstly evaluated in 4T1 cell lines,
as the combination indexes (CI), simulated from cell viability
curves (Fig. 2B), was introduced to assess the synergism. As
shown in Fig. 2C, three mass ratios all were below this dotted line
(CI Z 1), indicating the notable synergistic effects between Dc
and Ce6 among these ratios. When the mass ratio reached 1:2, the
fact that CI values was the lowest displayed better combination



Figure 2 Characterizations of Dc&Ce6@MBNP. (A) Synthesis route of M-PEG2K-BR. (B) In vitro cytotoxicity of free Ce6 and Dc on 4T1

cells. (C) CI value simulated from (B) using CalcuSyn software. (D) Size distribution and (E) typical TEM image of Dc&Ce6@MBNP. (F)

Changes of zeta potentials of BNP and MBNP in PBS at different pH values from 6.0 to 7.4 (nZ 3, mean � SD). (G) UV�VIS absorption spectra

of free Dc, free Ce6 and NPs in PBS (pH Z 7.4). (H) Fluorescence spectra of free Ce6 and NPs in PBS (pH Z 7.4). (I) Hydrodynamic diameters

of Dc&Ce6@MBNP upon addition of NaCl, urea, SDS and Triton X-100 (n Z 3). (J) Changes in OD450 of Dc&Ce6@MBNP following

treatments with different circles of laser irradiation (n Z 3). Black arrows correspond to 2-min irradiation here.
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outcomes. So we tried to load drugs at this mass ratio (1:2) into M-
PEG2K-BR and PEG2K-BR. The Dc and Ce6-coloaded bilirubin
nanoparticles (Dc&Ce6@BNP and Dc&Ce6@MBNP) were pre-
pared by ultrasonic emulsification. When drug/polymer ratio
reached 3:25, the encapsulation efficiencies of Dc and Ce6 in BNP
were 87.54 � 7.23% and 49.93 � 2.06%, while the drug loading
achieved 6.42 � 0.57% and 1.83 � 0.08%, respectively. By
contrast, those in MBNP were 81.58 � 6.78% and 46.90 � 1.95%,
while the loading capacities reached 6.02 � 0.54% and
1.73 � 0.07%. The drug mass ratios in two NPs approximately
exhibited 3.51 and 3.48, respectively. Although the mass ratio
(w3.5) was less optimal for synergism, the nanoparticles with an
overall drug loading capacity (w8%) was sufficient to satisfy the
demand of treatment.

The average size of Dc&Ce6@BNP and Dc&Ce6@MBNP
was 68.04 � 16.92 and 71.24 � 5.30 nm, respectively (Supporting
Information Fig. S8A and Fig. 2D), which was determined by the
dynamic light scattering (DLS) analysis. The size distributions of
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both nanoparticles were narrow, as indicated by polydispersity
index (PDI) less than 0.3. Transmission electron microscope
(TEM) results showed two nanoparticles presented a round shape
with a size of approximately 70 nm, consistent with the above
DLS data (Fig. S8A and Fig. 2E). UV spectra revealed the co-
assembled NPs in PBS had the typical absorbance peaks from
PEG-bilirubin (450 nm), Dc (276 nm) and Ce6 (405 and 650 nm).
This indicated these three components interacted with each other
and constructed the nanoparticles at nanoscale (Fig. 2G). A
considerably broader and red-shifted Soret band of Ce6, plus a
slightly red-shifted absorption band of Dc, implied that the pyrrole
groups of bilirubin could interact with aromatic ring of Dc and
pyrrole groups of Ce6 by hydrophobic interactions and p‒p

stacking42. Besides, the interaction of Ce6 with PEG-BR and Dc
was evaluated by fluorescence as well. The intrinsic fluorescence
of emission peaks of Ce6 (650 nm) after encapsulated inside NPs
was remarkably decreased compared to monomeric Ce6 (Fig. 2H).
The significant fluorescence quenching has reportedly been
ascribed to the formation of p‒p stacking inside polymeric
NPs42,43. Apart from the above, we also introduced SDS, Triton
X-100, NaCl and urea into as-obtained nanoparticles, in an aim to
observe the impact on their structure by size measurements44,45.
Dc&Ce6@BNP and Dc&Ce6@MBNP didn’t show any size
reduction in NaCl and urea, while the addition of SDS and Triton
X-100 caused obvious size reduction (Fig. S8B and Fig. 2I),
proving that hydrophobic interactions, instead of electrostatic
interaction, played a dominant role in the formation of nano-
particles. As a result of those associative forces inside NPs,
including hydrophobic and p‒p interaction, both BNP and MBNP
retained a good stability in the aqueous state for 48 h. Any sig-
nificant change of size and PDI was hardly observed in both
groups (Fig. S8C).

Of note, the main difference between MBNP and BNP was the
modification of morpholine group, so zeta potentials of MBNP
and BNP under different pH were determined (Fig. 2F). As ex-
pected, the zeta potential of MBNP converted from near neutral to
positive (4.7 mV), when pH decreased from 7.4 to 6.0. By com-
parison, BNP still remained near neutral (�1.0 mV)36. This sug-
gested the MBNP’s ability of charge reversal. On the other hand,
owing to the presence of bilirubin in the hydrophobic core, this
nanocarrier also possessed ROS responsiveness (Supporting
Information Fig. S10). DLS data showed exposure to 5-min
laser light could decrease the count rate of drug-loaded NPs in
water by close to half, which was proportional to the number of
NPs (Supporting Information Table S1). As seen in Fig. S8F and
Supporting Information Fig. S9B, ROS generation upon laser
exposure could transform yellowish bilirubin into hydrophilic
biliverdin and photoisomers, with a characteristic greenish color.
Moreover, upon the first 2 min of irradiation, a notable decrease in
the absorbance at 450 nm (OD450) was observed, which mirrored
bilirubin concentration, as depicted in Fig. S8D and Fig. 2J. With
the laser power or irradiation cycles increasing, OD450 dropped
more sharply, while NPs without irradiation almost remained
constant during the same procedure. As a control, without Ce6,
Dc@BNP and Dc@MBNP can hardly respond to multiple cycles
of laser irradiation, as OD450 still kept approximately the same
(Figs. S8E and S9A). The results altogether demonstrated large
amounts of ROS produced by Ce6 upon 650 nm irradiation,
irrespective of irradiation itself, could sufficiently result in the
collapse of BNP and MBNP. Based on this, we further delved into
the laser-triggered drug release from nanoparticles. From
Supporting Information Fig. S11, upon laser illumination
(160 mW/cm2), Dc&Ce6@BNP released more than 49.49% of Dc
within 1 h, while approximately 49.13% of Dc was released from
Dc&Ce6@MBNP. With time extended to 48 h, both nanoparticles
released more than 80% of Dc upon laser irradiation. By contrast,
at 48 h time point, only 40% of Dc release was observed in cor-
responding groups without laser irradiation, which was favorable
for controllable drug delivery. Taken together, this nanocarrier
possessed a charge-switchable property and ROS-responsive drug
release profile.

3.2. Charge reversal-mediated endocytosis and ROS production

Encouraged by the transition in zeta potential of MBNP, we sur-
mised this charge reversal could facilitate the cellular uptake of
nanoparticle at acidic pH. Coumarin 6 (Cou6) was chosen as a
fluorescent probe to detect the endocytosis in 4T1 cells. Flow
cytometry results showed MBNP and BNP exhibited similar
fluorescent intensity of Cou6 at pH 7.4 for 0.5 and 2 h (Fig. 3A).
Predictably, the intensity of MBNP at pH 6.5 for 0.5 h was 1.24-
and 1.19-fold higher than that of BNP at pH 6.5 and MBNP at pH
7.4, respectively. Additionally, the intensity of MBNP at pH 6.5
for 2 h was 1.44- and 1.33-fold higher, compared with BNP at pH
6.5 and MBNP at pH 7.4. Likewise, the results in confocal im-
aging indicated the fluorescent intensity of Cou6 in MBNP at pH
6.5 was significantly stronger than BNP at pH 6.5 and MBNP at
pH 7.4 (Fig. 3B and Supporting Information Fig. S12A), in
accordance with previous research35,36. All the evidence strongly
supported desirable targeting ability of morpholine-decorated
nanocarriers towards tumor cells at acidic microenvironment.

After specific internalization by malignant cells, ROS gener-
ation by Ce6 in different formulations was examined by flow
cytometry as well. 2ʹ,7ʹ-dichlorodihydrofluorescein diacetate
(DCFH-DA) was employed as an ROS indicator, which could
transform to dichlorofluorescein with green fluorescence upon
exposure to ROS. 4T1 cells were treated with different formula-
tions for 4 h, followed by incubation with DCFH-DA for 30 min
and washed twice. Then, 650 nm laser irradiation was conducted
for 1 min (80 mW/cm2). From the Fig. 3C, irradiation could
trigger abundant ROS production in all but control group and Dc,
whether at pH 7.4 or 6.5. In addition, a degree of fluorescence
increase were observed in the corresponding group without irra-
diation, particularly Ce6 group, compared with control group. The
fluorescent intensity of Ce6-encapsulated NPs were always lower
than free Ce6. Interestingly, when exposed to irradiation, Ce6
resulted in the highest ROS level, successively followed by
Dc&Ce6@MBNP, Dc&Ce6@BNP and Ce6@BNP at pH 6.5,
while negligible variations were found among different NPs at pH
7.4. The phenomenon might arise from ROS-scavenging property
of bilirubin nanoparticles or different cell entry efficiencies be-
tween free Ce6 and NPs. Taken together, Dc&Ce6@MBNP
gained an enhanced cellular uptake and drug release profile in
respond to ROS.

3.3. Effects on LDHA expression, lactate secretion and acidity
alleviation in vitro

As mentioned earlier, LDHA is typically upregulated in cancers,
as a result of accelerated glycolysis of cancer cells especially
under hypoxia, whereas LDHB has opposite effects on meta-
bolism. Besides, c-MYC and HIF-1a promote breast cancer
tumorigenesis at least in part through the induction of aerobic
glycolysis by promoting transcription of key glycolytic enzymes,



Figure 3 Cellular uptake, ROS generation and lactate modulation in vitro. (A) Flow cytometry results of endocytosis of Cou6@BNP and

Cou6@MBNP at pH 7.4 and 6.5 for 0.5 and 2 h (n Z 3, mean � SD, *P < 0.05, **P < 0.01, ***P < 0.001). (B) Confocal images of the cellular

uptake of Cou6@BNP and Cou6@MBNP at pH 7.4 and 6.5 for 2 h. Blue indicates the cell nucleus. Green indicates Cou6. Scale bars represent

50 mm. (C) ROS generation in various formulations at cell level measured by flow cytometry. (D) Schematic illustration of mechanism of

synergistic hypoxia-targeted photodynamic therapy through regulating LDHA. (E) Western blotting analysis of HIF-1a, c-MYC and LDHA

expression treated with CoCl2 and different concentrations of Dc in 4T1 cells at pH 7.4 for 24 h. (F) Western blotting and semi-quantitative

analysis of LDHA expression in 4T1 cells treated with different formulations upon irradiation (80 mW/cm2, 1 min) at pH 6.5 for 36 h

(n Z 3, mean � SD, *P < 0.05, **P < 0.01, ***P < 0.001). The aee in (F) represent control, Ce6þL, Dc&Ce6þL, Dc&Ce6@BNP þ L and

Dc&Ce6@MBNP þ L.
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such as LDHA46. Based on this, LDHA, LDHB and c-MYC
expression in different malignant and normal cells were evaluated
and compared (Supporting Information Fig. S14). Although
LDHA expression of 4T1 was lower, it should be noted that the
LDHA/LDHB ratio was remarkably elevated relative to B16F10
(melanoma cells), MCF-7 (human breast cancer cells) and
HUVEC (human umbilical vein endothelial cell; normal cells).
This result implied that HUVEC and MCF-7 relatively depended
on OXHOPS, while 4T1 and B16F10 were more inclined to
glycolysis, which was consistent with the results assessed by
extracellular acidification rate and oxygen consumption rate found
in previous studies34,47. Meanwhile, the expression of onco-
protein c-MYC was highest in 4T1 cells, while it was also
found to be enhanced in other cancer cells, compared with
HUVEC. Furthermore, the combination of free Dc and Ce6 were
investigated in MCF-7, B16F10 and HUVEC by MTT assay. The
synergism between Dc and Ce6 were demonstrated in B16F10 and
HUVEC, but slight combined effects was found in oxidative
MCF-7 (Supporting Information Fig. S20). By contrast, highly
glycolytic 4T1 cells were more sensitive to relatively lower con-
centrations of Dc (Fig. 2B).

Since Dc was reported to act on LDHA18,20,48, we firstly
assessed the influence of free Dc on LDH activity. As shown in
Supporting Information Fig. S13, with concentrations increasing
to 28 mg/mL, free Dc displayed significantly stronger inhibitory
effects on LDH activity, compared to control groups. But 42 mg/
mL Dc abated this inhibition, partly due to the impact of a portion
of cell death by Dc. Additionally, LDH activity was decreased to
at most 13.21%, during 24-h treatment. So, the focus was shifted
into the influence of Dc on LDHA expression.

Western blotting assay was employed to study LDHA protein
expression. 4T1 cells were firstly incubated with free Dc of fixed
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concentration (28 mg/mL) for 12, 24, 36 or 48 h at pH 7.4. The
downregulation was incremental over time, as 24 or 36 h reduced
12% or 27% of LDHA expression, but until 48 h, it still remained
about 26% reduction (Supporting Information Fig. S15A)48. Be-
sides, when CoCl2, one of HIF-1a inducers, was added intomedium,
enhanced level of LDHA was observed, compared with control
group, suggesting LDHA expression was partly regulated by HIF-
1a, consistent with previous study. After the addition of Dc,
decreased level of LDHAwas also found and interestingly, HIF-1a
expression was greatly reduced to 82.25% at 28 mg/mL and 9.89% at
42 mg/mL (Fig. 3E), reported in previous literature33. For c-MYC,
CoCl2 treatment increased slightly its expression, while Dc could
markedly block its expression with concentration increase to 42 mg/
mL (Fig. 3E)18. In addition, the impact of Dc on LDHA, c-MYC and
HIF-1a in other cells, after CoCl2 treatment, were also assessed, as
exhibited in Supporting Information Figs. S17eS19. Dc could
reduce c-MYC and HIF-1a expression, but LDHA decrease were
found in B16F10 and HUVEC, rather thanMCF-7. It might result in
the stiff resistance of MCF-7 towards Dc.

Then, we continued to investigate the effects of Dc-containing
formulations on LDHA expression at pH 6.5. As shown in Fig. 3F,
the expression of LDHA was not affected and instead raised
slightly by the incubation with Ce6þL group (also shown in
Fig. S15B). But, the incorporation of Dc led to varying degrees of
blockade, as LDHA expression was remarkably reduced to
72.08 � 5.65%, 70.18 � 3.52% or 57.38 � 9.18% after cells
treated with Dc&Ce6þL, Dc&Ce6@BNP þ L or
Dc&Ce6@MBNP þ L (equivalent to 28 mg/mL Dc), respectively.
Plus, these groups without irradiation were evaluated to confirm
that decrease of LDHA expression was ROS-dependent. In
Fig. S15C, Dc&Ce6 reduced its expression to 66.91 � 6.12%,
while Ce6, Dc&Ce6@BNP and Dc&Ce6@MBNP reduced to
93.26 � 3.33%, 92.80 � 8.18% and 82.91 � 2.09%, respectively.
Based on these obtained results, we continued to evaluate the
impact of Dc and different formulations on HIF-1a and LDHA
expression under hypoxia by immunofluorescence (owing to the
rapid degradation of HIF-1a under normoxia). Upon irradiation,
higher fluorescent intensity of HIF-1a were observed in Ce6 and
Ce6@BNP, while the introduction of Dc could alleviate hypoxia
through decreasing HIF-1a expression (Supporting Information
Fig. S16A). The fluorescent intensity of Dc&Ce6@MBNP þ L
was lower than Dc&Ce6@BNP þ L, at least partly due to charge
reversal-enhanced endocytosis at pH 6.5. Likewise, the decreasing
trend of LDHA expression under hypoxia were also found in
Dc&Ce6@BNP þ L and Dc&Ce6@MBNP þ L (Fig. S16B).

After the expression of LDHAwas depressed, the end product-
lactate production would be inhibited as well. Upon Dc exposure
for 48 h, the concentrations of lactate in the cell culture media
decreased from 0.19 to 0.13 mg/mL, while little variation in
extracellular lactate was observed in Ce6þL group (Fig. S12B).
Strikingly, Dc&Ce6@MBNP þ L treatment reduced lactate
secretion of 4T1 cells to a maximum of 60%, in parallel to
Dc&Ce6@BNP þ L (30%), as a result of charge-reversal
enhanced internalization. It should be pointed out that the sup-
pressed lactate secretion was not due to reduced cell viability,
which was normalized by BCA protein assay. Similarly, Dc
increased pH in the supernatants of 4T1 cells, whereas Ce6
treatment had no effect on this (Fig. S12C). Other Dc-containing
formulations also caused the elevation in pH to 7.2, which was
consistent with the reduction in lactate secretion. LDHA blockade
in 4T1 cells was a part of reason why Dc decreased lactate
secretion and alleviated pH, because other studies demonstrated
Dc could block the activity of lactate transporters MCT-1 and
MCT-434,48. Regardless of free drug or formulations, Dc could, to
an extent, reduce LDHA activity and expression by regulating c-
MYC and HIF-1a expression in 4T1 cells, coupled with decreased
lactate secretion and elevated extracellular pH (Fig. 3D).

3.4. In vitro cytotoxicity studies

To further corroborate the synergistic anti-tumor efficacy, various
methods were adopted to study the in vitro cytotoxicity after different
treatments. The methyl thiazolyl tetrazolium (MTT) assay was firstly
introduced. Different concentrations of the blank nanoparticles
without drug (BNP and MBNP) didn’t exhibit any toxicity towards
HUVEC (Supporting Information Fig. S21B) and 4T1 cells
(Fig. S21A), regardless of at pH 7.4 or 6.5. This could exclude the
possible effect of solution pH and concentrations of nanoparticles on
cell viability and indirectly confirm the biosafety and biocompatibility
of nanomaterials. It is known that tumor cell proliferation correlates
with upregulated expression of oncogene like c-MYCand that c-MYC
inhibition can revert the neoplastic phenotype and induce apoptosis49.
Dc suppressed the growth of 4T1 cells, partly due to its inhibition on c-
MYC and LDHA. As described in Fig. 4B, Ce6&Dc group upon 20 s
irradiation (80 mW/cm2) showed obvious cytotoxicity, particularly
when the Ce6 concentration increased to 8 mg/mL. Compared with
free Dc (IC50 Z 45.26 mg/mL) or Ce6 (IC50 Z 12.84 mg/mL) alone,
the combination of Dc and Ce6 showed a half maximal inhibitory
concentration (IC50) of 7.392 mg/mL, which was attributable to the
synergy. After loaded into nanoparticles, the IC50 of Ce6@BNP þ L
increased to 15.02 mg/mL, largely due to the attenuation of ROS stress
by bilirubin. Meanwhile, limited cytotoxicity was observed in
Ce6@BNP, Dc&Ce6@BNP and Dc&Ce6@MBNP without laser,
while only 13.74%, 28.3% and 31.23% cell death were detected at the
highest concentration. Relative to Dc&Ce6@BNPþ L (9.02 mg/mL),
the Dc&Ce6@MBNPþ L group displayed higher cytotoxicity at pH
6.5 (5.90 mg/mL), which might be ascribed to the enhanced endocy-
tosis of the Dc&Ce6@MBNP in acidic milieu. Simultaneously, the
cytotoxicity of Dc&Ce6@BNP þ L still remained unchanged from
pH 7.4 to 6.5, while Dc&Ce6@MBNP þ L showed higher cytotox-
icity at pH 6.5 relative to pH 7.4 (Fig. 4C, Figs. S21C and S21D).
These data jointly indicated the anti-tumor effects were enhanced by
the synergy ofDc andCe6, and subsequently bymorpholine-mediated
increased uptake. Under hypoxia, Ce6 upon irradiation were less
likely to induce cell death than that under normoxia, which implied
low oxygen level could limit its efficacy, while Dc restored tumor
sensitivity towards PDT under hypoxia, as its addition still greatly
increased PDT’s toxicity towards 4T1 cells (Supporting Information
Fig. S22).

For more intuitive observation of anti-tumor effect in vitro,
calcein-AM/PI double staining was applied to mark off live cells
and late apoptosis/dead cells (Fig. 4A). All cells were alive
without laser illumination at pH 6.5, and the cells incubated with
free Ce6, rather than free Dc and Dc&Ce6, resembled the control
group. Negligible changes were found in Dc&Ce6@BNP and
Dc&Ce6@MBNP without irradiation. Upon irradiation, cells died
in different extents. Ce6 caused enormous dead cells, but lower
than dual drug combination, highlighting the synergistic effect of
Dc and Ce6. Dc&Ce6@MBNP resulted in almost all the cell death
upon irradiation, demonstrating the desirable therapeutic efficacy
of charge-reversal mediated combination therapy.

In addition, the cell apoptosis was evaluated by annexin V-FITC
and PI double staining assay (Fig. 4E). The concentration of Dc and
Ce6was lowered to 17.5 and 5mg/mL, in comparison to the usage for



Figure 4 In vitro cytotoxicity assays. (A) Calcein-AM/PI double staining of cells at pH 6.5 after different treatments. Scale bars represent

100 mm (laser: 650 nm, 80 mW/cm2, 1 min). (B) 4T1 cells viability treated with different formulations at pH 6.5 for 24 h, measured by MTT assay

(laser: 650 nm, 80 mW/cm2, 20 s). (C) The IC50 of Dc&Ce6@BNP þ L and Dc&Ce6@MBNP þ L at pH 7.4 and 6.5 (n Z 3, mean � SD,

*P < 0.05, **P < 0.01, ***P < 0.001; n.s., not significant). (D) Quantitative comparison and (E) apoptosis analysis of cells at pH 6.5 after

different treatments by flow cytometry (laser: 650 nm, 80 mW/cm2, 1 min; n Z 3, mean � SD, *P < 0.05, **P < 0.01, ***P < 0.001).
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calcein-AM/PI staining. Free Dc alone induced 15.57 � 3.88% of
early apoptotic cells and 5.79� 0.91% of late apoptotic cells, while
freeCe6upon irradiation also elicited 9.24� 7.54%of necrotic cells,
as well as 9.13� 2.84% and 29.27� 6.40% of cells in early and late
apoptotic stage, respectively. In parallel to Dc&Ce6@BNP þ L,
Dc&Ce6@MBNP þ L triggered 1.27-fold more cells in apoptotic
and necrotic stage at pH 6.5 (Fig. 4D). These findings indicated
enhanced cellular uptake by morpholine led to better therapeutic
response against tumor cells.
3.5. In vivo pharmacokinetics and biodistribution analysis of
the nanocarriers

The excellent in vivo tumor-targeted accumulation was the
basic premise of nanocarriers to achieve superior anti-tumor
response. Before the investigation of in vivo distribution, the
pharmacokinetics profiles of different formulations were
evaluated by fluorescence quantitatively. 1,1-Dioctadecyl-3,3,3,3-
tetramethylindodicarbocyanine perchlorate (DiD), a hydrophobic



Figure 5 In vivo biodistribution of nanocarriers. (A) In vivo imaging of DiD-loaded formulations in 4T1 tumor-bearing mice at different times

post administration. Tumor sites are marked by red circles. (B) Ex vivo imaging of isolated tumors and organs from mice after 24 h. (C) Semi-

quantification of fluorescence intensity (n Z 3, mean � SD, *P < 0.05, **P < 0.01, ***P < 0.001). (D) Fluorescent distribution of Free DiD,

DiD@BNP and DiD@MBNP in the frozen sections of tumors. Blue indicates the cell nucleus. Red indicates DiD. Green indicates CD31. Scale

bars are 100 mm.
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fluorescent agent, was encapsulated into BNP and MBNP for the
following experiment. As displayed in Supporting Information
Fig. S23 and Table S2, both DiD@BNP and DiD@MBNP had a
relatively long blood circulation half time (t1/2), which was longer
than 13 h. Notably, DiD@MBNP enjoyed a higher AUC(0eN) than
DiD@BNP, while the mean residence time (MRT(0eN)) of MBNP
was 23.54 � 1.68 h, 1.17-fold longer than BNP group. The result
implied morpholine modification could prolong the blood circu-
lation time of nanoparticles.

In vivo fluorescence imaging indicated all the DiD-loaded
formulations distributed in the whole body after intravenous in-
jection for 2 h (Fig. 5A). At tumor sites, the fluorescence signals in
DiD@MBNP was much stronger than that of DiD@BNP group
and free DiD, regardless of time points post-injection. Moreover,
the ex vivo imaging of isolated tumors after 24 h also exhibited the
higher accumulation of DiD@MBNP group in tumor (Fig. 5B).
Tumor tissues treated with DiD@MBNP showed 15.44- and 1.69-
fold higher fluorescence intensity than that of free DiD and
DiD@BNP, respectively (Fig. 5C). To clearly observe the distri-
bution in tumor tissues, all tumors at 24 h were sliced and stained
with CD31 antibody to mark the blood vessels, and the results
were in concord with the in vivo imaging (Fig. 5D). While free
DiD hardly appeared in the marginal or internal area of tumors,
DiD@BNP and DiD@MBNP both showed strong fluorescent in-
tensity in marginal area. Interestingly, the intensity of
DiD@MBNP in internal area was much higher than that in mar-
ginal area, contrary to DiD@BNP, indicating most of BNP got
trapped in periphery of tumors rather than penetrating into inner
core, while MBNP possessed superb ability of tumor penetration.
Altogether, these data strongly validated that morpholine



Figure 6 In vivo anti-tumor performance of different formulations. (A) Body weight and (C) 4T1 tumor growth curves of the mice after

different treatment. (B) Photographs and (D) average weights of the isolated tumors on Day 20 (n Z 6, mean � SD, *P < 0.05, **P < 0.01,

***P < 0.001). (E) H&E and (F) TUNEL staining of the corresponding tumor sections. Scale bars (H&E) are 20 mm; scale bars (TUNEL) are

100 mm. The aeh in (B), (D), (E) and (F) represent PBS, Ce6þL, Dc, Dc&Ce6þL, Dc&Ce6@BNP, Dc&Ce6@BNP þ L, Dc&Ce6@MBNP and

Dc&Ce6@MBNP þ L. (G) Western blotting analysis of HIF-1a protein expression from tumor tissues obtained after different treatments and the

corresponding semi-quantitative results (n Z 3, mean � SD, *P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 7 Lactate modulation-enabled TME alteration. (A) Western blotting analysis of LDHA and angiogenesis-related protein expression

from tumor tissues obtained after different treatments. The aee in (A) represent PBS, Ce6þL, Dc&Ce6þL, Dc&Ce6@BNP þ L and

Dc&Ce6@MBNP þ L. (B) and (C) Semi-quantitative analysis of the ratio of LDHA and CD31 expressions to b-actin expression using ImageJ

(n Z 3, mean � SD, **P < 0.01, ***P < 0.001). (D) IF staining of LDHA and (F) IHC staining of CD31 in tumor sections. Scale bars (LDHA)

represent 10 mm; Scale bars (CD31) represent 20 mm. (E) The concentrations of lactate in tumor tissues (n Z 3, mean � SD, **P < 0.01,

***P < 0.001; n.s., not significant). The aeh in (D) and (F) correspond to PBS, Ce6þL, Dc, Dc&Ce6þL, Dc&Ce6@BNP, Dc&Ce6@BNP þ L,

Dc&Ce6@MBNP and Dc&Ce6@MBNP þ L.
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modification, in response to acidic microenvironment, could
enable nanocarrier more prone to accumulate in tumor sites.

3.6. In vivo anti-tumor performance and lactate modulation-
enabled TME alterations

The potential of Dc&Ce6@MBNP to curb tumor progression was
carried out through a subcutaneous 4T1 breast cancer model.
Since tumor grew to approximately 70 mm3, mice were treated
with 4 injections of various formulations, including PBS,
free Ce6þL, free Dc, free Dc&Ce6þL, Dc&Ce6@BNP,
Dc&Ce6@BNP þ L, Dc&Ce6@MBNP and Dc&Ce6@MBNP þ
L. The tumor growth curves after different treatments were pre-
sented in Fig. 6C. Within 20 days, tumors of mice treated with
phosphate buffer saline (PBS) rapidly grew over 770 mm3, while
the growth speed of tumors tended to get slightly slower in free Dc
and free Ce6þL group. The combination, relative to free Ce6
(35.3%) or Dc alone (27.6%), resulted in an average tumor volume
of around 410 mm3 and 46.8% of tumor growth suppression
(compared with the PBS group on Day 20), suggesting synergistic
anti-tumor effects of Dc and Ce6. After being encapsulated into
nanoparticles, the tumor volume decreased to 360 mm3 and the



Multifunctional photodynamic nanosystems reverse the hypoxia resistance 1429
inhibition rate reached 53.5%, suggesting the nanoparticles could
passively target tumor. Dc&Ce6@MBNP without irradiation also
inhibited tumor growth to some extent, as a result of high ROS
levels in tumor tissues, compared with in vitro. Furthermore,
morpholine modification gave rise to better anti-tumor effect, as
the Dc&Ce6@MBNP þ L group led to 71.7% of tumor regres-
sion, which was 1.34- and 1.53-fold higher than that of
Dc&Ce6@BNP and Dc&Ce6 upon irradiation. The apparently
enhanced suppression was attributed to higher tumor targeting
ability, exerted by the charge reversal of morpholine in response to
acidity. The weights (Fig. 6D) and images of all resected tumors
(Fig. 6B) were in line well with the measurement of tumor vol-
umes. Most groups displayed higher weight (>0.5 g), while tumor
weights of Dc&Ce6@MBNP þ L were mainly distributed
between 0.2 and 0.4 g, which was 1.57-, 1.81- and 3.28-fold
higher than that of Dc&Ce6@BNP þ L, Dc&Ce6þL and PBS
group.

Besides, the body weights of all groups displayed slight in-
crease within 20 days (Fig. 6A). Hematoxylin and Eosin (H&E)
staining of main organs also implied negligible histological
changes in different treatments (Supporting Information Fig. S25).
When the mice were sacrificed, the blood samples were also ob-
tained. Biochemical parameters showed that TBIL in the treatment
groups, particularly BRNPs-treated ones, increased to a certain
extent but within normal range compared with control groups, but
there were no significant changes in other indicators of heart,
kidney and liver function (Supporting Information Fig. S26).
These evidences indicated no obvious toxicity was induced by
formulations. The tumor apoptosis in different groups was further
investigated by H&E (Fig. 6E) and TUNEL staining (Fig. 6F) of
tumor tissues. More severe nuclei damages and cytosol degrada-
tions were observed in Dc&Ce6@MBNP þ L group, compared
with other groups. These results concertedly demonstrated that the
incorporation of Dc could potentiate the pro-apoptotic effects of
PDT. The synergistic therapy against tumor could be further
amplified, largely due to charge reversal-enhanced cellular uptake
and ROS-responsive drug release.

In addition to anti-tumor performance, the underlying mecha-
nism behind drug combination were also explored. Firstly, the
lactate concentrations in tumor were measured. As shown in
Fig. 7E, a lower lactate level was found in Dc&Ce6@MBNP þ L
group, which can partly explain remarkable tumor suppression
relative to other groups. The formulations containing Dc all
observed the reduced lactate concentrations in tumor. Then, IF
staining results showed Dc&Ce6@MBNP and
Dc&Ce6@MBNP þ L group had relatively weaker fluorescence
intensity, reflective of lower LDHA expression (Fig. 7D). It was
consistent with Western blotting analysis (Fig. 7B), where
Dc&Ce6@MBNP þ L group blocked 40.1% LDHA expression,
in contrast with PBS group. Moreover, anti-angiogenesis was
evaluated through IHC staining of CD31 antibody, a marker of
endothelial cells on blood vessels (Fig. 7F). CD31 expression was
high in PBS and Ce6þL group, but significantly reduced in
Dc&Ce6@MBNP þ L group, similar to 64.9% CD31 suppression
shown in Western blotting (Fig. 7C). To delve more deeply into
this effect, Western blotting was applied to exploit angiogenesis-
related protein expression. Accumulated evidence indicated
VEGF-a and angiopoietin-2 (ANGPT2) played essential role in
angiogenesis50, as ANGPT2 is expressed in growing blood vessels
and promotes angiogenesis driven by vascular endothelial growth
factor (VEGF). Inhibition of both them could bring about com-
plementary and potent anti-angiogenic effects51,52. Clearly, a
markedly decreased expression of VEGF-a and ANGPT2 was
observed in Dc&Ce6@MBNP þ L group (Fig. 7A and Supporting
Information Fig. S27). The reduction in VEGF-a and anti-
angiogenic effects mediated by Dc were also confirmed by other
studies40. By contrast, enhanced expression of VEGF-a was found
in Ce6þL group, consistent with hypoxia-induced resistance to
PDT found in other literatures2,53.

Inspired by Dc-mediated HIF-1a expression inhibition in vitro,
the expression of HIF-1a in tumor tissues were also evaluated to
verify the synergistic effects of Dc. As shown in Fig. 6G, PBS
group displayed somewhat hypoxic state in tumor tissue, partly
due to the rapid proliferation of tumor cells and deficient oxygen
supply from abnormal neovessels. After laser irradiation, Ce6
group showed significantly increased HIF-1a expression, which
was explained by Ce6-induced oxygen consumption. The com-
bination of Dc and Ce6 reduced HIF-1a expression, consistent
with the results in in-vitro HIF-1a expression inhibited by Dc. But
relative to free drug combination, Dc&Ce6@MBNP þ L
decreased slightly but had no significant difference, while
Dc&Ce6@BNP þ L was a little higher. It also should be pointed
out that lactate could mimic hypoxia and stabilize HIF-1a by
inhibiting prolyl hydroxylase-2 activity. The oxygen level is not
the sole factor determining HIF-1a expression. The subtle dif-
ference of HIF-1a expression among three groups could be largely
attributed to the delicate balance between the reduction in oxygen
that Ce6 caused and HIF-1a and LDHA inhibition of Dc, coupled
with different delivery efficiency of nanoparticles54. Altogether,
these findings strongly supported nanoparticle-delivered Dc
sensitized tumors to PDT and overcame the effects of hypoxia in
4T1 mouse model, mainly through the inhibition of neovessels’
growth and the reduction of LDHA and HIF-1a expression.
4. Conclusions

In summary, we have proposed a sequentially responsive bilirubin
nanocarrier integrated with PDT and LDHA blockade. Morpholine
group conferred on this platform an advantage of enhanced
cellular uptake in acidic TME. After tumor-specific internaliza-
tion, a plethora of ROS generation upon laser exposure facilitated
the on-demand release of Dc from bilirubin nanoparticles. In this
process, PDT caused oxidative damage in tumor sites, but at the
same time gave rise to hypoxia, including increased glycolysis and
angiogenesis. Meanwhile, the released Dc hampered the activity
and expression of LDHA by regulating c-MYC and HIF-1a,
accompanied by reduced lactate secretion, to achieve superior
anti-angiogenesis, as confirmed by Western blotting analysis and
IF staining in vivo. This effect added up to a direct strong anti-
tumor activity but also sensitized tumor to PDT, by reducing
anti-oxidant lactate, to augment the lethality of ROS. As a result, a
preferable anti-tumor effect was fulfilled in vitro and vivo.
Although Dc could exert anti-angiogenetic effects through COX-
dependent pathway or functional inhibition of MCT, reported by
other studies48, the effect of Dc on LDHA, c-MYC and HIF-1a
expression was verified in 4T1 breast cancer cells, which also
partly explained its capabilities of anti-glycolysis, anti-angiogen-
esis and hypoxia pathway modulation. Some differences in the
results of other cells, including MCF-7, B16F10 and HUVEC,
could reflect the different tumor models used, while Dc might
have tumor-specific effects, or the differences in treatment regi-
mens. This strategy would shed lights on the repurposing of
diclofenac and LDHA blockade in combating hypoxia-induced
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tolerance in many therapeutic modalities, including but not
restricted to PDT.
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