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A B S T R A C T

The starvation therapy mediated by the lonidamine (LND) was limited by the low drug delivery efficiency, off-
target effect and compensative glutamine metabolism. Herein, a hyaluronic acid (HA)-modified reduction-
responsive micellar nanosystem co-loaded with glycolysis and glutamine metabolism inhibitor (LND and bis-2-
(5-phenylacetmido-1,2,4-thiadiazol-2-yl)ethyl sulfide, BPTES) was constructed for tumor-targeted dual-starva-
tion therapy. The in vitro and in vivo results collectively suggested that the fabricated nanosystem could effectively
endocytosed by tumor cells via HA receptor-ligand recognition, and rapidly release starvation-inducers LND and
BPTES in response to the GSH-rich intratumoral cytoplasm. Furthermore, the released LND and BPTES were
capable of inducing glycolysis and glutamine metabolism suppression, and accompanied by significant mito-
chondrial damage, cell cycle arrest and tumor cells apoptosis, eventually devoting to the blockade of the energy
and substance supply and tumor killing with high efficiency. In summary, HPPPH@L@B nanosystem significantly
inhibited the compensatory glycolysis and glutamine metabolism via the dual-starvation therapy strategy, blocked
the indispensable energy and substance supply of tumors, consequently leading to the desired tumor starvation
and effective tumor killing with reliable biosafety.
1. Introduction

Metabolic reprogramming is a distinct marker of malignant tumors
[1]. Meanwhile, both glycolysis and glutamine metabolism played
important roles in the cancer proliferation and displayed themselves as
natural target sites for antitumor metabolic therapy, since they could
provide abundant energy and substance for the rapid growth of tumor
[2]. Typically, lonidamine (LND) could significantly kill tumors through
selectively inhibiting glycolysis metabolism and blocking energy supply
[3,4]. However, its clinical therapeutic effect were limited by low solu-
bility, severe hemolysis and compensatory glutamine metabolism [5].
Therefore, it was necessary to seek a safe and efficient drug delivery
strategy functionalized with synergistic glutamine inhibition feature for
effective tumor starvation therapy.

Glutamine is well known as a key substance in tumorigenesis and
development, and the growth and proliferation of various tumor cells
(Z. Yuan), liangliangdai@nwpu.
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were highly dependent on glutamine metabolism [6]. Glutamine, as an
important provider of carbon and nitrogen sources in biosynthesis, was
involved in the synthesis of various biological compounds required for
tumor reproduction (e.g. purine, pyrimidine nucleotides, glucosamine
6-phosphate, and non-essential amino acids) [7,8]. Generally, glutamine
was metabolized in the body through the conversion of glutamate to
oxoglutaric acid (also known as α-ketoglutaric acid), which entered the
TCA cycle as a glutamine-derived carbon. Notably, Glutaminase (GLS1)
was a typically rate-limiting enzyme in the above-mentioned glutamine
metabolism, which was highly expressed in breast cancer, small cell lung
cancer, liver cancers, etc. Thus, it was a natural target molecule for tumor
glutamine starvation treatment [9,10]. BPTES, the typically allosteric
inhibitor of GLS1, could specifically inhibit glutamine metabolism.
However, its antitumor therapeutic effect was actually limited by the
compensatory glycolysis metabolism [11,12]. Thus, the combined
glycolysis and glutamine metabolism suppression strategy could
edu.cn (L. Dai).
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effectively inhibit compensatory metabolism and block the supply of
energy and substance, which displayed great potential for cancer ther-
apy. It was important to note that both clinical therapeutic effect of LND
and BPTES were hindered by the poor solubility and low bioavailability,
which were caused by the off-target effect [13,14]. Therefore, it was
necessary to design a tumor-targeted drug delivery nanoplatform with
co-loading glycolysis and glutamine metabolism inhibitors for
dual-starvation therapy.

Micelles were widely used in drug delivery based on the advantages
of good biocompatibility, high drug loading capacity and easy func-
tionalization [15–17]. Given the high expression of characteristic re-
ceptors on the surface of most tumors, such as CD44, they were natural
targeting motifs for targeted tumor therapy [18–20]. Therefore, the
micellar drug delivery system modified with tumor targeting agents (e.g.
hyaluronic acid, HA) could specifically uptake by tumors via the
receptor-mediated endocytosis pathway, which could distinctly avoid
off-target effect and improve drug bioavailability. It had been proved to
be a safe and efficient tumor-targeted drug delivery strategy [21,22].
Furthermore, redox-responsive drug release mechanism were another
common delivery strategy, which could release cargoes in situ in response
to the reduction stimulus-GSH overexpressed in tumor cells, thereby
Scheme 1. Construction of the redox-responsive degradable micelle nanosystem HPP
starvation therapy.

2

improving drug bioavailability and tumor therapeutic effect. Therefore,
the micellar nanosystem functionalized with tumor targeting motifs and
redox-responsive release property was thus a promising alternative
strategy for tumor targeting therapy [23–25].

Inspired by the above considerations, herein, HA-functionalized
redox-responsive micellar nanosystem was designed to co-load BPTES
and LND for tumor-targeted dual-starvation therapy. The polymeric
micelle nanosystem was fabricated as follows (Scheme 1): the hydro-
phobic agent polycaprolactone diol (PCL) was first conjugated with the
hydrophilic block of PEI through disulfide bond, forming the initial
amphiphilic copolymer PEI–SS–PCL–SS–PEI (abbreviated as PPP); the
tumor targeting motif HA was then introduced to the surface of PPP,
harvesting the middle product of HA-PEI–SS–PCL–SS–PEI-HA (abbrevi-
ated as HPPPH); LND and BPTES were subsequently encapsulated into
the polymeric micelle, and yielding the final product of HPPPH@L@B
nanosystem. The underlying rationale and advantages of the nanosystem
in this work were listed as follows: 1) the nanosystem could significantly
accumulate at the tumor site through the passive targeting pathway of
the enhanced permeability and retention (EPR) effect and the active
targeting pathway of the HA receptor-ligand recognition after systematic
administration, which was helpful for prolonging its blood circulation
PH@L@B and illustration of HPPPH@L@B nanosystem for tumor targeted dual-
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time and reducing off-target effect; 2) the intracellular high concentra-
tion of GSH could cleave the disulfide bonds linked the hydrophilic PEI
with hydrophobic PCL segments, the hydrophilic-hydrophobic balance
maintained the stability of micelle was correspondingly broken, leading
to the completed micelle disassembly and drug release; 3) Moreover, the
in situ released LND and BPTES collectively inhibited the compensatory
glycolysis and glutamine metabolism, blocked the indispensable energy
and substance supply of tumor cells, leading to the desired tumor star-
vation and effective tumor killing. Thus, we hypothesized that the redox-
responsive degradable micelle nanosystem with HA functionalization
could effectively target tumors and suppress tumor growth via the
combined effects of glycolysis and glutamine dual-starvation therapy.

2. Materials and methods

2.1. Materials

Polycaprolactone diol (PCL, MW~2000) and N-hydroxy succinimide
(NHS) were purchased from Sigma-Aldrich (Beijing, China). Branched
polyethyleneimine (PEI, MW 1800) and N,N0-dicyclohexylcarbodiimide
(DCC) were purchased from Alfa Aesar (Shanghai, China). Dithiodigly-
colic acid, 4-dimethylaminopyridine (DMAP) was purchased from TCI
(Shanghai, China). Hyaluronic acid (HA) was purchased from Macklin
(Shanghai, China). N, N-dimethylformamide (DMF) and dimethyl sulf-
oxide (DMSO) were purchased from Aladdin (Shanghai, China). Lonid-
amine (LND) was purchased from Meilunbio (Dalian, China). BPTES was
purchased from Famo biotechnology (Shanghai, China). Primary anti-
bodies including rabbit anti-Bax, rabbit anti-Bcl-2, rabbit anti-PARP,
rabbit anti-cytochrome c, rabbit anti-P21, rabbit anti-Cyclin D1, rabbit
anti-Cyclin E2 and rabbit anti-Tubulin were obtained from Proteintech
(Wuhan, China). Rabbit anti-Ki67 was purchased from Cell Signaling
Technology, Inc. Secondary antibody of horseradish peroxidase-
conjugated goat IgG was purchased from Beyotime (Jiangsu, China).

2.2. Sample preparation and characterization

2.2.1. Synthesis of COOH-SS-PCL–SS–COOH polymer
PCL (4 g) and DCC (1.65 g) were dissolved into DMF (30 mL) and

stirred at 0 �C. Subsequently, the DMF (10 mL) mixture solution dis-
solved with dithiodiglycolic acid (1.52 g) was added drop by drop to the
above solution and stirred for another 30 min at 0 �C. The reaction
temperature was then gradually increased to 30 �C, followed by me-
chanically stirring for 48 h. Next, the mixture solution was filtered, the
obtained supernatant was then added drop by drop to cold deionized
water, followed by collecting the precipitation. Finally, the product was
obtained through washing precipitation with anhydrous ethanol for
three times and vacuum drying at 40 �C for 48 h, which was named as
COOH-SS-PCL–SS–COOH (77% yield). 1H NMR (400 MHz, DMSO-d6,
ppm, Fig. S1 b, Supporting Information): 1.22 (t, 36H, –CH2CH2CH2-),
1.46–1.48 (m, 72H, –COCH2CH2CH2- and –CH2CH2CH2O-), 2.20 (t, 36H,
–COCH2CH2-), 2.61 (s, 4H, –COCH2S-), 3.63 (t, 4H, –OCH2CH2-), 3.75 (s,
4H, –SCH2COOH), 3.91 (t, 36H, –CH2CH2O-), 3.99 (t, 4H, –OCH2CH2O-).
FTIR (Fig. S2 b): 3438, 2943, 1728, 1635 cm�1. Mass spectrum was
characterized in Fig. S3.

2.2.2. Synthesis of PEI–SS–PCL–SS–PEI polymer
COOH-SS-PCL–SS–COOH (174.6 mg), NHS (51.8 mg) and DCC (93

mg) were dissolved into dichloromethane (5 mL). The reaction was
stirred at room temperature for 48 h and filtered to remove the precip-
itate. Subsequently, the obtained supernatant solution was dropped into
the DCM solution (10 mL) containing PEI (1.35 g) and stirred for 3 days.
The product was concentrated by rotation evaporation, and then re-
dissolved with methanol, followed by dialyzing for 48 h. The result
product detonated as PEI–SS–PCL–SS–PEI was harvested through freeze-
drying (57% yield). 1H NMR (400MHz, DMSO-d6: D2O 70:30 (v/v), ppm,
Fig. S1 c): 1.19 (t, 36H, –CH2CH2CH2-), 1.43 (m, 72H, –COCH2CH2CH2-
3

and –CH2CH2CH2O-), 2.10 (t, 36H, –COCH2CH2-), 2.59–2.82 (m, meth-
ylene groups of PEI), 3.83 (t, 36H, –CH2CH2O-). FTIR (Fig. S2 c): 3442,
2943, 1568 cm�1.

2.2.3. Synthesis of HA-PEI–SS–PCL–SS–PEI-HA polymer
HA (12 mg, 40–100 KDa), EDC (97.81 mg) and NHS (58.72 mg) were

dissolved into NaCl solution (1 M) and stirred for 1.5 h. Subsequently, 30
mL of PBS (pH 6.5) dissolved with PEI–SS–PCL–SS–PEI (59 mg) was then
slowly added to above solution. After stirring for 24 h, the mixture so-
lution was dialyzed (MWCO 10 kDa) against double-distilled water for
48 h. The final product HA-PEI–SS–PCL–SS–PEI-HA was obtained via
freeze-drying (92% yield). 1H NMR (400 MHz, DMSO-d6: D2O 70:30 (v/
v), ppm, Fig. S1 d): 1.31 (t, 36H, –CH2CH2CH2-), 1.55 (m, 72H,
–COCH2CH2CH2- and –CH2CH2CH2O-), 3.75 (s, 4H, –SCH2COOH), 2.23
(t, 36H, –COCH2CH2-), 2.63 (m, methylene groups of PEI), 3.83 (t, 36H,
–COCH3-). FTIR (Fig. S2 d): 3440, 2945, 1725, 1046 cm�1.

2.2.4. Preparation of blank micelle and drug loaded micelle
Both blank and drug-loaded micelle were prepared by water-oil

emulsion-solvent evaporation method. Typically, HA-
PEI–SS–PCL–SS–PEI-HA (16 mg), LND (6 mg) and BPTES (2 mg) dis-
solved into 2 mL of DMSO. The mixture solution was stirred at room
temperature for 4 h, the obtained solution was then dropped into 10 mL
of distilled water and stirred for another 24 h. Finally, the reaction so-
lution was dialyzed (MWCO 500 Da) against distilled water for 4 days.
The final product named as HPPPH@L@B was collected through freeze-
drying. For one thing, the mixture containing just HA-
PEI–SS–PCL–SS–PEI-HA and LND were prepared via above same method,
which was harvested and named as HPPPH@L. For another thing, the
mixture containing only HA-PEI–SS–PCL–SS–PEI-HA or
PEI–SS–PCL–SS–PEI were prepared via above same method as well, and
the obtained blank micelles were donated as HPPPH and PPP, respec-
tively. Besides, UV/Vis spectrometer and the standard curves of LND at
300 nm and BPTES at 270 nm were used to monitor the drug loading
content (DLC) and drug loading efficiency (DLE), which were calculated
by the following equations:

DLC ð%Þ¼Amount of loaded drug =Weight of drug loaded copolymer� 100%

DLE ð%Þ¼Amount of loaded drug =Weight of drug in feed� 100%

2.2.5. Materials characterization
The structure and molecular weight of the various polymers were

measured by 1H NMR (Bruker Avance 400 MHz, Germany), fourier
transforms infrared spectroscopy (FTIR, model 6300, BioRad Co. Ltd.,
USA), mass spectrometry (Waters Acquity SQ Detector UPLC-MS) and
gel-permeation chromatograph (GPC, Alliance e2695, Waters). The
eluent of GPC used was DMF or double-distilled water, and the flow rate
was 1.0 mL min�1 at 40 �C. The morphology, size distribution, surface
charge of micelles were characterized by TEM (Talos F200X TEM, FEI),
zeta potential measurement (Brookhaven 90 Plus PALS, Brookhaven)
equipped with DLS, respectively. HPLC (Waters Alliance HPLC e2695,
Waters) was performed on a C18 column (XAqua, 4.6 � 250 mm, 5 μm,
Acchrom) using a linear gradient of acetonitrile and DI water (51:49, vol/
vol) containing 0.1% trifluoracetic acid as a mobile phase, and the flow
rate was 1.0 mL min�1 at 29 �C.

2.2.6. Stability and critical micelle concentration (CMC) of HPPPH@L@B
assays

As for the stability assay, PPP@L@B or HPPPH@L@B micelles was
firstly incubated in PBS solution (pH 7.4) containing 10% FBS at 37 �C.
Subsequently, the average size of samples were monitored by DLS at
certain time intervals (0, 6, 12, 24, 48, 72, 96, 120 and 144 h). The
change in size was used to characterize the degree of adsorption of mi-
celles to FBS and its stability. As for the CMC detection, pyrene dissolved
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in acetone (6 � 10�6 M) was firstly evaporated under nitrogen protec-
tion. Next, HPPPH copolymer with different concentrations (10�3 to
10�8 g/mL) were added to above mixture. Meanwhile, the dose of pyrene
was adjusted to 6 � 10�7 M. Subsequently, above samples were equili-
brated in a shaker under dark environment for 24 h. The excitation
spectra of above samples were analyzed at wavelengths ranging from 300
to 380 nm and an emission wavelength of 390 nm, detected by a fluo-
rescence spectrophotometer. Finally, the intensity ratios (I338/I333)
versus the logarithm of sample concentrations were plotted. The detailed
experiment procedures were referred to the previous literature [26].

2.2.7. Drug release behavior
Typically, the HPPPH@L@B micelles (3 mg) were firstly dispersed

into 1 mL of PBS buffer (pH 7.4) containing different concentrations of
GSH (0 mM, 2 mM, 10 mM) and transferred into dialysis bags (MWCO
3.5 kDa). The above mixture was then immersed into 9 mL of the same
solution containing various dose of GSHwith shaking at 37 �C under dark
environment. At specific time intervals, 0.6 mL of external liquid was
taken out for detection and the same volume of fresh PBS containing
various dose of GSH was added correspondingly. Drug concentration was
measured by UV/Vis spectrophotometer (Hitachi U-3900).

2.3. In vitro study

2.3.1. Cell culture and cytotoxicity assays
MDA-MB-231 cell lines were purchased from the Cell Bank of the

Chinese Academy of Sciences (Shanghai, China). MDA-MB-231 cells
were cultured with Dulbecco's modified Eagle's medium (DMEM) con-
taining 10% FBS, and 1% penicillin-streptomycin with 5% CO2 at 37 �C.

Cell cytotoxicity assay was employed using CCK-8 kit (Beyotime).
Briefly, the cells were firstly implanted in 24-well plates at a density of 2
� 104/well. When the cell density reached to 60–70%, HPPPH, LND (15
μg/mL), HPPPH@L (65.2 μg/mL) and HPPPH@L@B (65.2 μg/mL, as
same dosage of LND) were added and co-incubated with MDA-MB-231
cell for 24 h or 48 h. Subsequently, the cells were washed with PBS,
followed by co-culturing with 200 μL fresh medium and 20 μL CCK-8
solution at 37 �C for 1.5 h. Afterwards, the supernatant was transferred
to a 96-well plate and measured with a microplate reader (Tecan Spark,
Tecan) at 450 nm.

2.3.2. In vitro cellular uptake
Confocal microscopy and flow cytometry were used to detect the

uptake level of micelles by MDA-MB-231 cells. Typically, the cells were
inoculated into confocal microscopy dishes or 6-well plates, and then
treated with model drug of Nile red (10 μg/mL), PPP@Nr without HA
conjugation (85.6 μg/mL) and HPPPH@Nr (85.6 μg/mL) with or without
HA (5 mg/mL HA pretreatment for 2 h) for 12 h and 24 h, respectively.
For the confocal laser scanning microscopy (CLSM) analysis, cells seeded
on confocal microscopy dishes were washed with PBS and fixed with 4%
paraformaldehyde, permeabilized with 0.2% Triton, the cytoskeleton
and nucleus were respective stained with Alexa 488-phalloidin and DAPI.
Finally, the cells were imaged with CLSM (FV3000, Olympus, Japan). For
the flow cytometry (FCM) analysis, cells seeded on 6-well plates were
digested, collected by centrifugation, re-suspended in PBS solution and
analyzed by FCM (BD, Biosciences).

2.3.3. Cell apoptosis assay
Annexin V-FITC/PI apoptosis detection kit was used to detect cell

apoptosis levels. Briefly, the cells cultured in six-well plates were treated
with HPPPH, LND (15 μg/mL), HPPPH@L (65.2 μg/mL) and
HPPPH@L@B (65.2 μg/mL, as same dosage of LND) for 24 h, respec-
tively. The cells were subsequently collected by centrifugation, stained
using Annexin V-FITC/PI kit (Beyotime, China) and detected by FCM.
4

2.3.4. Western bolt assay
Apoptotic pathway-associated proteins in MDA-MB-231 cells treated

with various formulations were examined by Western blotting. Briefly,
MDA-MB-231 cells were seeded on 6-well plates and then treated with
HPPPH, LND (15 μg/mL), HPPPH@L (65.2 μg/mL) and HPPPH@L@B
(65.2 μg/mL, as same dosage of LND) for 24 h. Subsequently, cell samples
were washed with PBS and solubilized with lysis buffer. Next, the total
proteins were harvested by centrifugation (12,000 rpm 10 min, 4C), BCA
protein assay kit (Beyotime) was used to determine the protein concen-
tration. Finally, the protein bands were visualized by enhanced chem-
iluminescence (ECL) detection reagents and captured using imaging
system (Vilber fusion FX6. EDGE). The quantitative data analysis was
performed with ImageJ software.

2.3.5. Mitochondrial damage detection
The typically JC-1 fluorescent dye was used to detect the changes of

mitochondrial membrane potential [27]. The MDA-MB-231 cells
cultured in confocal microscopy dishes were treated with HPPPH, LND
(15 μg/mL), HPPPH@L (65.2 μg/mL) and HPPPH@L@B (65.2 μg/mL, as
same dosage of LND) for 12 h, respectively. Next, the cells were washed
with PBS and stained with mitochondrial membrane potential assay Kit
(Beyotime) according to the manufacturer's protocols. Finally, the cells
were detected by CLSM.

2.3.6. Cell cycle arrest assay and related protein expression analysis
Briefly, the MDA-MB-231 cells were cultured in 6-well plates and

treated with HPPPH, LND (15 μg/mL), HPPPH@L (65.2 μg/mL) and
HPPPH@L@B (65.2 μg/mL, as same dosage of LND) for 24 h. Subse-
quently, the cells were washed, collected and stainedwith PI according to
the manufacturer's protocols. Finally, the DNA content in the G0/G1, S,
and G2 phases of cells and related quantitative analysis were detected by
FCM. In addition, the expression levels of cyclin-related proteins P21,
Cyclin D1 and Cyclin E2 were further measured by western blotting. The
detailed experiment procedures were referred to the above western
blotting assay.

2.3.7. Intracellular ATP content study
The intracellular content of ATP was measured using the ATP

detection kit. Typically, the MDA-MB-231 cells were cultured in 6-well
plates and treated with HPPPH, LND (15 μg/mL), HPPPH@L (65.2 μg/
mL) and HPPPH@L@B (65.2 μg/mL, as same dosage of LND). After in-
cubation for 24 h, the cells were lysed and collected by centrifugation,
and the concentration was determined by using BCA protein assay Kit
(Beyotime). Finally, the intracellular ATP content of above samples were
detected by multi-function microplate analyzer according to the manu-
facturer's protocols.

2.3.8. Metabolomics study
The MDA-MB-231 cells seeded in the 75 cm3

flasks were treated with
HPPPH, LND (15 μg/mL), HPPPH@L (65.2 μg/mL) and HPPPH@L@B
(65.2 μg/mL, as same dosage of LND). After 24 h incubation, the cells
were washed with PBS and collected by cell scraper, followed by freezing
with liquid nitrogen. Finally, the samples were sent to the Lc-Bio Tech-
nologies company for metabolomics analysis.

2.4. In vivo study

2.4.1. Establishment of xenograft tumor model and antitumor therapy in
vivo

BALB/c male nude mice (5–6 weeks) were purchased from Beijing
Institute for Drug Control. All animal experiments were strictly per-
formed according to guidelines of the Institutional Animal Care and Use
Committee of China. For the establishment of the mouse xeno-
transplantation model, 100 μL of saline containing 5� 106 MDA-MB-231
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cells was subcutaneously injected into the right groin of mouse. When the
tumor size reached to about 50 mm3, the mice were randomly divided
into five groups and intravenously injected with saline, HPPPH, LND,
HPPPH@L and HPPPH@L@B at the dose of 10 mg/kg LND equivalent (n
¼ 6). The above administrations were given twice a week and lasted for
18 days. Meanwhile, the body weight and tumor volume were recorded
every two days. Tumor volume was calculated as follows: tumor volume
¼ ab2/2 (a: the maximum dimension of the tumor, b: the minimum
dimension of the tumor). Additionally, the survival rate of mice was
monitored for another 25 days after the last administration.

2.4.2. H&E, TUNEL and immunofluorescence staining assays
The mice were euthanized after the last administration. The major

organs and tumor of mice were collected, fixed, embedded, sliced and
stained with hematoxylin and eosin for H&E histological analysis.
Meanwhile, the tumor sections were de-paraffinized and stained with the
In Situ Cell Death Detection Kit (Beyotime) for TUNEL apoptosis analysis.
In additional, the tumor sections de-paraffinized were also stained with
Ki67 primary antibody and FITC-labelled fluorescent secondary antibody
for immunofluorescence staining analysis.

2.4.3. Blood safety study
HPPPH@L@B along with control (saline) were intravenously injected

into the mice. The blood was collected after 24 h of administration. The
blood biochemical levels and hematological indices were measured ac-
cording to the manufacturer's protocols.

2.4.4. Pharmacokinetics and biodistribution
MDA-MB-231 cell tumor-bearing nude mice were intravenously

injected with LND and HPPPH@L@B at a dose of 10 mg/kg LND. Sub-
sequently, blood was collected from orbital venous plexus after admin-
istration of 10 min, 30 min, 1 h, 4 h, 8 h, 12 h and 24 h, respectively. The
blood sample was then immediately centrifuged (2000 g, 10 min) to
obtain the supernatant for pharmacokinetics analysis using HPLC. In
terms of biodistribution, the mice were euthanized at 24 h after intra-
venous injection of LND and HPPPH@L@B. The liver, lung, kidney,
spleen, heart and tumor of mice were collected and weighed. The tissues
were then homogenized in buffer containing 10 mM Tris, 1 mM EDTA
and 10% (V/V) glycerol (pH 7.4) (W/V ratio 1:10). The sample was
centrifuged at 16,000 g for 15 min. Next, the supernatant was separated
and extracted with ethyl acetate at a ratio of 1:1.3 (vol/vol). The solution
was then dried under nitrogen and the dry powder was re-dissolved in
methanol for analysis by HPLC. The distribution of LND in tissues was
calculated as μg (amount of LND) per g (wet weight of tissues).

3. Results and discussion

3.1. The synthesis and characterization of HPPPH@L@B nanosystem

The final copolymer was synthesized through multiple chemical-
conjugated reactions. Briefly, polycaprolactone (PCL, MW 2000) as a
hydrophobic segment was firstly grafted with hydrophilic reagent of PEI
(MW 1800) via GSH-cleaved linker of dithiodiglycolic acid, forming the
initial amphiphilic polymer PEI–SS–PCL–SS–PEI (abbreviated as PPP).
Next, the tumor targeting molecule hyaluronic acid (HA) was covalently
conjugated to the surface of PPP block copolymer, obtaining the final
product of HA-PEI–SS–PCL–SS–PEI-HA (abbreviated as HPPPH). As
shown in Fig. S1 (Supporting Information), the typical resonances at
2.63 ppm and 3.75 ppm& 3.83 ppmwere attributed to the protons in PEI
and HA molecules, respectively. It was clearly suggested the successful
conjugation of PEI and HA into COOH-SS-PCL–SS–COOH agents.
Furthermore, 1H NMR and FTIR spectra further revealed the successful
stepwise functionalization of the various copolymers (Figs. S1 and S2).
Moreover, the average molecular weights of various intermediate prod-
ucts were accordingly increase with the stepwise conjugation processes
5

(increased from 3100 of PCL to 114600 of HA-PEI–SS–PCL–SS–PEI-HA),
detected by mass spectrum (MS, Fig. S3) and gel-permeation chroma-
tography (GPC, Fig. 1a). The results also showed the excellent consis-
tence with their theoretical values (Table S1), indicating again the
successful synthesis of the final copolymer of HA-PEI–SS–PCL–SS–PEI-
HA.

The blank and drug loaded micelles were then fabricated by an oil-in-
water emulsion method using the above synthesized copolymer as pre-
cursor, according to a previous study [28]. The critical micelle concen-
tration (CMC) was measured with a fluorescent method using pyrene as
probe. It was observed that the fluorescence intensity gradually increased
with enlarged concentration of HPPPH, and accompanied by a red shift
from 333 to 338 nm (Fig. S4), suggesting the formation of micelles.
Meanwhile, the blank micelles HPPPH displayed a relatively low CMC
with 4.6� 10�3 g L�1 through calculation, which would contribute to the
nanosystem stability against the dilution effect of blood circulation in vivo
[28], implying the good stability. In other words, HPPPH nanosystem
with lower CMC could still maintain their stability after being injected
into the blood and would not be disintegrated due to surface tension,
which was beneficial to improve the safety and efficacy of cargoes. After
co-loading with LND and BPTES, HPPPH@LND@BPTES micelles (donate
as HPPPH@L@B) exhibited the distinctive absorption peaks same to free
BPTES and LND at 270 nm and 300 nm (Fig. S5), suggesting the suc-
cessful encapsulation of BPTES and LND in HPPPH@L@B micelles.
Furthermore, the drug loading content (DLC) and drug loading efficiency
(DLE) of LND and BPTES in HPPPH@L@Bwere quantitatively calculated
as 23%, 42.3% and 10%, 53.9%, according to the correspondingly
standard curves (Fig. S6).

Subsequently, the morphology, particle size and surface charge traits
of the previously constructed HPPPH@L@B micelles were further char-
acterized by transmission electron microscopy (TEM), dynamic light
scattering (DLS) and zeta potential, respectively. As demonstrated on
Fig. 1b, both PPP@L@B and HPPPH@L@B showed a well-defined
spherical morphology, suggesting the successful preparation of drug
loaded micelles. Furthermore, the diameter of HPPPH@L@B gradually
increased from 60 nm to around 110 nm after the introduction of HA,
which was consistent with DLS data (Fig. 1c), revealing the successful
conjugation of HA agents. Meanwhile, the surface charge of
HPPPH@L@B micelles was also reversed from þ33 mV to �9 mV
(Fig. 1d), owing to the successful introduction of HAwith strong negative
charge property. Besides, the biostability of micelles was further inves-
tigated by dissolving micelles in 10% fetal bovine serum (FBS) and
measuring its size change by DLS. The size of PPP@L@B nanosystem
displayed the dynamical increase upon 6 days (Fig. 1e), it was caused by
the electrostatic adsorption between positively charged PPP@L@B
micelle and negatively charged FBS [28]. In contrast, the size of
HPPPH@L@B nanosystem shown a negligible increase upon same con-
dition, resulting from the actual charge repulsion between the
HA-modified HPPPH@L@B with negative charge and FBS. All above
results suggested that HPPPH@L@B nanosystem with good biostability
had been successful constructed.

To reveal redox-responsive micelle disassembly and drug release
features, 10 mMGSH (stimulation tumor microenvironment) was used to
co-cultured with HPPPH@L@B micelle nanosystem, the change of
morphology, particle size and drug release behavior of nanosystem were
monitored by TEM, DLS and absorption spectrum, respectively. As shown
in Fig. 1b, both the morphology of PPP@L@B and HPPPH@L@Bmicelles
transferred from the intact spherical to the collapse structure after
treatment with GSH for 4 h, which was consistence with DLS, implying
the distinct micelle disassembly. Meanwhile, the intensity of absorption
peaks of BPTES and LND in HPPPH@L@B micelles shown an obviously
increase after culturing with GSH, owing to the certain BPTES and LND
release (Fig. S5). In order to further quantitatively monitor the drug
release behavior of nanosystem, the real-time release profile of LND in
HPPPH@L@B nanosystem upon different doses of GSH were measured.



Fig. 1. Micellar characterization. (a) GPC profile of PCL, COOH-SS-PCL–SS–COOH, PPP and HPPPH polymers. (b) TEM images and (c) DLS data of PPP@L@B and
HPPPH@L@B micelles with or without 10 mM GSH incubation. Scale bar: 200 nm. (d) Zeta potential values of PPP@L@B and HPPPH@L@B in PBS (pH 7.4). (e) Size
change of PPP@L@B and HPPPH@L@B micelles incubated in PBS solution (pH 7.4) containing 10% FBS for different time intervals. (f) Cumulative release behavior of
LND from HPPPH@L@B nanosystem after treatment with various concentrations of GSH upon 48 h. Scale bars: 200 nm for (b). Error bars present as mean � SD (n
¼ 6).
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As displayed in Fig. 1f, HPPPH@L@B exhibited a negligible drug release
(around 6%) upon PBS (pH 7.4, stimulation physiological condition) for
48 h, suggesting the good encapsulation trait. It thus didn't leak the drug
in the blood with reduced side effects. Excitingly, about 52% and 89%
LND were released from HPPPH@L@B nanosystem after respective
treatment with 2 mM or 10 mM GSH for 48 h, revealing the complete
drug release upon 10 mM GSH condition, which is benefited for effective
tumor killing. Above GSH-responsive drug release behavior was also
confirmed by BPTES release curve in HPPPH@L@Bnanosystem (Fig. S7).
Above phenomena could be explained that GSH caused the cleave of the
disulfide bond conjugated hydrophobic block of PCL and hydrophilic
agent of PEI, and broken the hydrophilic-hydrophobic balance main-
tained the stability of micelle nanosystem, leading to the rapid micelle
disintegration and drug release. These results collectively suggested that
HPPPH@L@B nanosystem indeed displayed good biostability under
physiological condition and effectively redox-responsive micelles disas-
sembly and drug release property upon tumor microenvironment, which
were suitable for tumor therapy in vivo.
3.2. Cytotoxicity and the targeted cellular uptake of HPPPH@L@B
nanosystem

The cell viability of the MDA-MB-231 tumor cells was subsequently
evaluated using CCK-8 kit after co-incubation with HPPPH@L@B
nanosystem for 24 h and 48 h, respectively. As showed in Fig. 2a,
regardless of incubation time, the viability of MDA-MB-231 cells treated
with HPPPH micelle showed no significant difference to control group,
suggesting the good biocompatibility of the blank HPPPH micelle.
Meanwhile, the HPPPH@L group induced more severe toxicity on MDA-
MB-231 cells than LND group either 24 h or 48 h incubation. It could be
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explained by the fact that drug-loaded micelles HPPPH@L could actually
improve the solubility of the hydrophobic drug LND and enhance its
bioavailability, the delivered LND can effectively damage tumor cells via
the natural inhibition of glycolysis [29]. Notably, the HPPPH@L@B
caused the lowest cell viability on MDA-MB-231 cells among all the
treatment groups after incubation for 24 h (p < 0.01), and the cytotox-
icity tendency further increased when the incubation time extended to
48 h. It was attributed to the additional tumor damage caused by the
BPTES via suppressing the essential glutamine metabolism [30]. The
results suggested that HPPPH@L@B nanosystem possessed a superior
tumor killing effect in vitro.

In order to prove the targeted uptake performance of the MDA-MB-
231 tumor cells against HPPPH@L@B nanosystem, the hydrophobic
fluorescent dye Nile Red was chosen as model drug and loaded into the
HPPPH micelles (donated as HPPPH@Nr), MDA-MB-231 cells were
subsequently incubated with HPPPH@Nr nanosystem for different time
intervals, CLSM and FCMwere used to monitor the endocytosis efficiency
of nanosystem. As showed in Fig. 2b, the Nile Red loaded micelle for-
mulations (PPP@Nr and HPPPH@Nr micelle) labelled with red fluores-
cence exhibited higher cell uptake efficiency than control and free Nile
Red negative groups, regardless of the incubation time. It was attributed
to the superior drug delivery efficiency of the micelle nanocarriers [31].
Meanwhile, the endocytosis degree of the HPPPH@Nr was significantly
higher than PPP@Nr group after incubation for 12 h or 24 h (Fig. S8). It
might cause by the HA-mediated tumor-targeted endocytosis pathway
[32,33]. In order to further verify the tumor-targeted endocytosis
behavior caused by HA, MDA-MB-231 cells overexpressed with CD44
molecule (HA receptor) were pre-incubated with excessive HA molecules
for blocking HA receptors before co-incubation with HPPPH@Nr mi-
celles [34]. The result displayed that the endocytosed amount of



Fig. 2. Cytotoxicity and cellar uptake. (a) Cytotoxicity assay of MDA-MB-231 cells cultivated with PBS (control), HPPPH (65.2 μg/mL), LND (15 μg/mL), HPPPH@L
(65.2 μg/mL) and HPPPH@L@B (65.2 μg/mL, as same dosage of LND) for 24 h and 48 h, respectively. (b) Cellular uptake and intracellular distribution of nanosystem
in the MDA-MB-231 cells were detected by CLSM after incubation with PBS, Nile Red (model drug), PPP@Nr without HA conjugation, HPPPH@Nr or HPPPH@Nr þ
HA (pretreatment with HA for 2 h) for 12 h and 24 h, respectively. Nuclei and cytoskeleton were respective stained with DAPI (blue) and Alexa 488-phalloidin (green).
(c) Corresponding quantitative FCM analysis of cellular uptake in MDA-MB-231 cells, after above treatments 24 h, respectively. Scale bar: 50 μm for (b). Error bars
present as mean � SD (n ¼ 6), **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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HPPPH@Nr micelles in MDA-MB-231 cells was significantly decrease
after 12 h incubation, compared to the same group in the absence of HA,
as revealed by the relatively lower red fluorescence. The above cellar
uptake behavior became more obvious as the incubation time extended
to 24 h, which was in consistence with the quantitative FCM analysis
(Fig. 2c). The result confirmed that the excellence uptake performance of
nanosystem was actually performed by HA receptor-mediated endocy-
tosis. The reason could be explained that HA functionalized nanosystem
could specially target tumor cells overexpressed CD44, the nanosystem
thus endocytosed by tumor cells through a HA receptor-ligand recogni-
tion pathway, which was consistent with a previous result [35]. The
result suggested that HPPPH nanosystem could uptake by the tumor cells
with high efficiency via HA-mediated endocytosis, which was helpful for
tumor killing in vitro and in vivo.
7

3.3. Tumor cells apoptosis, mitochondrial damage and cell cycle arrest
induced by the HPPPH@L@B nanosystem in vitro

Since the cell viability is closely associated with the initial occurrence
of the apoptosis or the cell proliferation [36], and HPPPH@L@B nano-
system could certainly induce a decrease in cell viability, the related
apoptosis/death and cell cycle status were subsequently measured in
detail. For one thing, the apoptosis/death degree of the MDA-MB-231
cells were investigated using the Annexin V-FITC/PI staining kit and
detected by FCM analysis. As shown in Fig. 3a and b, the blank nano-
carrier HPPPH caused a negligible apoptosis and death ratio as similar to
control group (PBS, about 5%), implying the good biocompatibility. Both
LND and HPPPH@L groups induced the moderate cell apoptosis, as
revealed by around 10% and 25% apoptosis and death rate, respectively.



Fig. 3. Apoptosis and mitochondrial damage evaluation. (a) Cell apoptosis level and (b) quantitative analysis of MDA-MB-231 induced by PBS (control), HPPPH, LND,
HPPPH@L and HPPPH@L@B after 24 h of incubation, detected by FCM. (c) Mitochondrial membrane depolarization of MDA-MB-231 cells was detected by CLSM
after above treatments via JC-1 probe staining. (d) The expression level of the apoptosis related proteins in MDA-MB-231 cells was detected by Western blotting after
above treatments for 24 h and (e) the corresponding quantitative analysis via Image J software. (f) Schematic representation of the mitochondrial damage and cell
apoptosis pathway in tumor cells induced by HPPPH@L@B nanosystem. Scale bar: 50 μm for (c). Error bars present as mean � SD (n ¼ 6); *p < 0.05, **p < 0.01.

Z. Fu et al. Materials Today Bio 16 (2022) 100449
It was caused by the inherent cytotoxicity of LND and the excellent drug
delivery efficiency of HPPPH nanocarrier [37]. Furthermore,
HPPPH@L@B group induced the highest apoptosis and death level (p <

0.01), implying the superior antitumor effect in vitro. It might attribute to
the combined effect of glucose and glutamine metabolism inhibition
induced by LND and BPTES in the HPPPH@L@B nanosystem, which was
investigated in the following section of the cellular metabolic
suppression.

To reveal the molecular mechanism of apoptosis induced by
HPPPH@L@B nanosystem, the mitochondrial damage evaluation was
firstly investigated, resulting from the damage or depolarization of the
mitochondria is a typical marker of apoptosis [38,39]. The
membrane-permeable JC-1 dye was used to monitor the damage of the
mitochondria and the change of mitochondrial membrane potential. It is
attributed to the fact that JC-1 could exhibit different existing state in
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normal/damage mitochondria and emit different fluorescence (red
fluorescence, preferential aggregation in the normal mitochondria vs.
green fluorescence, monomer formation in the cytoplasm) [40]. After
treatment for 12 h, LND, HPPPH@L and HPPPH@L@B induced various
degree of the mitochondrial damage compared to control and HPPPH
negative control groups, as revealed by the decreased red fluorescence
and increased green fluorescence, in sequence with LND < HPPPH@L <

HPPPH@L@B (Fig. 3c and Fig. S9). It due to the fact that the superior
delivery efficiency of the micelle carriers (HPPPH@L and HPPPH@L@B)
amplified mitochondrial damage effect mediated by LND [41,42], and
the introduction of BPTES might accelerate the mitochondrial damage
via suppressing glutamine metabolism additionally [43], leading to the
most severe mitochondrial damage and cells apoptosis.

Subsequently, the molecular mechanism of apoptosis and mitochon-
drial damage induced by HPPPH@L@B nanosystem was further studied
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by western blotting assay. Typically, the expression of the proteins that
were closely associated with apoptosis pathway and mitochondrial
apoptotic pathway, such as Bax, Bcl-2, caspase-3, poly (ADP-ribose) po-
lymerase (PARP) and cytochrome c, were measured by western blotting
[44,45]. After co-incubation with above formulations for 24 h, both LND
and HPPPH@L groups induced the obvious downregulation of Bcl-2,
total caspase 3 (donated as T-caspase 3) and total PARP (donated as
T-PARP), and the upregulation of Bax, cleaved caspase 3 (donated as
C-caspase 3) and cleaved PARP (donated as C-PARP) in MDA-MB-231
cells compared to control and HPPPH negative control groups (Fig. 3d),
implying the activation of the apoptosis pathway. Furthermore, the
correspondingly quantitative analysis of Bax/Bcl-2, Cyt-c, C/T caspase 3
and C/T PART ratio induced by HPPPH@L groupwas significantly higher
than that of LND group, attributed to the improved drug delivery effi-
ciency and bioavailability. More importantly, the above expression ten-
dency of the associated apoptosis proteins further increased in
HPPPH@L@B treatment, which was in consistence with the corre-
spondingly quantitative analysis (p< 0.01, Fig. 3e). The result confirmed
again that HPPPH@L@B nanosystem actually generated the effective
activation of the apoptosis pathway and superior tumor killing effect. On
the basis of the results, the apoptosis/death pathway and mitochondrial
apoptotic pathway induced the nanosystem might be illustrated as fol-
lows (Fig. 3f): the HPPPH@L@B nanosystem endocytosed by the
MDA-MB-231 cells could rapidly release LND and BPTES in response to
the GSH-rich intracellular environment. The co-work of LND and BPTES
could effectively depolarize the mitochondrial membrane potential and
damage mitochondria, leading to the initiation of apoptosis and regula-
tion of Bcl-2 protein family. Cytochrome c was then released from
mitochondria upon stimulation of the aforementioned apoptotic signal,
the Caspase 3 acts as an executor of apoptosis was subsequently activated
and further promoted cell apoptosis through the cascade activation of
PARP, consequently leading to the superior tumor killing in vitro.

For another thing, the cell cycle arrest of the MDA-MB-231 cells was
investigated by FCM, since starvation therapymediated by HPPPH@L@B
Fig. 4. Cell cycle arrest study. (a) Cell cycle analysis of MDA-MB-231 cells after trea
assessed by FCM with PI staining. (b) The corresponding percentage of cells in diffe
associated proteins in MDA-MB-231 cells was detected by Western blotting after abov
present as mean � SD (n ¼ 6); **p < 0.01.
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nanosystem could actually block the supply of cellular energy and sub-
stance and induce the change of cell cycle [46–48]. Consistent with the
cell viability result (Fig. 2a), HPPPH@L treatment induced the significant
decrease in the number of cells stayed in the S and G2 phase compared
with LND group (Fig. 4a and b and Fig. S10), due to the improved
bioavailability of LND in the micelle nanocarrier. It was worth noting
that this downward trend was significantly higher in HPPPH@L@B than
that in HPPPH@L (p < 0.01), as revealed by the lowest amount of the
cells remained in the S and G2 phase, indicating the effective G1 phase
arrest and cell proliferation inhibition. In order to verify the mechanism
of the cell cycle arrest induced by HPPPH@L@B nanosystem, the
expression of the related G1 phase proteins were then measured by
western blotting, including p21, cyclin D1 and cyclin E2. As shown in
Fig. 4c and d, LND, HPPPH@L and HPPPH@L@B induced various extents
downregulation of P21 proteins in the MDA-MB-231 cells, and upregu-
lation of Cyclin D1 and Cyclin E2 proteins, in sequence with LND <

HPPPH@L < HPPPH@L@B, implying the effective G1 phase arrest. Be-
sides, the number of cells stayed in sub-G1 phase also increased signifi-
cantly after above treatments, in sequence with HPPPH@L@B >

HPPPH@L > LND (Fig. 4b), confirming the effective cell cycle arrest
induced by HPPPH@L@B again. The superior cell cycle arrest behavior
of the HPPPH@L@B nanosystem could be explained that the delivery
LND and BPTES in the nanosystem with high delivery efficiency could
significantly inhibit glycolysis and glutamine metabolism, block the
utilization of two important nutrients (glucose and glutamine) and
dual-starve tumor cells, leading to the highest cell apoptosis ratio (Fig. 3a
and b), DNA fragmentation and partial loss of genomic DNA fragments
(Fig. 4a and b). These results collectively indicated that the
HPPPH@L@B nanosystem could effectively induce tumor cells apoptosis
and cell cycle arrest, leading to a significantly enhanced tumor killing.
3.4. Cellular metabolic suppression

Considering starvation treatment was closely related to the cellular
tment with PBS (control), HPPPH, LND, HPPPH@L and HPPPH@L@B for 24 h
rent phases of cell cycle were represented. (c) The expression level of cell cycle
e treatments for 24 h and (d) the corresponding quantitative analysis. Error bars
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energy supply and metabolic changes, the ATP content and the changes
of intracellular metabolites in tumor cells after administration were
subsequently investigated using ATP detection kit and metabonomic
technology, respectively. For intracellular ATP content determination,
MDA-MB-231 cells were first co-incubated with HPPPH, LND, HPPPH@L
and HPPPH@L@B for 24 h, the ATP content were then measured using
ATP detection kit. As shown in Fig. 5a, there was no significant change in
the content of intracellular ATP after treatment with HPPPH compared
with control group, while the intracellular ATP content was slightly
decreased in the LND group (p＜0.05). It could be explained that LND
could actually reduces the level of glycolysis and causes the mitochon-
drial damage (Fig. 3c–e) [49-50], resulting in the inhibition of ATP
production. It was worth noting that HPPPH@L induced more severe
ATP depletion, demonstrating that HPPPH micelles can significantly
improve LND utilization and anti-tumor effect. Most importantly, the
HPPPH@L@Bmicelle nanosystem displayed the lowest intracellular ATP
content among all treatments (p < 0.01), confirming again the excellent
energy supply suppression and superior tumor starvation therapy effect.
It might be benefited from the further inhibition of compensatory
glutamine metabolism triggered by BPTES. Since BPTES could blocked
the generation of the glutamic acid and oxoglutaric acid (also known as
α-ketoglutaric acid) transformation through the glutamine metabolism
inhibition, which were the raw material for supplying TCA cycle and the
synthesis of various necessary biological compounds [7–10], the intro-
duction of BPTES thus further inhibit the energy and material supply of
tumor cells. It was the reason why HPPPH@L@B induced the highest
degree of tumor cell apoptosis and cell cycle arrest.

In order to further verify the mechanism of the glucose and glutamine
metabolism suppression caused by the HPPPH@L@B nanosystem,
metabolomics was used to detect the changes of intracellular metabolites
in tumor cells. As shown in Fig. 5b, the heat map displayed the overall
change level of the differential metabolites in the tumor cells after in-
cubation with different treatment groups. Briefly, there was no signifi-
cant difference between the control and HPPPH negative groups,
suggesting that the blank micelle nanocarrier had little effect on cell
metabolism and exhibited the good biocompatibility. On the contrary,
the levels of metabolites associated with glucose metabolism in MDA-
MB-231 tumor cells displayed an obviously changed after co-
incubation with LND for 24 h, which was attributed to the inherent in-
hibition of glucose metabolism induced by LND [4]. Furthermore, the
amount of the differential metabolites of the LND-loaded micelle treat-
ments (HPPPH@L and HPPPH@L@B groups) were significantly higher
than that of LND group, in an order of LND < HPPPH@L <

HPPPH@L@B, implying that the polymer micellar nanosystem combined
with double-starvation therapy strategy could effectively altered the goal
metabolism of tumor cells, leading to the desired tumor starvation effect.
In detail, the statistical results of the typical substances related to glucose
and glutamine metabolism were presented in Fig. 5c–f, including glucose
6-phosphate, lactic acid, glutamic acid and oxoglutaric acid. Typically,
LND-loaded treatments (HPPPH@L and HPPPH@L@B) significantly
induced the down-regulation of 6-phosphate-D-glucose and
up-regulation of lactic acid in MDA-MB-231 cells compared with control,
confirming the effective inhibition of glycolysis metabolism. LND could
actually inhibit the hexokinase (a key limitation step among the glycol-
ysis) and plasma membrane monocarboxylic acid transporter 4 (MCT4),
which prevented the normal transport of lactate out of tumor cells [4].
Moreover, glutamate and oxoglutaric acid, as the two representative
products of glutamine metabolism [12], were significantly
down-regulated in the HPPPH@L@B treatment group compared with
other groups, which was attributed to the introduction of glutamine
metabolism inhibitors BPTES, implying the effective suppression of
glutamine metabolism. This result indicated that the HPPPH@L@B
nanosystem combined with dual-starvation therapy strategy could
effectively inhibit glucose and glutamine metabolism, and accompanied
with the severe energy depletion, substance supply deficiency, massive
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apoptosis and tumor cells cycle arrest, consequently contributing to the
superior antitumor effect in vitro.

3.5. In vivo antitumor effect of HPPPH@L@B micelle nanosystem

To evaluate the antitumor efficacy of the HPPPH@L@B micelle
nanosystem in vivo, MDA-MB-231 tumor cells-bearing BALB/c nude mice
xenograft model was established. The tumor-bearing mice was then
intravenously injected with different drug formulations twice per week
and continued for 18 days (Fig. 6a). It was observed that all treatment
groups exhibited various extents of tumor suppression compared to
control (saline) and HPPPH negative control groups (Fig. 6b). Mean-
while, the HPPPH@L inhibited a relatively higher tumor inhibition de-
gree than LND group, attributing to the superior drug delivery efficiency
of the micellar nanosystem and the inherent antitumor effect of LND.
Furthermore, the HPPPH@L@B micelle co-loaded with LND and BPTES
showed the most outstanding tumor suppression among all treatments,
which was in consistence with the analysis of relative tumor volume
(Fig. 6c). Moreover, the HPPPH@L@B treatment also significantly pro-
longed the survival time of mice (Fig. 6d), implying the effective anti-
tumor effect in vivo. The reasons could be explained as follows: (1) the
HPPPH@L@B micelles with appropriate sizes were preferentially accu-
mulated in tumor tissues and effectively internalized by tumor cells via
EPR effect and HA receptor-mediated endocytosis; (2) the endocytosed
nanosystem was then rapidly disassembled and in situ release LND and
BPTES in response to the high concentration of GSH in cytoplasm, owing
to the breakdown of the hydrophobicity-hydrophilicity balance main-
tained biostability of the micelle nanosystem; (3) the released LND and
BPTES significantly inhibited the glycolysis and glutamine metabolism of
the tumor cells, blocked the supply of energy and substance, leading to
the desired tumor starvation and growth suppression. The results
demonstrated that the HPPPH@L@B nanosystem could effectively
inhibit the tumor growth in vivo through the dual-starvation therapy
strategy.

The in vivo apoptosis and proliferation suppression were then inves-
tigated by the H&E staining, TUNEL (TdT-mediated dUTP Nick-End La-
beling) and immunofluorescence detection of Ki67, respectively. As
shown in Fig. 6e, LND, BPTES, HPPPH@L and HPPPH@L@B induced
obviously apoptosis compared to control and HPPPH negative control
groups, in an order of LND < BPTES < HPPPH@L < HPPPH@L@B, as
revealed by the tissue structural fracture and chromatin condensation in
the H&E images and the abundant magenta dots in the TUNEL staining
analysis. Moreover, the lowest expression degree of Ki67 was found in
the HPPPH@L@B group as well (Fig. 6e). Besides, the synergistic indexes
of tumor volume (monitored by relative tumor volume), cell apoptosis
(evaluated by TUNEL) and proliferation (assayed by the immunofluo-
rescence staining of ki67) in the HPPPH@L@B were 5.05, 1.78 and 2.10
(Table S2), respectively. Above treatment confirmed again the syner-
gistic effect with superior efficiency in vivo of HPPPH@L@B nanosystem.

To evaluate the biosafety of the HPPPH@L@B nanosystem, the
changes of the body weight in the tumor-bearing mice after different
administration were firstly monitored. It was observed that there was
little change in body weight of mice in the HPPPH@L@B group
(Fig. S11), suggesting the good biosafety. Secondly, the morphological
and histological traits of the major tissues in the tumor-bearing mice after
above treatments were examined using H&E staining assay. As expected,
the normal and intact histological structure of the major tissues was
displayed in the HPPPH@L@B group, as similar to the control group
(Fig. 6f), indicating the excellent biocompatibility again. Last but not
least, blood routine examination and biochemical analysis of the tumor-
bearing mice were further performed after administration for 24 h. As
shown in Fig. 6g, there also was no significant changes of the blood
routine and biochemical indexes in the HPPPH@L@B group compared
with control group (saline). These results confirmed that the
HPPPH@L@B nanosystem possessed a good biosafety in vivo.



Fig. 5. Cell metabolic stress analysis. (a) Intracellular ATP content of MDA-MB-231 cells co-incubated with PBS, HPPPH, LND, HPPPH@L and HPPPH@L@B for 24 h,
respectively. (b) Metabolomics study of MDA-MB-231 cells incubated with different formations for 24 h. Heat map showed the total levels of the differential me-
tabolites and the statistical analysis of the presentative metabolites, including (c) 6-phosphate-D-glucose, (d) L-lactic acid, (e) L-glutamate and (f) oxoglutaric acid.
Error bars present as mean � SD (n ¼ 6); *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 6. Antitumor effect in vivo, biosafety evaluation, pharmacokinetics and biodistribution. (a) The BALB/c nude mice bearing MDA-MB-231 tumors were i. v.
administrated with different formulations twice a week from day 0, which was defined as the 8th day post tumor inoculation. (b) Photographs of xenograft tumor of
BALB/c nude mice after treatments with saline, HPPPH, LND, HPPPH@L, HPPPH@L@B for 0, 7, and 18 d, respectively. (c) The relative tumor volume and (d) survival
rate of mice after above administrations. (e) H&E, TUNEL and Ki67 immunofluorescence staining images for tumors. (f) H&E staining images for heart, liver, spleen
and kidney. (g) The blood biochemical levels and hematological indices of mice after 24 h of administration. (h) The pharmacokinetics of the LND and HPPPH@L@B
micelles after intravenous injection into MDA-MB-231 cell tumor-bearing mice for various time intervals. (i) The biodistribution of the LND and HPPPH@L@B after
24 h post injection. Scale bars: 100 μm for (e) and (f). Error bars present as mean � SD (n ¼ 6); *p < 0.05, **p < 0.01.
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To further evaluate the potential clinic application of the
HPPPH@L@B nanosystem, the pharmacokinetics profile and bio-
distribution behavior of nanosystem in the tumor-bearing mice was
investigated. Both the LND dosage in the blood and the main tissues were
measured within treatment for 24 h. As for the pharmacokinetics assay,
both LND and HPPPH@L@B micelle displayed the typical blood clear-
ance curves, which was accordance with the two-compartment model.
Furthermore, HPPPH@L@B micelle exhibited significantly longer cir-
culation longevity than LND (Fig. 6h), indicating the prolonged circula-
tion time. As for the biodistribution assay, the HPPPH@L@B nanosystem
demonstrated significantly higher LND accumulation in the tumor tissues
than LND (Fig. 6i, p < 0.05), while lower in liver and kidney (p < 0.01),
suggesting the excellent tumor targeting with the reduced hepatorenal
toxicity. All these data indicated that the HPPPH@L@B nanosystem
combined dual-starvation therapy strategy displayed a superior anti-
tumor effect with good biosafety in vitro and in vivo.

4. Conclusion

In summary, a redox-responsive micellar nanosystem co-loaded with
glycolysis metabolism inhibitor LND and glutamine metabolism inhibitor
BPTES was constructed for tumor targeted dual-starvation therapy. On
the one hand, the fabricated nanosystem could specially uptake by tumor
cells overexpressed HA receptor and rapidly release cargoes with high
efficiency in response to the abundant GSH in the intratumoral cyto-
plasm. On other hand, the released LND and BPTES could simultaneously
suppressed the glycolysis and glutamine metabolism and block the sup-
ply of the energy and substance, resulting in the significantly mito-
chondrial damage, cell cycle arrest, ATP deleting and tumor cells
apoptosis with high efficiency. In vitro and in vivo results collectively
demonstrated that the nanosystem combined with dual-starvation ther-
apy exhibited a superior antitumor efficacy and reliable biosafety, which
provided a high-performance and safe paradigm for malignant cancer
treatment.
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