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Hyperbaric Oxygen Activates Enzyme-Driven Cascade
Reactions for Cooperative Cancer Therapy and Cancer Stem

Cells Elimination

Yuxuan Xiong, Zhengtao Yong, Chen Xu, Qingyuan Deng, Qiang Wang, Shiyou Li,

Chong Wang, Zhijie Zhang, Xiangliang Yang,* and Zifu Li

Tumor starvation induced by intratumor glucose depletion emerges as a
promising strategy for anticancer therapy. However, its antitumor potencies
are severely compromised by intrinsic tumor hypoxia, low delivery
efficiencies, and undesired off-target toxicity. Herein, a multifunctional
cascade bioreactor (HCG), based on the self-assembly of pH-responsive
hydroxyethyl starch prodrugs, copper ions, and glucose oxidase (GOD), is
engineered, empowered by hyperbaric oxygen (HBO) for efficient cooperative
therapy against aggressive breast cancers. Once internalized by tumor cells,
HCG undergoes disassembly and releases cargoes in response to acidic
tumor microenvironment. Subsequently, HBO activates GOD-catalyzed
oxidation of glucose to H,0, and gluconic acid by ameliorating tumor
hypoxia, fueling copper-catalyzed eOH generation and pH-responsive drug
release. Meanwhile, HBO degrades dense tumor extracellular matrix,
promoting tumor accumulation and penetration of HCG. Moreover, along
with the consumption of glucose and the redox reaction of copper ions, the
antioxidant capacity of tumor cells is markedly reduced, collectively boosting
oxidative stress. As a result, the combination of HCG and HBO can not only
remarkably suppress the growth of orthotopic breast tumors but also restrain
pulmonary metastases by inhibiting cancer stem cells. Considering the clinical

1. Introduction

Hypoxia, an important hallmark of tu-
mor microenvironment (TME) for solid tu-
mors, is caused by cancer cell fast pro-
liferation and blood vessel abnormality
during tumor angiogenesis.[!l Mounting
studies have confirmed that tumor hy-
poxia is responsible for resistance of nu-
merous therapeutic treatments, including
chemotherapy,[?! radiotherapy,®! and pho-
todynamic therapy.*) Additionally, reports
show that hypoxia and hypoxia-inducible
factors (e.g., HIF-1 and HIF-2) expression
are tightly associated with increased popu-
lation of cancer stem cells (CSCs). Although
accounting for only a small fraction of can-
cer cells in a hypoxic niche distal from the
tumor vasculature, CSCs play a key role
in tumor metastasis, which is the leading
cause of death in cancer patients.’! Hence,
allaying tumor hypoxia is crucial for the suc-
cessful treatment of malignant tumors. At

accessibility of HBO, this combined strategy holds significant translational

potentials for GOD-based therapies.

present, a variety of attempts have been de-
voted to oxygenate TME for achieving satis-
factory therapeutic outcomes. For instance,
perfluorocarbons!® or hemoglobin”! are
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frequently employed as oxygen carriers to transport molecular
oxygen directly to tumor sites. Unfortunately, the inevitable leak-
age of oxygen during the circulation process will discount oxygen
delivery efficiency.®] Another popular strategy is to catalyze the
decomposition of endogenous H, 0, by catalasel®! or metal-based
nanoparticles!’ to generate oxygen in situ. However, limited
H,0, (0.5 nmol/10* tumor cells h~!) in tumor tissues is insuf-
ficient to support continuous O, generation in situ.'!l Alterna-
tively, hyperbaric oxygen (HBO) therapy, as a widely used clinical
treatment, has been proven to ameliorate hypoxia in solid tumors
by increasing the amount of dissolved oxygen in the plasma.l'?]
In light of the safety, accessibility, and effectiveness of HBO ther-
apy, the combination of HBO with oxygen-dependent tumor ther-
apeutic strategies shows great promise for clinical applications.

Recently, starvation therapy, represented by glucose oxidase
(GOD), has been recognized as a feasible strategy to fight cancer
by cutting off the necessary nutrients to tumors.l"3] As a natural
aerobic dehydrogenase, GOD can consume intracellular glucose
by oxidative decomposing glucose into gluconic acid and H, O, to
achieve tumor starvation effect.'*] During this oxidation process,
large amounts of H,0, and H* are generated, benefiting ther-
apeutic strategies that depend on an adequate H,O, supply or
an acidic microenvironment.!*! Although such GOD-driven cas-
cade reaction is attractive for tumor therapy, contradictorily, TME
is often hypoxic, which greatly limits GOD-mediated glucose ox-
idation and subsequent cascade reactions.!'®! More troublesome,
the oxygen consumption arising from GOD oxidation will fur-
ther aggravate tumor hypoxia, which is not only detrimental to
GOD-driven tumor therapy but also will increase the percentage
of CSCs and tumor metastasis.>!”) In addition, as a therapeutic
protein, GOD is often plagued by innate drawbacks, such as poor
stability, short circulation time, and off-target catalytic activity and
toxicity.[1#18] Leveraging efforts from HBO and nanomedicines,
we envision that the GOD-based therapeutic nanomedicine can
achieve robust antitumor therapy with the help of HBO.

In the present work, a pH-sensitive detachable bioreactor (de-
noted as HCG) integrated with hydrazone-bond-linked hydrox-
yethyl starch (HES, a blood plasma volume expander for clinical
use) and doxorubicin conjugate (HPD), copper ions (Cu?*) and
GOD, is constructed via one-step self-assembly for tumor growth
and metastasis inhibition under the help of HBO (Scheme 1).
In this bioreactor, HPD, as the framework of HCG, enables the
acid-responsive drug release and behaves as stabilizer for this
nanoplatform. The Cu?* ions in HCG can be efficiently reduced
to Cut by the overexpressed glutathione (GSH) in tumor cells,
subsequently catalyzing intracellular H,O, to generate highly
toxic #OH for effective chemodynamic therapy (CDT).*! Im-
portantly, GOD-catalyzed oxidation of glucose to produce H,O,
and gluconic acid not only starves tumor cells but also pro-
vides H,0, for Cut-mediated CDT and lowers tumor pH to
promote acid-responsive release of doxorubicin (DOX) from
HPD. As an enabler, HBO not only surmounts the inherent
hypoxic microenvironment of tumors to activate GOD-driven
therapeutic nanoplatform, but more importantly degrades the
dense tumor extracellular matrix (ECM) to promote the expo-
sure of HCG to CSCs. Meanwhile, during the therapeutic pro-
cess, the redox reaction of Cu?* ions and the consumption of
glucose by GOD are accompanied by the attenuation of antioxi-
dant ability in tumors, further amplifying CDT-induced oxidative
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stress. By integrating HBO-boosted starvation-/chemodynamic-
/chemo-therapy, HBO-mediated ECM degradation, and redox
homeostasis disruption together, the fabricated HCG exhibits a
remarkable therapeutic effect against both bulk cancer cells and
intractable CSCs, inhibiting both orthotopic tumor and distant
metastasis (Scheme 1).

2. Results and Discussion

2.1. Preparation and Characterization of HCG

Initially, the pH-responsive prodrug HES-Hyd-DOX (HPD) was
synthesized by a triple-steps process using an acid-labile hydra-
zone bond as linker (Figure S1, Supporting Information).*") The
successful conjugate of DOX with HES was confirmed by 'H
NMR (Figure S2, Supporting Information). Subsequently, HCG
was prepared by a simple self-assembly method leveraging co-
ordination, hydrophobic, and electrostatic interactions. The mor-
phological structure of HCG was detected by transmission elec-
tron microscopy (TEM). As clearly shown in Figure 1B, HCG ex-
hibited a fusiform nanostructure with a length of 183 nm and
width of 79 nm. Meanwhile, the average hydrodynamic diam-
eter of HCG is around 216.5 nm (Figure 1C), as determined
by dynamic light scattering (DLS). A digital photo of HCG dis-
persed in water with typical Tyndall effect indicated their ex-
cellent hydrophilicity and dispersity. The zeta potential of HCG
was —7.0 mV, which is sharply different from that of HPD-Cu
(+13.1 mV) (Figure 1D). The difference in zeta potential between
HCG and HPD-Cu is probably because the negatively charged
GOD neutralizes the positive charge of HPD-Cu.2!] This phe-
nomenon also confirms the electrostatic interactions between
GOD and HPD-Cu. Furthermore, the stability of HCG in phys-
iological environment was measured by DLS, and the results
(Figure 1E) showed that HCG remained stable within 15 days,
which satisfied the demands for subsequent biological experi-
ments. Such excellent stability may be attributed to the shielding
effect of HES.[?2] More importantly, the lyophilized HCG can be
immediately redissolved in phosphate-buffered saline with neg-
ligible size change (Figure 1H), greatly facilitating its long-term
storage, which is vital for clinical translation.

Fourier transform infrared spectrum (FT-IR) characterizations
were performed to determine the chemical structure of HCG.
Concretely, the characteristic peaks at 1023 and 1167 cm™~! were
attributed to the C-O stretching vibration in HPD.!?}] The peaks
at 1545 cm™! (amide II) and 1632 cm™! (amide I)were assigned
to amide groups of GOD (Figure 1G).[** These results demon-
strated the successful integration of GOD into HCG. Notably,
the redshift of the absorption peak of HCG was accompanied
by the decrease of absorption at 485 nm and the enhance-
ment of absorption at 580 nm, indicating the involvement of Cu
in the coordination reaction with DOX (Figure S3, Supporting
Information).!?) In the meantime, the loading content of DOX
was calculated to be about 6.5% in HCG as determined by UV-
vis measurements. Furthermore, energy dispersive X-ray spec-
troscopy mapping images (Figure 1F) indicated that Cu, S, O,
and N were homogenously distributed in HCG. Of these ele-
ments, the distribution of S was attributed to GOD, which further
verified the successful incorporation of GOD into HCG. More-
over, the X-ray photoelectron spectroscopy (XPS) was conducted
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Scheme 1. Schematic illustration of A) the fabrication process of HCG and B) the therapeutic mechanism of HBO-activated HCG-triggered cooperative

cancer therapy.

to study the chemical composition of HCG. The XPS survey spec-
tra (Figure 1I) verified the existence of Cu, S, O, and N in HCG.
The high-resolution spectra of Cu 2p (Figure 1]) showed two char-
acteristic peaks at 933.5 eV (Cu 2p; ;) and 953.3 eV (Cu 2p, ) ac-
companied by two shake-up satellite peaks (942.1 and 962.1 eV),
which were indexed to Cu?*.[2l Moreover, the Cu?*-doping ratio
of HCG was determined to 1.58% by inductively coupled plasma
optical emission spectroscopy (ICP-OES).

Since there were numerous pH-responsive hydrazone bonds
in HCG, we then carefully investigated the pH-responsive drug
release behavior of HCG. As exhibited in Figure 1K, only 21.8%
of DOX was liberated from HCG after 72 h of incubation un-
der physiological conditions (pH 7.4, 37 °C), while the release
of DOX can reach 43% at pH 6.5. In sharp contrast, the DOX
release was accelerated under the condition of pH 5.0, with max-
imum DOX release up to 70%. The excellent acidic responsive-
ness of HCG was also confirmed by fluorescence spectrum at
different pH values (Figure 1L). Considering that acid-responsive

Adv. Sci. 2023, 10, 2301278

HPD prodrugs represented the main structure of HCG, it was ex-
pected that the breakage of hydrazone bonds in HPD may also ac-
celerate the structural disassembly and degradation of HCG. To
test this hypothesis, HCG was immersed into buffer solutions
with different pH to evaluate the disassembly of HCG. As de-
picted in Figure 1M, the particle size and morphology of HCG
did not change significantly after 72 h incubation at pH 7.4. How-
ever, the particle size of HCG was obviously decreased (D, =
45 nm) when incubated at an acidic condition (pH 5.0), which
was also evidenced by the TEM images. These smaller nanopar-
ticles seem to be hydroxyethyl starch drug conjugates.?’] Un-
like the degradation characteristics in acidic microenvironments,
HCG remained intact in glucose solution (Figure S4, Supporting
Information). Such sustained endogenous stimulation-triggered
nanomedicines are beneficial in reducing off-target effects and
improving long-term antitumor efficiency. Interestingly, the zeta
potential of HCG reverses from —7 to +6.2 mV under acidic con-
ditions, probably due to the shedding of negatively charged GOD.

2301278 (3 of 16) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 1. Characterizations of HCG. A) The synthesis diagram and action mechanism of HCG. B) TEM images of HCG at different magnifications. The
scale bars for low and high magnification are 500 and 100 nm, respectively. C) DLS size distribution of HCG. D) Zeta potentials of HPD, HPD-Cu, and
HCG. E) Stability assessment of HCG in different media. F) Elemental mappings of HCG. Scale bars: 200 nm. G) FT-IR spectra of GOD, HPD, and
HCG. H) DLS size distribution of redissolved HCG from lyophilization. I) Survey XPS spectrum, and J) high-resolution Cu 2p spectrum of HCG. K) DOX
release profiles under different pH conditions. L) Fluorescence intensity of DOX after incubation at different pH conditions. M) The size (scale bars:
200 nm) and N) zeta potential changes of HCG after incubation in acidic condition. O) The ability of HCG to produce H,O, in the presence of glucose
after incubation at different pH conditions. P) GSH consumption ability of HCG. Q) MB degradation with different treatments. R) ESR spectra of ¢OH
trapped by DMPO. Statistical significance was calculated by t-test. p values, *** p < 0.001.
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More attractively, we found that the catalytic activity of GOD in
HCG exhibited acid response features. The catalytic activity of
GOD was estimated by H, O, production. As shown in Figure 10,
compared to preincubation at pH 7.4 buffer, HCG preincubated
in acidic buffer (pH 6.5, pH 5.0) yielded more H,O, in the pres-
ence of glucose (5 X 10~* m). Notably, the H,0, produced after
preincubation at pH 5.0 condition was 2.5 times higher than that
at pH 7.4. This acidic-enhanced GOD catalytic activity may be
due to 1) the formation of HCG impeded the catalytic reaction of
GOD with the substrate, and 2) the binding of hydrophobic DOX
molecules with the hydrophobic domain of GOD inhibited the
catalytic activity of GOD.!'®"] Therefore, the disassembly of HCG
under acidic conditions restored the catalytic activity of GOD.
In view of the presence of glucose in blood, this acid-responsive
characteristic of HCG may improve its biosafety during blood cir-
culation, which was also beneficial for tumor-specific therapy.

The redox nature of Cu®* motivated us to investigate the abil-
ity of HCG in GSH consumption. As expected, the GSH (1 x
1073 M) was completely consumed in the reaction mixture af-
ter 6 h incubation (Figure 1P). After reaction with GSH, Cu**
in HCG was reduced to Cu*, which can catalyze the production
of eOH with H,0,."%] We have proved above that under acidic
conditions, HCG can produce substantial amounts of H,0, in
the presence of glucose, which was expected to provide sustained
H, 0, for Cu*-mediated Fenton-like reaction (Figure 1A). Hence,
we further employed methylene blue (MB) as a probel?®! to evalu-
ate the generation of ¢OH by HCG. Specifically, after incubation
with HCG, the absorbance of MB was not obviously changed in
the absence of glucose. When glucose (5 x 10~* m) was added,
a pronounced MB degradation could be observed, indicating the
generation of eOH. This result demonstrated that glucose was
essential for HCG to generate «OH. In comparison, HCG that
incubated with glucose (5 X 1073 M) and GSH (1 X 1073 M) ex-
hibited more intense MB degradation, suggesting that Cu** was
reduced to Cu* by GSH, which then catalyzed more ¢OH produc-
tion (Figure 1Q). The generation of eOH was also examined by
electron spin resonance (ESR) with 5,5-dimethyl-1-pyrroline N-
oxide (DMPO) as spin trap agent.?!] From the ESR spectra (Fig-
ure 1R), it was evident that the treatment of HCG + glucose +
GSH induced strong eOH signal (peak intensity of 1:2:2:1). The
results were in accordance with MB degradation experiments.
Compared to normal cells, cancer cells often have higher GSH
concentrations!'® and greater dependency on glucose.'*! Thus,
the obtained HCG was expected to attain effective tumor-specific
therapy with the joint efforts of glucose depletion, reactive oxy-
gen species (ROS) production, and acidity-responsive DOX re-
lease (Figure 1A).

2.2. Cytotoxicity of HCG under Normoxic Conditions

Based on the aforementioned properties of HCG, we further as-
sessed the behaviors of HCG in 4T1 cancer cells. In view of the
indispensability of O, for GOD-induced catalytic reactions, we
investigated the cellular activity of HCG under normoxic condi-
tions (21% O,). We first investigated the cellular uptake and lyso-
somal escape of HCG using confocal laser scanning microscopy
(CLSM). The results demonstrated a time-dependent internaliza-
tion of HCG. Most HCGs were sequestered in lysosomes after en-
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docytosis, and some of the green fluorescence (DOX) was trans-
ferred from the lysosome to the cytoplasm when the incubation
time was extended to 8 h. As the incubation time reached 12 h,
the DOX fluorescence in the cytoplasm was further intensified,
indicating lysosome escape of HCG (Figure S5, Supporting In-
formation). Moreover, the in vitro cytotoxicity of HCG was eval-
uated by standard 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetra-
zolium bromide (MTT) assay. As illustrated in Figure 2A, the
acidity-responsive prodrug HPD showed moderate cytotoxicity,
with 66.3% cell viability at DOX concentration of 3 pg mL™'.
When Cu?* was introduced via coordination, the viability of 4T1
cells decreased appreciably in a concentration-dependent man-
ner, which was attributed to Cu?*-mediated CDT. In stark con-
trast, HCG exhibited dramatically higher cytotoxicity than HPD
or HPD-Cu at all set concentrations, confirming the powerful po-
tentiation effect of GOD on this nanoplatform. Besides, as can be
seen in Figure 1B, increasing either the glucose concentration
or the HCG concentration can enhance cytotoxicity. Meanwhile,
the lethality of HCG on normal cells was assessed (Figure S6,
Supporting Information). MTT results showed that the half max-
imum inhibitory concentration (IC50) of NIH-3T3 and HUVECs
were 1.846 and 1.661 pg mL™' (DOX), respectively, which was
higher than the lethality of HCG on 4T1 cells (IC50 = 0.40 ug
mL™1). The difference in cytotoxicity may be due to the specific
microenvironment and higher glucose-dependent nature of the
tumor cells.['*1%] Tn order to observe live and dead cells visually,
Calcein AM/7-AAD double staining assay was conducted (Fig-
ure 2F). As expected, HCG incubated with glucose-containing
medium presented the highest percentage of dead cells, which
was consistent with the results of MTT assay. Moreover, the lethal
mechanism was analyzed by flow cytometry (Figure 2G). Com-
pared with the control group, a certain degree of apoptosis and
death ratio were observed in HPD-treated group, attributed to the
natural cytotoxicity of DOX. When Cu** was introduced, the de-
gree of cell apoptosis was further increased, from 19.6% to 25.5%,
thanks to copper-mediated CDT. Free GOD caused a moderate
degree of apoptosis, mainly ascribed to GOD-induced tumor star-
vation and high H,0, production. Besides, compared to incu-
bation without glucose, HCG incubation in glucose-containing
medium produced markedly stronger cytotoxicity to 4T1 cells
(61.7% vs 79.5%, Figure 2C), reflecting the contribution of GOD-
mediated glucose oxidation to the antitumor effect.

Given the results of in vitro cytotoxicity under normoxic
conditions, we further studied the underlying mechanisms in
detail. The intracellular ROS level was first assessed using the
2',7'-dichlorofluorescein diacetate (DCFH-DA) probe.[?8] As pre-
sented in Figure 2H, weak green fluorescence was emitted after
the cells treated with HPD or GOD alone, suggesting modest
ROS was generated. Comparatively, stronger green fluorescence
in the 4T1 cells was observed when cells were treated by HPD-Cu,
which was ascribed to Cu-mediated ROS production. In striking
contrast, 4T1 cells incubated with HCG in the presence of
glucose presented the most intense green fluorescence (G6), but
once glucose was withdrawn, the green fluorescence was reduced
(G5). This phenomenon implied that GOD-triggered glucose
oxidation was conducive to intracellular ROS generation. Similar
results were obtained by flow cytometry (Figure 2I). Previous lit-
eratures had revealed that excess GSH in tumor cells as an ROS
scavenger would impair ROS production.l'”®?’] HCG-induced

2301278 (5 0f16) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. In vitro antitumor evaluation and mechanism study on 4T1 tumor cells in normoxic conditions. A) Cell viability assay of HPD, HPD-Cu, and
HCG on 4T1 cells. B) Cytotoxicity assessment of HCG under different glucose concentrations. C) Quantitation of cell apoptosis results measured by flow
cytometry. D) The GSH levels of 4T1 cells treated with HCG for different times. E) ATP levels of 4T1 cells after various treatments. F) Live/dead staining
(scale bars: 100 um) and G) cell death mechanism of 4T1 cells after different treatments. ROS levels in 4T1 cells after different treatments identified by
H) confocal imaging (scale bars: 100 um) and 1) flow cytometry. ]) Relative GSH content in 4T1 cells after treatment with different concentrations of
HCG. Relative K) H,0,, L) GSH, and N) NADP*/NADPH ratio contents in 4T1 cancer cells with various treatments. M) Summary of HCG-induced cell

apoptosis. Statistical significance was calculated by t-test. p values: * p < 0.05, ** p < 0.01,

profuse ROS production should also correlate with GSH con-
sumption within tumor cells. To verify this hypothesis, we used
GSH assay kit to characterize the consumption of intracellular
GSH in different groups. The results in Figure 2D and 2] showed
that HCG was able to consume intracellular GSH in a time- and
concentration-dependent manner. In comparison with HPD,
both HPD-Cu and HCG could markedly reduce GSH levels in
4T1 cells, indicating the doped Cu®" had the ability to consume
intracellular GSH!*? (Figure 2L). Interestingly, free GOD also
exhibited some degree of GSH consumption, and stripping

Ady. Sci. 2023, 10, 2301278

p < 0.007, ns stands for not significant.

glucose from the medium would further diminish intracellular
GSH, implying that glucose deprivation may also decrease GSH
within cancer cells. It had been reported that glucose deprivation
would limit NADPH production from the pentose phosphate
pathway, while nicotinamide adenine dinucleotide phosphate
(NADPH) provided reducing power for antioxidant agents such
as GSH.3% We suspected that GOD-induced glucose starvation
should decrease GSH by inhibiting NADPH. Therefore, we
further evaluated the effect of different treatments on NADPH.
The NADP*/NADPH ratio was chosen as an indicator to

2301278 (6 0f16) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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evaluate NADPH level.?!l As shown in Figure 2N, neither HPD
nor HPD-Cu caused significant changes in NADP*/NADPH
ratio. However, the NADP*/NADPH ratio exhibited a significant
increase in all groups containing GOD, in which 4T1 cells
incubated with HCG (without glucose in medium) showed the
highest NADP*/NADPH ratio. The blockage of NADPH would
inhibit the reduction of GSSG to GSH, leading to the decrease
in GSH content.l'® The above results confirmed that GOD-
triggered glucose deprivation can consume GSH by inhibiting
NADPH. In addition, GOD-induced glucose oxidation not only
cut off energy supply and reduced intracellular adenosine-5’-
triphosphate (ATP) supply, but also provided large amounts
of H,0, for Cu-mediated Fenton-like reaction. The ATP and
H,0, level in each group were evaluated afterward. As shown
in Figure 2E, the HCG incubated with 4T1 cells in glucose-free
medium elicited the lowest ATP levels due to complete depri-
vation of glucose. Concurrently, free GOD treatment exhibited
a lower ATP level and higher H,0, production as compared
to HCG, which may be attributed to the incomplete release of
GOD from HCG (Figure 2K). With all the above observations, we
may draw some conclusions about the mechanism of action for
HCG-induced apoptosis under normoxia. 1) The H, O, produced
by the catalytic oxidation of glucose fuels Cu* to produce large
amounts of toxic ¢OH. Meanwhile, the consumption of glucose
and the redox reaction of Cu?* weaken the antioxidant capacity
of tumor cells. These two factors contribute to the massive accu-
mulation of ROS in tumor cells. 2) HCG can be effectively taken
by 4T1 cells to release DOX for chemotherapy. 3) GOD-induced
reduction of glucose causes tumor cell starvation by lowering
intracellular ATP production. Thus, HCG induced oxidative
damage, DOX release, and ATP depletion, together accounting
for the effective therapeutic outcome of HCG (Figure 2M).

2.3. HBO Helps HCG Suppress Both Bulk Cancer Cells and CSCs
in a Hypoxic Environment

Under normoxia condition, HCG showed excellent therapeutic
efficacy against 4T1 cancer cells. But hypoxia is an intrinsic fea-
ture of the solid tumors,™® which will inevitably weaken GOD-
triggered glucose oxidation and the subsequent cascade reac-
tions. The HBO therapy is one of the most effective means of
relieving hypoxia in solid tumors.*?l The combination of HBO
and HCG held promise for the treatment of hypoxic solid tu-
mors. To verify the effect of this combination strategy, we first
evaluated the GOD catalytic activity of HCG under different oxy-
gen conditions. As illustrated in Figure S7 in the Supporting In-
formation, the normoxic and HBO-treated groups showed much
higher H, 0, production than hypoxic treatment, confirming the
essential role of oxygen for GOD-triggered catalyzed reactions.
Based on this result, we further investigated the cytotoxicity of
HCG under different oxygen conditions. Under hypoxic condi-
tion, the cytotoxicity of HCG was significantly reduced compared
to normoxic treatment, the IC50 increased from 0.40 ug mL™!
(DOX) to 1.32 pg mL~! (DOX). When treated with HBO (2.5
ATA, 1.5 h) during the therapeutic process, the cell viability of
HCG-treated cells (IC50 = 0.62 ug mL~') decreased dramatically
relative to hypoxic incubation (Figure 3A), due to the sufficient
O, supply by HBO. Additionally, the Annexin APC/7-AAD-based
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flow cytometry analysis yielded consistent results (Figure 3D,E)
with the cytotoxicity assay described above. In the meantime, 4T1
cells in the HBO-treated group exhibited a significant increase
in H, 0, production (1.8 times higher than hypoxia group), and
a dramatic decrease in ATP content (0.38 times lower than hy-
poxia) (Figure 3B). Compared to the hypoxic group, HBO did
not significantly affect H,0, production, but slightly increased
ATP levels (Figure S8, Supporting Information). The increases of
ATP levels were ascribed to the inhibition of mitochondrial res-
piration by hypoxia.*}] These results indicated that HBO treat-
ment could promote GOD-mediated catalytic reactions and in-
duce tumor cell starvation by supplying O,. Moreover, flow cy-
tometric results (Figure 3C and Figure S9, Supporting Informa-
tion) showed that the ROS level in HBO-treated group was con-
siderably higher than that in hypoxia group. This was probably
owing to the activation of GOD by HBO, which drove the subse-
quent Cu-mediated Fenton-like reaction to produce eOH. It was
worth noting that the GOD-catalyzed oxidation of glucose could
not only produce plentiful H,O, for Fenton-like reaction but also
gluconic acid to increase acidity of TME.I'*2] Hence, we employed
2’-7’-bis(carboxyethyl)-5(6)-carboxyfluorescein (BCECF) as a pH
probe to study the influences of HCG treatment on cellular pH
under varying O, atmospheres. As shown in Figure 3F, the green
fluorescence in HBO-treated group was obviously weaker than
that in the hypoxia group, suggesting a decreased pH post HBO
treatment. In view of the acidity-responsive characteristics of
HCG, the decrease in pH should facilitate the disassembly of
HCG. As mentioned before, the disintegration of HCG under
acidic conditions would lead to the recovery of DOX fluorescence
(Figure 1L). Thus, we further assessed the release of DOX in cells
after different treatments by measuring the fluorescence inten-
sity of DOX. As observed in the CLSM images (Figure 3G), the
HCG-treated 4T1 cells with HBO exhibited much stronger green
fluorescence than that of hypoxia group, indicating a higher DOX
release in 4T1 cells. This result was further confirmed by flow cy-
tometry analysis (Figure 3H). This phenomenon demonstrated
that HBO treatment could promote the accumulation and release
of DOX from HCG in hypoxic cancer cells. Taken together, the
above results confirmed that HBO treatment could drive the cat-
alytic oxidation of GOD to acidify tumor cells, which benefited
DOX-mediated chemotherapy.

Considering the crucial impact of CSCs on tumor initiation,
progression, invasion, recurrence, and metastasis, killing the
buck of differentiated cancer cells while eliminating CSCs was
recognized as the key to successful cancer treatment.**! Com-
pared to normal cancer cells, CSCs are more hypoxic because
they are more distant from the chaotic tumor vasculature.’’] Be-
sides, regulating oxidative stress was deemed to be a viable thera-
peutic target for CSCs.[**] We have demonstrated above that HCG
can induce potent oxidative stress in 4T1 cells at sufficient oxygen
supply conditions. Taking these into account, we envisaged that
HCG may also have the capacity to eliminate CSCs. To substan-
tiate this hypothesis, we first evaluated the cytotoxicity of breast
CSCs (BCSCs) treated with different formulations via live/dead
staining. The BCSCs were sorted on ultra-low attachment plate
as previously reported.['?>37] As shown in Figure S10 in the Sup-
porting Information, exposure of BCSCs to HCG induced copi-
ous amounts of dead cells, while only a certain dead cell could be
observed in the groups of HPD, HPD-Cu, and GOD. Notably, the
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Figure 3. HBO helps HCG suppress both bulk cancer cells and CSCs under hypoxic conditions. A) Relative cell viability of 4T1 cells treated with HCG
under hypoxia or hypoxia + HBO conditions. B) Relative H,O, content, ATP level, and C) ROS level of HCG-treated 4T1 cells incubated in hypoxia or
hypoxia + HBO conditions. D,E) Analysis of apoptosis in 4T1 cells after different treatments by flow cytometry. F) CLSM images of 4T1 cells after different
treatments and stained with pH fluorescent probe BCECF. Scale bars: 50 um. G) CLSM images (scale bars: 50 um) and H) flow cytometry analysis of
DOX fluorescence in 4T1 cells after treated with HCG under hypoxia or hypoxia + HBO conditions. I) Relative viability of CSCs treated with HCG in
hypoxia or hypoxia + HBO conditions. J) The spheroid growth of 4T1 cells seeded in soft 3D fibrin with different treatments. Scale bars: 20 um. K) ROS
level in CSCs after different treatments. L) The colony number and M) colony size at day 7. Statistical significance was calculated by t-test. p values: * p

< 0.05, ** p < 0.01, *** p < 0.001, ns stands for not significant.
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size of mammosphere cells reduced obviously after HCG treat-
ment, probably because some of the dead tumor cells were sepa-
rated from the mammospheres.*®! It was reported that the higher
antioxidant capacity of CSCs was one of the contributors to treat-
ment resistance.l*®] Hence, we further analyzed the ROS and
GSH levels in BCSCs after treatment in each group. Compared
with the other four groups, the BCSCs in HCG-treated group ex-
hibited a higher ROS accumulation (Figure 3K and Figure S11,
Supporting Information) and a lower GSH content (Figure S12,
Supporting Information), which may be one of the reasons for
the excellent CSCs inhibition of HCG. Taking into account that
CSCs normally resided in hypoxic regions away from the vascu-
lature, we further quantitatively evaluated the killing effect of BC-
SCs by HCG in hypoxia or hypoxia + HBO conditions. Obviously,
when HBO was implemented, cell survival of BCSCs incubated
with HCG was significantly reduced compared to that of hypoxic
condition (Figure 3I), with IC50 of 1.66 and 0.51 ug mL~' (DOX)
for hypoxia and hypoxia + HBO, respectively, proclaiming that
HBO helps HCG effectively eliminate BCSCs. Besides culturing
CSCs by ultra-low attachment plate, we further adopted biome-
chanical approach to enrich CSCs by culturing single cancer cells
in soft 3D fibrin gels (90 Pa). The formed spheroid colonies in
fibrin gels were mainly composed of CSCs, which have been
proven to have remarkable tumor propagation capacity.*®! Based
on this biomechanical approach, we evaluated tumor propaga-
tion capacity after different treatments by measuring the size
and number changes of tumor spheroid colonies. As clearly im-
aged in Figure 3], with the extension of culture time, the size of
tumor spheroid colonies increased to different degrees, among
which the growth rate of HCG-treated group under normoxic
condition was the slowest. On day 7, the number and size of
tumor spheroid colonies in the different treatment groups were
counted and measured. Under normoxic conditions, the tumor
spheroid colonies in the HCG-treated group were much lower
than the other groups in terms of both colony number and size
(Figure 3L,M), indicating that HCG could inhibit the propagation
of CSCs to the greatest extent. However, the expansion of CSCs
was significantly enhanced under hypoxia, probably because de-
privation of oxygen silenced the catalytic cascade reaction of GOD
in HCG. Nonetheless, when HBO (1.5 h, 2.5 ATA) was applied,
the increased CSCs expansion from hypoxia was attenuated, with
colony number decreased from 105 to 68 and the colony size di-
minished from 4.9 x 10* to 2.6 x 10* um? (Figure 3L,M). These
results could be ascribed to the activation of GOD by HBO. These
in vitro results proved that HCGs were effective in eradicating
CSCs from tumor spheroids while HBO could help HCG inhibit
the propagation of hypoxic CSCs.

2.4. HBO-Enhanced Tumor Accumulation and Penetration

In light of the excellent results from above in vitro studies, HCG
was applied on animal model in vivo. Hemolysis assay results
show that there was no red cell lysis after incubation with differ-
ent concentrations of HCG, and the hemolysis rate was almost
no different from that of the negative control (Figure S13, Sup-
porting Information). Even if the incubation time was extended
to 12 h, the hemolysis rate was still lower than 10% (Figure S14,
Supporting Information). These results indicated excellent com-
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patibility of HCG with blood erythrocyte. Subsequently, the phar-
macokinetic profile of HCG was studied to elucidate their blood
circulation in vivo. As shown in Figure 4A, the blood circula-
tion half-time of HCG was determined to be 2.45 h by a clas-
sical two-compartment pharmacokinetic model. After systemic
intravenous injection, the biodistribution analysis of HCG at var-
ious time intervals was further assessed. The relative distribution
amounts of HCG within tumor were 8.4% in 6 h and reached the
maximum (8.9%) at 12 h post-injection (Figure 4B), which could
be ascribed to the enhanced permeability and retention effect. To
maximize HCG activation, 12 h after administration was identi-
fied as the optimal time for subsequent HBO treatment. Mean-
while, HCG was found to be abundantly distributed in the liver
and spleen, mainly due to the uptake by the reticuloendothelial
system. The retention of HCG in the major organs gradually de-
creased with time, and only a small amount of residual was left
after 1 week (Figure 4C). Furthermore, we also assessed the influ-
ence of HBO treatment on the biodistribution of HCG. The re-
sults showed that HBO pretreatment could promote HCG tumor
accumulation, with the relative content of HCG in tumor tissues
increased from 7.6% to 10.1% (Figure 4D). This outcome may be
explained by the fact that HBO treatment could degrade the dense
ECM (Figure 4E,F,H,I and Figure S15, Supporting Information)
and decompress the tumor blood vessels (Figure S16, Supporting
Information). These results are highly consistent with our previ-
ous observations.['?><3240] Given that the barrier (ECM) to drug
penetration was partly degraded by HBO, we then investigated
the penetration of HCG in tumor tissues. As clearly illustrated in
Figure 4G,], HCG can reach deeper into tumor parenchyma after
extravasation from tumor blood vessel following HBO treatment
than that without HBO treatment. As CSCs tended to reside dis-
tal to tumor vessels, this HBO-enhanced tumor penetration was
favorable to HCG exposure to CSCs. Taken together, these re-
sults indicated that HCG exhibited a superior tumor accumula-
tion while HBO could further promote HCG tumor enrichment
and penetration.

2.5. In Vivo Antitumor Effect

Inspired by the satisfactory cytotoxicity and good tumor accu-
mulation, we next investigated the antitumor performance of
HCG on orthotopic 4T1 tumor model. When the tumor volume
reached about 60 mm?, the tumor-bearing mice were randomly
grouped and subjected to different treatments (Figure 5A). Ac-
cording to the results shown in Figure 4B, HBO was applied
12 h after intravenous injection of HCG. During therapies, the
tumor volumes and body weights were recorded every other day.
As displayed in Figure 5B, the tumor progression was markedly
inhibited in mice injected with HCG in comparison to saline,
HBO, GOD, HPD, and HPD-Cu treated groups. When HBO
was introduced, the tumor suppressive efficacy of HCG was fur-
ther strengthened, with the tumor inhibition rate (TIR) increased
from 46.7% to 68.0% (Figure 5E). The tumor weight (Figure 5D)
and photographs of tumors (Figure 5F) excised from mice af-
ter various treatments also showed the highest tumor suppres-
sion in HCG+HBO treatment group. Meanwhile, no significant
weight loss was observed throughout the treatment courses, indi-
cating there was no acute toxicity during treatments (Figure 5C).
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Figure 4. Pharmacokinetics study of HCG and HBO-boosted tumor accumulation and penetration. A) The blood circulation curve of intravenously
injected HCG (n = 3). B) The tumor accumulation of Cu in tumor at different times post-intravenous administrations of HCG. C) Biodistribution of
Cu in the main organs at different time points post-injection of HCG. D) Biodistribution of Cu in main organs and tumor after intravenous injection of
HCG with (w/) or without (w/o) HBO pretreatment. Immunofluorescence staining images of E) collagen | and F) fibronectin after different treatments.
Scale bars: 20 um. Corresponding quantitative analysis of H) collagen | and 1) fibronectin staining. G) In vivo penetration of HCG in tumor tissues after
different treatments. Scale bars: 20 um. J) Relative Dox fluorescence intensity of a random line (shown in G) from tumor vessel to tumor interior. Line
length is 180 um, fluorescence intensity was analyzed with Image]. Statistical significance was calculated by t-test. p values: * p < 0.05, ** p < 0.01, ***

p <0.001.

The therapeutic outcome was also verified by histomorphology
analysis. It can be seen in hematoxylin and eosin (H&E) stain-
ing that tumor tissues in HCG+HBO treated group exhibited the
most obvious shrinking of the nuclei. Cleaved caspase-3 staining
showed the strongest green fluorescence in HCG+HBO-treated
group, indicating the maximal apoptosis of tumor cells. More-
over, the Ki67 staining revealed that there were much fewer pro-
liferating tumor cells after HCG+HBO treatment compared to
other groups (Figure 5I). To further gain insight into the thera-
peutic benefit in vivo, the cell apoptosis of tumor cells after differ-
ent treatments was confirmed by flow cytometry. As anticipated,
the HBO + HCG-treated group had the highest percentage of
apoptotic tumor cells, reaching 73.5%, which was significantly
higher than other six groups (Figure 5G,H). Besides, no apparent
abnormalities were observed in H&E staining of major organs
(Figure S17, Supporting Information) and blood biochemical lev-
els (Figures S18 and S19, Supporting Information), demonstrat-
ing the excellent biocompatibility of HCG and HBO combination
therapy. These results collectively confirmed the excellent thera-
peutic performance of HCG assisted by HBO with minimal side
effects.

2.6. In Vivo Mechanism Study

To elucidate the therapeutic mechanism of HCG+HBO combi-
nation therapy, we further examined the key biomolecular indica-
tors in tumor cells after various treatments. Considering that oxy-
gen is a key factor affecting GOD-mediated catalytic reactions, we
first evaluated the hypoxic state of the tumors by HIF-1a staining
(Figure 6A). Obviously, HBO treatment led to remarkable down-

Ady. Sci. 2023, 10, 2301278

regulation of HIF-1a, indicating tumor hypoxia was successfully
relieved. Without HBO, HCG treatment (G5) even aggravated tu-
mor hypoxia, probably because the catalytic oxidation of GOD
consumed oxygen in tumor tissues. We further measured the
H,0, content in tumor cells after different treatments to eval-
uate GOD-mediated catalytic oxidation reactions. As can be seen
in Figure 6B, free GOD can only produce a moderate elevation
of H,0, level (1.4 times higher than control), which may be at-
tributed to the short half-life of GOD.!'*] Comparatively, HCG
exhibited a higher H,0, accumulation (2.0 times higher than
control), which was due to more GOD accumulated in the tumor
region with the help of nanoplatform. Dramatically, when com-
bined with HBO, HCG caused a sharp increase in H,0, levels
within tumor cells, up to 3.1 times that of control group. This re-
sult revealed that HBO ameliorated tumor hypoxia, which greatly
activated the catalytic oxidation of GOD. Taking into account that
we have demonstrated in cellular experiments that HCG can am-
plify oxidative stress by regulating redox homeostasis (Figures 2
and 3), we further investigated the influence of different treat-
ments on oxidative stress in tumor tissues. For GSH detection, no
obvious GSH consumption was observed with HBO, GOD, and
HPD treatments, while the HPD-Cu-treated group showed mod-
erate GSH reduction owing to Cu**-mediated redox reaction. In
contrast, the GSH content in tumor tissues of HCG-treated mice
was significantly lower than those of other groups (Figure 6C),
probably due to the GOD-triggered glucose deprivation. A sim-
ilar trend was observed in GSH staining (Figure S20, Support-
ing Information). Subsequently, ROS levels in tumor tissues fol-
lowing different treatments were detected by flow cytometry us-
ing DCFH-DA as probe. As expected, HCG+HBO combination
group induced the highest level of ROS (Figure 6D), consistent
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ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Ar

I

| A A

I

|

. -5d 0d

Orthotopic tumor  4T1-bearing mice
I" inoculation V=60 mm?

|

| Treatment pr |
B C
mE1000
E a0 .
o * =
5 600 ¥ i_’”
g 400 r 8
<] *» =
E 200

cl T T T T T T T 1

0 2 4 6 8 10 12 14 16 18 20

Time (Day)

F
s @ @ € © &
2@ § e O Q
xPeee Ve
“Q @ P ¢ ¢
G Q@ ¢ €@ ¢ @
ce @ & & ¥ © @
G7 c [ ¢ L™ & \
I
w
o3
o o
o5
o
35
o8

y B A—8
= ﬁ \\ ) A —.
g!iu%-i‘ A ==
e -
1d 2,5,8,11d 12 h after injection
HBO Intravenous injection HBO

Weighing and measuring tumors every other day

www.advancedscience.com

12d 16d
IF, CSC, redox Sacrifice
analysis Blood test

%
20 D - E
™™
10 ns w_— 100+
- L J—— o
= % x
S 0.8 e — o4
2 By s 2 504
15 E 08 w A‘. r'ﬁl—x 8
(<] ;‘ c
£ oa . 5
= 13 2 04
[} -
W77 T 7111 ool |1 — T
0 2 4 6 8 10 12 14 16 18 Gl G2 G3 G4 G5 G6 G7 Gl G2 G3 G4 G5 G6 G7
Time (Day) H
- 5 . 2 Tariiesem | aruRe9%)| © Jar s e Q1-UR(4 80%)
Late apotosis In vivo 6.19%| 1 g2 4.89%
Em Early apoptosis = g
100+ *
X
<
® AN\
ﬁ :2 CH_U&SG""H
[ =4 © 107 0
% *m UL{22.18%) QI-UR(11 74%)
3 . 11.74%
S : %
o L3
]
Q
< ®

G1

G2 G3 G4 G5 G6 G7

710.55%

+ Q1-LR(10.55%)

| =7
Q1-LL(50 50%)

10

108 0* 100 10t 108

G6

QU-UL(12 14%) QU-UR(2D 68%)

-20.66%

17.18% 37.41%

-~ G3:GOD

8- G7:HCG+HBO

‘' QILR(17.18%) “ T O1LR(7.41%)
AT 4t
UL(B 91%, Q1-UR(34.28%)
34.28%
o
3
~
" 36.53% -
o LR8 S Annexin APC
104 100

|
|
|
|

Figure 5. Pharmacodynamic evaluation in vivo. A) Schematic illustration of orthotopic 4T1 tumor model establishment and treatment protocol. B)
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tissues after different treatments. I) H&E, Cleaved caspase-3, and Ki-67 staining images of tumor after different treatments. Scale bars: 50 um. Statistical

significance was calculated by t-test. p values: *
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“p < 0.05, ** p < 0.01, *** p < 0.001, ns stands for not significant.
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Figure 6. Hypoxia, redox, and CSC evaluation of tumor tissues after different treatments. A) HIF-1a staining of tumor tissues retrieved from the mice
post various treatments. Scale bars: 50 um. B) H,O, and C) GSH levels in tumor tissues of mice in different treatment groups tested by corresponding
kits. D) ROS levels in tumor tissues after different treatments measured by flow cytometry. Percentage of CSCs in tumor tissues after different treatments

characterized by flow cytometry and identified with E) CD133*, F) CD44*CD24~
1) SOX2 stained tumor tissues after different treatments. Scale bars: 50 um. Statistical significance was calculated by t-test. p values: *

0.01, *** p < 0.001, ns stands for not significant.

with the results of pharmacodynamic experiments (Figure 5B).
All these results convincingly verified our anticipation that HBO
held strong ability to relieve tumor hypoxia and activate GOD in
HCG, amplifying oxidative stress within tumor tissues.
Encouraged by the superior in vitro CSCs inhibition as well
as high tumor accumulation penetration, and suppression
of HCG, we sought to evaluate the CSCs inhibition effect in
orthotopic 4T1 tumor tissues after different treatments. The
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, and G) side population cells. Representative images of H) CD133 and
“p<0.05 *p<

proportion of CSCs after different treatments was first analyzed
by flow cytometry using three representative CSCs characteriz-
ing method, CD133*, CD447CD24", and side populations (SP).
Some consistent conclusions can be drawn from flow cytometric
analysis results (Figure 6E-G and Figures S21-S23, Supporting
Information). The results of all three CSCs indicators showed
that the proportion of CSCs was significantly reduced in the
HBO-treated group, which resulted from the amelioration of
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tumor hypoxia by HBO.!'?"! Interestingly, HCG treatment alone
also achieved moderate inhibition of CSCs, with the propor-
tions reduced by 35.2% in CD133*-identified CSCs, 40.5% in
CD44+CD24" -identified CSCs, and 52.5% in SP-identified CSCs.
This phenotype may be because HCG can induce a certain level
of oxidative stress, which is lethal to CSCs. To make this convinc-
ing, we subsequently tested the ROS levels in CD133* CSCs after
different treatments. As depicted in Figure S24 in the Supporting
Information, treatment with HCG alone did enhance oxidative
stress, which should be responsible for the suppression of CSCs
by HCG. When HBO was combined with HCG, the proportion
of CSCs in tumor tissues was further diminished. Specifically,
the percentage of CSCs identified by CD133%, CD44*CD24",
and SP decreased by 56.3%, 50.8%, and 81.8%, respectively.
Besides, CD133 and SOX2 (typical CSCs markers) immunoflu-
orescence staining also yielded similar results that HCG+HBO
combination therapy could most efficiently eliminate CSCs
(Figure 6H,I). The reason for these results may be that, on the
one hand, HBO ameliorates tumor hypoxia and amplifies the
oxidative stress of CSCs, and on the other hand, HBO degrades
the ECM, which facilitates the accessibility of HCG to CSCs.

2.7. Lung Metastasis Evaluation

CSCs are considered as the dominant culprit of cancer
metastasis.*!l Given that the combination of HCG and HBO
enabled potent CSCs elimination both in vitro and in vivo, we
further evaluated the effects of various treatments on cancer
metastasis. Migration and invasion capabilities are critical in the
metastasis cascades. Prior to investigating tumor metastasis in
vivo, the degree of antimigration of HCG was assessed by wound
healing, tumor migration, and tumor invasion assays. As shown
in Figure S25 in the Supporting Information, the control group
showed robust wound healing with wound closure rate of 79.3%,
indicating that 4T1 cancer cells had inherent metastatic features.
The lowest wound closure rate of 27.8% was observed in the
HCG-treated group in normoxic conditions, which implied the
most effective inhibition of cell motility. But the capacity of HCG
in inhibiting cell motility was significantly reduced in the hypoxic
state. When HBO was applied, the inhibitory effect of HCG on
cell motility was partially restored. In the similar trend as wound
healing assay, HCG exhibited the strongest migration and inva-
sion suppression in normoxic conditions, with rates of 27.9% and
18.7%, respectively. At the same time, hypoxia would attenuate
the ability of HCG to inhibit cell migration and invasion, which
could also be recovered by HBO. The high antimetastasis effect
in vitro drove us to investigate the antimetastatic ability of HCG
in vivo. To construct pulmonary metastatic model, mice were in-
travenously injected with 4T1 cancer cells expressing firefly lu-
ciferase (4T1-Luc). The experimental schedule was presented in
Figure 7B. The therapeutic efficacy of different treatments was
monitored by bioluminescence imaging. As shown in Figure 7A
and Figure S26 in the Supporting Information, the pulmonary
bioluminescence signal was intensified to some extent in differ-
ent groups as time went by. Specifically, the mice treated with
saline, HBO, GOD showed strong bioluminescence signals on
14 days, while the bioluminescence signals of HPD, HPD-Cu,
and HCG-treated mice were significantly weaker than the for-
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mer three groups. In contrast, the mice treated with HCG plus
HBO exhibited the weakest bioluminescence signals, indicating
the remarkable inhibition of tumor metastasis. To directly eval-
uate lung metastasis, lungs were collected from each group on
day 14. The gross appearance of whole lungs (Figure 7C) and
count of metastatic nodules (Figure 7D) revealed that the for-
mulation of metastatic foci was effectively suppressed in HCG-
treated group (=64 nodules), compared with control (=187 nod-
ules), HBO (=141 nodules), GOD (x161 nodules), HPD (~100
nodules), and HPD-Cu (~85 nodules)-treated groups. Encour-
agingly, only very few lung nodules (x~38) were observed in the
HCG+HBO group, suggesting that HCG+HBO combination
strategy afforded a strong antimetastatic capability. Meanwhile,
the wet weight of lungs in the HCG+HBO-treated group was
significantly lower than all other six groups (Figure 7E), also
indicating the least number of metastatic foci. Pathological anal-
ysis of the lungs (Figure 7F) showed a similar trend. The mobi-
lization of circulating tumor cells (CTCs) is a necessary step in
the metastatic process of solid malignancies.[*?l And CTCs can
be used as an important marker to predict tumor metastasis.
For a clearer understanding of the metastasis process, we fur-
ther analyzed CTCs and CD133* CTCs levels in blood after dif-
ferent treatments by flow cytometry. The results exhibited that the
number of CTCs (Figure 7G and Figure S27, Supporting Infor-
mation) and CD133* CTCs (Figure 7H and Figure S28, Support-
ing Information) had a significant decrease in mice treated with
HCG+HBO, which provided a reasonable explanation for the re-
sults of lung metastasis. No significant change in body weight
was noticed throughout the lung metastasis treatment period,
suggesting the negligible adverse effects of HCG in combination
with HBO (Figure 7I). As aresult, the mice in HCG+HBO treated
group presented the longest survival time among all groups (Fig-
ure 7J), with a median survival of 49 days compared to 29 days in
the control group (Figure 7K). Collectively, these results highlight
the combination of HCG with HBO potently suppresses tumor
metastasis and significantly prolongs mice survival by inhibiting
intractable CSCs.

3. Conclusions

In summary, we rationally designed an acidity-activatable biore-
actor (HCG) through simple self-assembly approach, which
achieved synergistic cancer starvation-/chemodynamic-/chemo-
therapy with the support of HBO. The detailed in vitro and in
vivo results authenticated that HBO could effectively promote
HCG-triggered tumor starvation, ¢OH generation, and drug re-
lease by alleviating tumor hypoxia. Meanwhile, HBO was proven
to possess the ability to degrade dense ECM of aggressive breast
cancers, facilitating tumor enrichment, and penetration of HCG.
The introduction of HBO increased the tumor suppression rate
of HCG by 45%. We demonstrate that the Fenton-like agent
Cu?* in HCG depletes ROS scavenger GSH while GOD-induced
glucose deprivation inhibits NADPH pathway, which collectively
reduce the unnecessary waste of ROS and amplify oxidative
stress in tumor tissues. The enhanced tumor penetration and
the amplified oxidative stress allow HCG to potently eliminate
CSCs. As a consequence, HCG+HBO effectively suppresses
not only the growth of orthotopic 4T1 breast cancers but more
importantly the lethal pulmonary metastasis. Considering the
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Figure 7. Pulmonary metastasis and survival assessment. A) In vivo bioluminescence images tracking the spreading and growth of intravenously injected
4T1-Luc cells in the mice after different treatments. B) Schematic illustration of pulmonary metastasis assay. C) Photographs of the gross appearance
of the tumor nodules in the lung after different treatments. D) The number of lung nodules in each group. E) Wet weight of lung in different groups. F)
Representative H&E staining analysis of the lung metastasis. Scale bars: 200 um. Percentage of G) circulating tumor cells (CTCs) and H) CD133* CTCs
in mice blood after different treatments. 1) Body weight surveillance of mice during the treatments. |) Morbidity-free survival of mice after the indicated
treatments, and K) corresponding median survival. Survival curves were analyzed using the log-rank (Mantel-Cox) test, and the statistical significance

*p < 0.05, ** p < 0.01, *** p < 0.007.

of the other experiments was calculated by t-test. p values:
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clinical availability of HBO and HES, this work offers an innova-
tive strategy for the synergistic and comprehensive management
of cancers, with significant value for future clinical translation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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