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A “Valve-Closing” Starvation Strategy for Amplification of
Tumor-Specific Chemotherapy

Xianglong Li, Cong Jiang, Qinghua Wang, Shaobo Yang, Yuanyuan Cao, Ji-Na Hao,*
Dechao Niu, Yan Chen, Bo Han, Xin Jia, Peng Zhang,* and Yongsheng Li*

Starvation-dependent differential stress sensitization effect between normal
and tumor cells provides a potentially promising strategy to amplify
chemotherapy effects and reduce side effects. However, the conventional
starvation approaches such as glucose oxidase (Gox)-induced glucose
depletion and nanomedicine-enabled vascular embolism usually suffer from
aggravated tumor hypoxia, systemic toxicity, and unpredictable metabolic
syndrome. Herein, a novel “valve-closing” starvation strategy is developed to
amplify the chemotherapy effects via closing the “valve” of glucose
transported into tumor cells, which is accomplished by a glucose transporters
1 (GLUT1, valve of glucose uptake) inhibitor (Genistein, Gen) and
chemotherapeutic agent (Curcumin, Cur) coloaded hybrid
organosilica-micelles nanomedicine (designated as (Gen + Cur)@FOS) with
controllable stability. In vitro and in vivo results demonstrate that (Gen +
Cur)@FOS can effectively reduce glucose/adenosine triphosphate levels in
tumor cells by inhibiting GLUT1 expression (i.e., “valve-closing”) to induce
the starvation of tumor cells, thus weakening the resistance of tumor cells to
apoptosis caused by chemotherapy, and consequently contributing to the
remarkably improved antitumor efficiency and minimized side effects based
on the stress sensitization effect mediated by GLUT1 inhibition-induced
starvation. This “valve-closing” starvation strategy provides a promising
paradigm for the development of novel nanotherapeutics with amplified
chemotherapy effect.
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1. Introduction

With the booming development of
nanomedicine, various oncology ther-
apy strategies have been developed to fight
cancers.[1] Among them, chemotherapy is
one of the most important cancer therapy
modalities, but its severe side effects im-
pose great clinical challenges.[2] Although
different nanocarriers have been exploited
to improve the efficiency of chemothera-
peutic drug delivery and reduce the side
effects, the unique metabolic changes
of tumor cells cause their resistance to
chemotherapeutic interventions.[3] Typi-
cally, chemotherapeutic drugs achieve their
treatment outcome by causing apoptosis,
i.e., disrupting the intracellular balance
between prosurvival and proapoptosis.
However, evasion of apoptosis is an in-
stinctively self-protective behavior of tumor
cells, resulting in low antitumor efficacy.
Recently, studies have demonstrated that
short-term fasting or fasting-mimicking
diets can make cancer cells more sensitive
to chemotherapy, while protecting normal
cells against the toxic effects of chemother-
apy drugs, which is termed as differential

C. Jiang, Y. Chen, P. Zhang
Department of Thoracic Surgery
Shanghai Pulmonary Hospital
Tongji University School of Medicine
Shanghai 200092, P. R. China
E-mail: zhangpeng1121@tongji.edu.cn
B. Han, Y. Li
Key Laboratory of Xinjiang Endemic Phytomedicine Resources of
Ministry of Education
School of Pharmacy
Shihezi University
Shihezi 832003, P. R. China
X. Jia, Y. Li
Key Laboratory for Green Processing of Chemical Engineering of Xinjiang
Bingtuan
School of Chemistry and Chemical Engineering
Shihezi University
Shihezi 832003, P. R. China

Adv. Sci. 2022, 9, 2104671 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2104671 (1 of 10)



www.advancedsciencenews.com www.advancedscience.com

Scheme 1. Schematic illustration for the synthesis of (Gen + Cur)@FOS with GSH-responsive activity for GLUT1-inhibited starvation-sensitized tumor-
specific chemotherapy.

stress sensitization.[4] Specifically, in the starvation state, normal
cells tend to switch themselves from the normal proliferative
state toward a maintenance state to save sufficient energy for sus-
taining their organelle’s function to protect themselves against
the toxicity of antitumor drugs. However, because of the pres-
ence of oncogenic mutations, tumor cells are always in a high
metabolic and proliferative state regardless of the energy short-
age. The insufficient energy supply will cause cancer cells’ or-
ganelle dysfunction, resulting in their inefficient responses to
external stress including chemotherapy and thereby rendering
them more vulnerable to chemotherapy.[5] Based on this differ-
ential stress sensitization effect, fasting-assisted chemotherapy
represents a promising way to improve the efficacy of chemother-
apy while reducing the toxic effects on normal tissues.[5] How-
ever, fasting is hardly tolerated by patients due to nutrient ab-
sence and possibly causes metabolic syndrome. Therefore, de-
veloping a nondietary starvation approach is highly desired to
improve chemotherapy efficiency by minimizing the resistance
of tumor cells to apoptosis induced by chemotherapeutic agents.

Compared to normal tissues, tumor cells require a much
higher amount of glucose uptake and undergo faster glucose
metabolism through anaerobic glycolysis to survive and prolif-
erate, a phenomenon known as the “Warburg effect.”[6] Based
on this metabolic difference, two main approaches to starving
tumors have been developed by glucose depletion and vascular
embolism.[7] Typically, glucose oxidase (GOx)-induced starvation
that can efficiently consume glucose in tumor cells has received
increasing attention.[8] However, the poor stability and systemic
toxicity of GOx greatly limit the development of such GOx-based
nanomaterials.[9] Besides, the GOx-catalyzed reaction also de-

pletes oxygen in solid tumors and generates the H2O2 byprod-
ucts, thus accelerating tumor invasion and metastasis, and caus-
ing irreversible oxidative damage.[10] Vascular embolism is an-
other cause tumor starvation strategy by blocking the blood flow
and nutrition supply. However, rapid blood flow flushing im-
pedes the formation of agglomerate or delivers it to other organs,
rendering vascular occlusion ineffective or causing unsuspected
thrombosis. Therefore, it is highly imperative to exploit a new
starvation strategy to overcome these challenges.

Glucose transporters (GLUTs), as an important transmem-
brane protein family, regulate the entry of extracellular glucose
into cells and serve as the “valve” to control the constant glucose
uptake of cells.[11] Due to the “Warburg effect,” elevated expres-
sion levels of GLUTs have been observed in tumor cells to meet
their requirements for enhanced glucose supply during the fast-
growing of tumors.[12] GLUT1, whose expression level is much
higher than that of the other 14 human GLUTs family members,
is considered as the main prognostic indicator for tumorigene-
sis. Nevertheless, few studies on exploring the starvation strat-
egy by suppressing GLUT1 have been reported so far, though
the GLUT1-targeting nanomedicines have been developed to me-
diate their endocytosis.[13] Herein, we develop a novel “valve-
closing” starvation protocol to enhance the chemotherapy effects
by encapsulating genistein (Gen) as the GLUT1 inhibitor and
curcumin (Cur) as the chemotherapeutic agent into a stability-
controllable nanocarrier based on the newly fabricated organosil-
ica hybrid micelles, named as (Gen + Cur)@FOS (Scheme 1).
With the accumulation of (Gen + Cur)@FOS at the tumor sites,
the overexpressed glutathione (GSH) induces the biodegradation
of the hybrid organosilica containing disulfide bonds, resulting
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Figure 1. a) TEM image of FOS (scale bar: 100 nm). b) Particle size statistics of FOS based on (a). c) FT-IR spectra of F127 micelles and FOS. d) Raman
spectra of F127 micelles and FOS. e) Dilution stabilities of F127 micelles and FOS tested by DLS measurement (initial concentration: 1 mg mL−1). f)
Stabilities of FOS and (Gen + Cur)@FOS in different media (PBS and RPMI-1640) for 7 days. g) TEM images of FOS incubated in PBS (pH = 7.4) with
GSH (10 × 10−3 m) for different periods (scale bar: 100 nm). h) Cumulative drug release curves of (Gen + Cur)@FOS in PBS (pH = 7.4) containing
10 × 10−3 m of GSH.

in the release of the loaded cargoes. Both in vitro and in vivo re-
sults demonstrate that the released Gen from (Gen + Cur)@FOS
can specifically inhibit the expression of GLUT1 to block the glu-
cose uptake pathway of tumor cells (i.e., “valve-closing”), caus-
ing the starvation of tumor cells. Under such starvation state, the
resistance of tumor cells to apoptosis induced by Cur is weak-
ened, and thereby the chemotherapeutic effect of Cur is sig-
nificantly amplified. Consequently, (Gen + Cur)@FOS exhibits
excellent tumor therapeutic efficiency and minimal toxicity to
normal cells/tissues through the starvation-induced differential
stress sensitization effect. This “valve-closing” starvation strategy
for amplification of tumor-specific chemotherapy provides an in-
structive design for the treatment regimens.

2. Results and Discussion

The fabrication process of (Gen + Cur)@FOS is illustrated in
Scheme 1. First, the hydrophobic Gen and Cur were simul-
taneously encapsulated into the cores of the micelles during

the self-assembly process of Pluronic F127 block copolymer
approved by the U.S. Food and Drug Administration (FDA).
Then, to endow the micelles with controllable stability (i.e., cir-
culation biostability and stimuli-responsive biodegradability), an
inorganic–organic hybrid network containing disulfide bonds
was subsequently formed by the hydrolysis/condensation of
(3-mercaptopropyl)trimethoxysilane (MPTMS) in the micellar
cores, and the hybrid organosilica-micelles nanocarrier (desig-
nated as FOS) loaded with Gen and Cur was obtained. Trans-
mission electron microscopy (TEM) images indicate that the as-
synthesized FOS nanocarrier possesses high monodispersity and
spherical morphology with a particle size of 13.8 ± 2.2 nm (Fig-
ure 1a,b). Both Fourier transform infrared (FT-IR) spectra (Fig-
ure 1c) and Raman spectra (Figure 1d) exhibit the appearance of
characteristic peaks of Si–O–Si, –S–S–, and –SH groups in FOS,
confirming the successful formation of disulfide bond-doped hy-
brid cores in the F127 micelles, where the –S–S– bonds originate
from the oxidation of partial –SH groups of MPTMS by O2 in
the air during the hydrolysis/condensation reaction in an open
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Figure 2. a) The expression of GLUT1 of HeLa cells before and after incubated with different concentrations (3.125, 6.25, 12.5, 25, and 50 mg L−1,
[Gen]:[Cur] = 1:1) of (Gen + Cur)@FOS for 48 h. b) Quantification for GLUT1 protein expression from (a). c,d) The expression of GLUT1 of HeLa
cells before and after treated with different nanomedicines of Gen@FOS, Cur@FOS, and (Gen + Cur)@FOS (50 mg L−1, [Gen]:[Cur] = 1:1), and the
corresponding quantification analysis. e–h) The glucose uptake capacity, the glucose level, the LDH level, and the ATP level of HeLa cells after incubated
with different concentrations of Gen@FOS ([Gen] = 3.125, 6.25, 12.5, 25, and 50 mg L−1) for 48 h, respectively. Statistical significances were calculated
via Student’s t-test. *P < 0.05, **P < 0.01, and ***P < 0.001.

system under a basic condition.[14] Due to the abundant silicone
hydroxyl and sulfhydryl groups on the surface, the FOS nanocar-
rier presents a more negative zeta potential than that of F127
micelles (Figure S1, Supporting Information), which facilitates
the long circulation in blood and delivery efficiency through en-
hanced permeability and retention (EPR) effect.[15]

To verify the stabilities of the FOS against dilution, the
concentration-dependent hydrodynamic particle size changes of
F127 micelles and FOS were compared. As shown in Figure 1e,
the particle size of F127 micelles without cross-linked core in-
creased abruptly once the dilution times are increase over a crit-
ical point of 16, while that of FOS remains constant during the
dilution treatment, even with a 128-fold dilution. These suggest
that the hybrid core can effectively protect the structure of F127
micelles from disintegrating below its critical micelle concen-
tration, and enables the nanocarrier stable enough to prevent
the loaded cargoes from leaking in the blood circulation. More-
over, the loadings of Gen and Cur during the self-assembly pro-
cess have no influence on the morphology, particle size, and
zeta potential of the FOS nanocarrier, as demonstrated in Fig-
ures S2–S6 of the Supporting Information. Both the FOS and
(Gen + Cur)@FOS show negligible changes in the particle di-
ameters even after 7 days storage in both phosphate-buffered
saline (PBS) and RPMI-1640 media (Figure 1f), confirming their
relatively high biostabilities. To investigate the redox-responsive
degradation behavior of FOS, its morphological changes in PBS
(pH = 7.4) containing 10 × 10−3 m GSH for different incuba-
tion periods were monitored by TEM (Figure 1g). It is observed
that GSH triggered a significant morphological transition of FOS
from monodispersion to agglomeration, followed by structural
collapsing after incubation of 5 days (Figure 1g), proving that
the disulfide bonds-doped organosilica core in FOS enables it to
responsively degrade and release cargoes via the GSH-induced

breakage of disulfide bonds. Following this, the GSH-responsive
drug-release properties of (Gen + Cur)@FOS were measured. As
shown in Figure 1h and Figure S7 (Supporting Information), up
to 86.8% and 72.4% of Gen and Cur were released from FOS un-
der GSH stimulus (10 × 10−3 m) within 36 h, respectively, which
is much higher than that without GSH stimulus and accompa-
nied by the color change of the simulation fluid from colorless to
Cur’s yellow (Figure S7B, Supporting Information). These sug-
gest that the as-synthesized FOS nanocarrier possesses control-
lable stability to guarantee the loaded cargoes’ safety in blood cir-
culation and specific release in tumor tissues.

To validate the feasibility of GLUT1 inhibition-induced star-
vation by the nanomedicine, the expressions of GLUT1 protein
in HeLa cells incubated with different concentrations of (Gen +
Cur)@FOS were tested by western blot. As shown in Figure 2a,b,
the GLUT1 expression (normalized to 𝛽-actin) in HeLa cells is
notably decreased with the increasing of (Gen + Cur)@FOS, and
a 6.23-fold inhibition of GLUT1 level is observed in HeLa cells
after incubated with 50 mg L−1 of (Gen + Cur)@FOS. This re-
veals that (Gen + Cur)@FOS can effectively suppress the expres-
sion of GLUT1 and thus block the glucose uptake of HeLa cells
from the extracellular matrix. To clarify the functional compo-
nent of (Gen + Cur)@FOS for GLUT1 inhibition, the expres-
sion and quantification analysis of GLUT1 in HeLa cells treated
with Gen@FOS, Cur@FOS, and (Gen + Cur)@FOS (50 mg L−1)
were investigated, respectively. As shown in Figure 2c,d, the in-
troduction of Cur@FOS without Gen loading has no effects on
the GLUT1 expression in HeLa cells, while for the Gen-loaded
nanomedicines-incubated HeLa cells, their GLUT1 expressions
were significantly reduced. Meanwhile, the glucose uptake ca-
pacity and intracellular glucose level of HeLa cells exhibit a dose-
dependent decrease behavior and achieve a 3.57-fold and 4.05-
fold reduction with 50 mg L−1 of Gen (Figure 2e,f), respectively,
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confirming that Gen serves as an effective GLUT1 inhibitor in
the (Gen + Cur)@FOS to close the “valve” of HeLa cells’ glucose
uptake and trigger their starvation. Such Gen-induced GLUT1 in-
hibition for starvation was further verified by monitoring the con-
tent of adenosine triphosphate (ATP) and lactate dehydrogenase
(LDH) in Gen@FOS-treated HeLa cells, as tumor cells are forced
to metabolize lactic acid under LDH catalysis after the glycoly-
sis inhibition and thus cause the enhancement of LDH level.[16]

As anticipated, with the incubation concentration of Gen@FOS
increasing, the LDH level in HeLa cells was significantly raised
(Figure 2g), and up to 19.4-fold enhancement was achieved at a
high Gen@FOS concentration (50 mg L−1), suggesting that the
Gen@FOS can effectively block the glucose-based glycolysis pro-
cess and thus induces the occurrence of lactate metabolic process
in HeLa cells. Owing to this alternative lactate metabolic pathway
of tumor cells, the reduction of intracellular ATP is slightly less
efficient than that of GLUT1 level (Figure 2h), but the energy-
deprivation effect of tumor cells by Gen is still evident. These
demonstrate that specific inhibition of GLUT1 expression by
Gen-loaded nanomedicine is an effective strategy to starve HeLa
cells, which is expected to trigger the subsequent stress sensiti-
zation effect for amplifying the chemotherapy effect.[5a,17]

Inspired by the excellent (Gen + Cur)@FOS-enabled starva-
tion effects, the in vitro therapeutic efficacy of (Gen + Cur)@FOS
to tumor cells was further evaluated. Initially, Nile Red was cho-
sen as a fluorescent model to be encapsulated into the FOS
nanocarrier to simulate the cell uptake behavior of (Gen +
Cur)@FOS. Dynamic light scattering (DLS) result indicates that
the particle size of Nile Red@FOS is identical to that of (Gen +
Cur)@FOS (Figure S8, Supporting Information). Confocal laser
scanning microscope (CLSM) images show that the red fluores-
cence of Nile Red@FOS-incubated HeLa cells became brighter
with time extending from 2 to 6 h, indicating that Nile Red@FOS
was successfully endocytosed into the HeLa cells and accumu-
lated in a time-dependent manner (Figure 3a). Further evidence
was provided by flow cytometry analysis, which reveals that
the fluorescence intensity of cytophagic nanomaterials increased
with time extending and achieved uptake saturation at about 8 h
(Figure 3b). To observe the location of FOS in the cellular sub-
organelles after endocytosis by HeLa cells, MitoTracker Green,
LysoTracker Green, Golgi-Tracker Green, ER-Tracker Green, and
Hoechst 33342 were employed to stain and visualize the mito-
chondria, lysosomes, Golgi apparatus, endoplasmic reticulum
(ER), and nucleus of Nile Red@FOS-treated HeLa cells, respec-
tively. As shown in Figure 3c, more red fluorescence signals from
Nile Red@FOS overlapped with the green fluorescence signals
from ER-Tracker Green stained ER after 12 h of incubation, in-
dicating that FOS was mainly located in the ER. The cytotoxic-
ity of (Gen + Cur)@FOS to different normal (human liver LO2
cells and immortalized keratinocytes HaCaT cells) and tumor cell
lines was determined by cell counting kit-8 assay. As shown in
Figure 4a, no significant changes of the normal cell lines’ viabil-
ities are observed after (Gen + Cur)@FOS treatment even at a
high dose of 50 mg L−1 for 48 h, proving the negligible toxicity of
(Gen+Cur)@FOS to the normal cells. This can be ascribed to the
low cargo release of (Gen + Cur)@FOS in normal cells as well as
the protective effect of Gen-induced starvation that mitigates the
toxicity of Cur in normal cells.[5a,17] As expected, the pure drugs
of Gen and Cur exhibit obvious cytotoxicity to HeLa cells (Figure

S9, Supporting Information). Figure 4b and Figure S10 (Support-
ing Information) show that the (Gen + Cur)@FOS displays re-
markable concentration- and time-dependent cytotoxicity against
HeLa cells. Especially, with 48 h of incubation time, the cytotoxic-
ity of (Gen+Cur)@FOS to HeLa cells is much higher than that of
single Gen@FOS and Cur@FOS, verifying that the Gen-enabled
starvation amplifies the cytotoxicity of Cur to the tumor cells
through enhancing their sensitivity toward the chemotherapy
drugs. It is observed that the Cur@FOS has a slight promotion on
cell proliferation at low concentrations, which can be attributed to
the autophagic protection of tumor cells.[18] Furthermore, the cy-
totoxicity of (Gen + Cur)@FOS to various tumor cell lines (A549,
H1299, and HCT116) was also studied. As shown in Figure 4c,
(Gen + Cur)@FOS also exhibits distinct cytotoxicity against the
three different tumor cells in a concentration-dependent manner,
suggesting the versatility of this synergetic strategy since GLUT1
protein is overexpressed in diverse tumors.[19] The flow cytome-
try results show that the total (early and late) cell apoptotic rate of
(Gen + Cur)@FOS (50 mg L−1) group is 63.9%, which is signif-
icantly higher than that of Cur@FOS (21.45%) and Gen@FOS
(48.4%) group (Figure 4d), respectively. This is consistent with
the corresponding CCK-8 analysis result (Figure 4b), further con-
firming that Gen-mediated tumor starvation promotes the apop-
tosis of tumor cells. These demonstrate that the inhibition of
GLUT1 induced by Gen amplifies the sensitivity of tumor cells to-
ward the chemotherapy drug of Cur, and thus the treatment effect
is greatly enhanced by such “valve-closing” starvation-mediated
stress sensitization.

The collaborative mechanism of (Gen + Cur)@FOS to tumor
cells was further investigated at the molecular level (Figure 5).
The expressions of some important protein members (NF-𝜅B
p65, caspase-3, and Bcl-xL) in the apoptosis signaling pathway
were determined and quantified by immunoblotting analysis af-
ter treating HeLa cells with (Gen + Cur) @ FOS for 24 h (Fig-
ure S11, Supporting Information) and 48 h (Figure 5a–f). NF-𝜅B
p65 is reported as a key checkpoint to balance cells’ survival and
death by regulating its phosphorylation degree (p-p65) after enter-
ing the cell nucleus.[20] It is observed that the (Gen + Cur)@FOS
group presents the highest phosphorylation level of NF-𝜅B (p65),
compared to the control and single Gen/Cur@FOS groups (Fig-
ure 5b,c). It is known that caspase-3 is the main end-shedding en-
zyme in the apoptotic process, which will be autocleaved and acti-
vated when the apoptotic process is initiated.[21] As shown in Fig-
ure 5a,e, the level of cleaved caspase-3 is significantly increased by
3.2-fold in (Gen + Cur)@FOS group, compared with the control
group. On the contrary, the level of antiapoptotic protein Bcl-xL in
(Gen + Cur)@FOS group exhibits the most remarkable decrease
(Figure 5f) among the four groups.[22] In conclusion, the (Gen
+ Cur)@FOS-treated HeLa cells present a much higher level of
phosphorylated NF-𝜅B (p-p65) and cleaved-caspase 3, as well as a
much lower level of antiapoptotic protein Bcl-xL, suggesting that
the Gen-induced starvation can effectively weaken the resistance
of tumor cells to Cur-induced apoptosis and promote the tumor
cells’ apoptosis for the amplification of chemotherapeutic effect
(Figure 5g).

The pharmacokinetics and tumor targeting ability of the
(Gen+Cur)@FOS nanomedicine were investigated before in
vivo antitumor therapy investigation. As shown in Figure S12
of the Supporting Information, the fluorescence signal of Nile
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Figure 3. a) CLSM images of HeLa cells incubated with Nile Red@FOS for various periods (scale bar: 100 μm). b) Cell uptake of Nile Red@FOS
with different incubation periods by flow cytometry analysis. c) High-magnification CLSM images of HeLa cells incubated with Nile Red@FOS for 12 h.
Mitochondria (Mito), lysosomes (Lyso), Golgi apparatus (Golgi), and endoplasmic reticulum (ER) were stained with the corresponding green fluorescent
tracker. The nucleus was marked blue by the classic staining reagent Hoechst 33342 (Hoechst). The bright field is abbreviated as BF.
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Figure 4. a) Cell viabilities of different normal cells treated by (Gen+Cur)@FOS for 48 h. b) Cell viabilities of HeLa cells treated by Gen@FOS, Cur@FOS,
and (Gen + Cur)@FOS for 48 h. c) Cell viabilities of different tumor cells (A549, H1299, and HCT116) were incubated with (Gen + Cur)@FOS for 48 h.
d) The apoptosis of Annexin V-FITC/PI-stained HeLa cells after treatments with Gen@FOS, Cur@FOS, and (Gen + Cur)@FOS for 48 h ([Gen] = 50 mg
L−1, [Cur] = 50 mg L−1).

Red@FOS in the blood of mice decreases with time increasing
and its dependence on time fits well with a two-compartment
pharmacokinetic model. Based on the fitted curves, the in vivo
circulating half-life (t1/2) of Nile Red@FOS in blood stream was
calculated to be 1.51 h, and the shifting time of Nile Red@FOS
from the distribution phase to the elimination phase was deter-
mined as 0.49 h. The tumor targeting capability of FOS was tested
by in vivo fluorescence imaging method, where a classic fluores-
cent label of zinc phthalocyanine (ZnPc) with broader emission
was encapsulated into the FOS nanocarrier. As shown in Figure
S13 of the Supporting Information, much stronger fluorescence
intensity of ZnPc@FOS than that of free ZnPc is observed at the
tumor site, indicating that the ZnPc@FOS can effectively target
the tumor site owing to the EPR effect. To evaluate the in vivo
therapeutic effects of (Gen + Cur)@FOS, the xenografted cervi-
cal cancer model was established by subcutaneous injection of
HeLa cells into the right legs of Balb/c nude mice. When the tu-
mor volume reached ≈100 mm3, HeLa tumor-bearing mice were
randomly divided into four groups treated with PBS, Gen@FOS,
Cur@FOS, and (Gen + Cur)@FOS (equivalent Gen/Cur dose:
10 mg kg−1), respectively (Figure 6a). The body weight and tu-
mor volumes were recorded every two days during 14 days of the
therapeutic period. As shown in Figure 6b, fast tumor growth is
observed in the PBS control group, however, the tumor growth
in Gen@FOS, Cur@FOS, or (Gen + Cur)@FOS group is inhib-
ited in varying degrees. Especially, the mice treated with (Gen +
Cur)@FOS displayed a most significantly reduced tumor growth
rate. The digital photos of tumors excised from the mice further
verify that the (Gen + Cur)@FOS is the most effective in inhibit-

ing tumor growth among the four groups (Figure 6c). Accord-
ing to the variation of the tumor volume, the tumor inhibition
rate of Gen@FOS, Cur@FOS, and (Gen +Cur)@FOS was calcu-
lated to be 31.42%, 44.27%, and 71.70%, respectively. The highest
tumor inhibition rate of (Gen + Cur)@FOS demonstrates that
the designed “valve-closing” starvation strategy can greatly en-
hance the sensitivity of tumors to chemotherapy and amplify the
chemotherapeutic efficacy. Moreover, there are no obvious fluctu-
ations in the body weight of mice for each group during the treat-
ment, as evidenced by Figure 6d. Importantly, (Gen+Cur)@FOS
shows no visible adverse effects on normal tissues, as demon-
strated by the hematoxylin and eosin (H&E) staining of major
organs (heart, liver, spleen, lung, and kidney) of the mice (Figure
S14, Supporting Information). Hematological parameters imply
that some normal blood indicators were affected by Gen@FOS
and Cur@FOS treatments, while no evident impacts of (Gen +
Cur)@FOS treatment on the blood indicators were found (Figure
S15, Supporting Information), confirming the high biosafety of
this therapeutic approach in vivo.

Furthermore, the underlying mechanism for the enhanced
therapeutic effects of (Gen + Cur)@FOS was investigated by im-
munohistochemistry. As shown in Figure 6e, the expression of
GLUT1 at the tumor site is obviously inhibited by both the Gen-
containing nanomedicines, and the level of cleaved caspase-3
is significantly increased by the Cur-containing nanomedicines,
especially the (Gen + Cur)@FOS group performed most ob-
viously, which are consistent with the cell-level results in Fig-
ure 5. This indicates that (Gen + Cur)@FOS can effectively in-
hibit GLUT1 expression (“valve-closing”) to starve the tumors
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Figure 5. a) Effects of different treatments on the expression of p65, p-p65, caspase-3, cleaved caspase-3, Bcl-xL, and 𝛽-actin in HeLa cells treated with
(Gen+Cur)@FOS for 48 h. b–f) Quantification for the expression of corresponding proteins from Figure 4a. g) Schematic diagram of the apoptosis
mechanism of (Gen + Cur)@FOS. 𝛽-actin expression levels serve as the loading controls. Experiments were repeated three times with similar results.
Statistical significances were calculated via Student’s t-test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 6. a) Overview of the (Gen + Cur)@FOS experimental design. b) Tumor volume changes of different treatment groups. c) Photos of tumor
tissues from the HeLa mouse model after 14 days treatment. d) The body weight curves of mice in different groups. e) Immunohistochemical analyses
of GLUT1, cleaved caspase-3, Ki-67, immunofluorescence analysis of TUNEL, and H&E staining of xenografted HeLa tumor sections after different
treatments at day 14. Scale bar: 50 μm. Statistical significances were calculated via Student’s t-test. *P < 0.05, **P < 0.01, and ***P < 0.001.

and render them more sensitive to Cur, further promoting
the apoptotic effect through increased activation of caspase-3
and thus achieving excellent tumor growth inhibition. Benefit-
ing from such starvation-mediated chemotherapy sensitization,
(Gen + Cur)@FOS presents the highest level of cell apoptosis
and necrosis, as evidenced by H&E staining results of tumor
(Figure 6e). Moreover, terminal-deoxynucleotidyl transferase-
mediated dUTP-biotin nick end labeling (TUNEL) staining re-
sults also show that (Gen + Cur)@FOS leads to the most DNA
breaks and apoptosis in HeLa tumors, which is in good agree-
ment with its slowest tumor growth (Figure 6e). Besides, com-
pared to the other treatment groups, the drastically reduced ex-
pression of Ki-67 as cell proliferation index in (Gen + Cur)@FOS
group indicates its significant inhibition of tumor cell prolifer-
ation. These results fully demonstrate that (Gen + Cur)@FOS
can effectively inhibit tumor growth while minimizing damage

to normal tissues by the nanomedicine-enabled differential stress
sensitization between cancer and normal cells.

3. Conclusion

In summary, we have demonstrated a novel “valve-closing” star-
vation strategy to amplify the chemotherapy effects based on a
stability-controllable organosilica hybrid micelles nanomedicine
((Gen+Cur)@FOS), which is fabricated by encapsulating Gen as
the GLUT1 inhibitor and Cur as the chemotherapeutic agent into
FDA-approved F127 micelles crosslinked with a disulfide bonds-
doped hybrid organosilica core. In this nanomedicine, Gen can
effectively block the glucose uptake pathway for starving the HeLa
tumors by inhibiting the GLUT1 expression (“valve-closing”) and
subsequently enhancing their sensitivity toward the Cur, thus
resulting in significantly improved tumor therapeutic efficiency

Adv. Sci. 2022, 9, 2104671 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2104671 (9 of 10)
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and reduced side effects in vivo. Such a “valve-closing” starvation
strategy for amplification of tumor-specific chemotherapy pro-
vides a promising paradigm for high-efficacy and low-toxic cancer
treatment.

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

Acknowledgements
X.L. and C.J. contributed equally to this work. This work was finan-
cially supported by the National Natural Science Foundation of China
(Nos. 51621002, 51972112, 52172279, 21805087, and 81972172), Ba-
sic Research Program of Shanghai (21JC1406003 and 19JC1411700),
Leading Talents in Shanghai in 2018, Program of Shanghai Aca-
demic/Technology Research Leader (19XD1423200), Shanghai Rising Star
Program (21QA1402200), the Natural Science Foundation of Shanghai
(21ZR1416600), the 111 project (B14018), and Programs of Shanghai Pul-
monary Hospital (FKCX1904). Animal experiments were executed accord-
ing to the protocol approved by the Laboratory Animal Management Com-
mittee of East China University of Science and Technology (approval num-
ber: ECUST-2020-04001).

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
Research data are not shared.

Keywords
differential stress sensitization, glucose metabolism, GLUT1 inhibition,
stability-controllable nanomedicines, starvation-sensitized chemotherapy

Received: November 24, 2021
Published online: January 17, 2022

[1] R. van der Meel, E. Sulheim, Y. Shi, F. Kiessling, W. J. M. Mulder, T.
Lammers, Nat. Nanotechnol. 2019, 14, 1007.

[2] M. J. Mitchell, M. M. Billingsley, R. M. Haley, M. E. Wechsler, N. A.
Peppas, R. Langer, Nat. Rev. Drug Discovery 2021, 20, 101.

[3] E. A. Zaal, C. R. Berkers, Front. Oncol. 2018, 8, 500.
[4] a) I. Caffa, V. Spagnolo, C. Vernieri, F. Valdemarin, P. Becherini, M.

Wei, S. Brandhorst, C. Zucal, E. Driehuis, L. Ferrando, F. Piacente, A.
Tagliafico, M. Cilli, L. Mastracci, V. G. Vellone, S. Piazza, A. L. Cre-
monini, R. Gradaschi, C. Mantero, M. Passalacqua, A. Ballestrero, G.

Zoppoli, M. Cea, A. Arrighi, P. Odetti, F. Monacelli, G. Salvadori, S.
Cortellino, H. Clevers, F. De Braud, et al., Nature 2020, 583, 620; b)
S.de Groot, R. T. Lugtenberg, D. Cohen, M. J. P. Welters, I. Ehsan,
M. P. G. Vreeswijk, V. Smit, H. de Graaf, J. B. Heijns, J. E. A. Por-
tielje, A. J. van de Wouw, A. L. T. Imholz, L. W. Kessels, S. Vrijalden-
hoven, A. Baars, E. M. Kranenbarg, M. D. Carpentier, H. Putter, J. J.
M. van der Hoeven, J. W. R. Nortier, V. D. Longo, H. Pijl, J. R. Kroep,
G. Dutch Breast Cancer Research, Nat. Commun. 2020, 11, 3083; c)
N. Kanarek, B. Petrova, D. M. Sabatini, Nature 2020, 579, 491.

[5] a) L. Raffaghello, C. Lee, F. M. Safdie, M. Wei, F. Madia, G. Bianchi, V.
D. Longo, Proc. Natl. Acad. Sci. USA 2008, 105, 8215; b) A. Nencioni,
I. Caffa, S. Cortellino, V. D. Longo, Nat. Rev. Cancer 2018, 18, 707.

[6] B. Faubert, A. Solmonson, R. J. DeBerardinis, Science 2020, 368, 152.
[7] a) L. H. Fu, C. Qi, J. Lin, P. Huang, Chem. Soc. Rev. 2018, 47, 6454; b)

C. Zhang, D. Ni, Y. Liu, H. Yao, W. Bu, J. Shi, Nat. Nanotechnol. 2017,
12, 378; c) S. Yu, Z. Chen, X. Zeng, X. Chen, Z. Gu, Theranostics 2019,
9, 8026; d) V. P. Chauhan, R. K. Jain, Nat. Mater. 2013, 12, 958.

[8] a) M. Wang, D. Wang, Q. Chen, C. Li, Z. Li, J. Lin, Small 2019, 15,
1903895; b) L. H. Fu, C. Qi, Y. R. Hu, J. Lin, P. Huang, Adv. Mater.
2019, 31, 1808325.

[9] L. H. Fu, Y. R. Hu, C. Qi, T. He, S. Jiang, C. Jiang, J. He, J. Qu, J. Lin,
P. Huang, ACS Nano 2019, 13, 13985.

[10] L. Shan, W. Fan, W. Wang, W. Tang, Z. Yang, Z. Wang, Y. Liu, Z. Shen,
Y. Dai, S. Cheng, O. Jacobson, K. Zhai, J. Hu, Y. Ma, D. O. Kiesewetter,
G. Gao, X. Chen, ACS Nano 2019, 13, 8903.

[11] a) G. W. Gould, G. D. Holman, Biochem. J. 1993, 295, 329; b) D. Deng,
C. Xu, P. Sun, J. Wu, C. Yan, M. Hu, N. Yan, Nature 2014, 510, 121.

[12] E. S. Reckzeh, H. Waldmann, Eur. J. Org. Chem. 2020, 16, 2321.
[13] a) Y. Li, W. Hong, H. Zhang, T. T. Zhang, Z. Chen, S. Yuan, P. Peng,

M. Xiao, L. Xu, J. Controlled Release 2020, 317, 232; b) S. Shen, M. Du,
Q. Liu, P. Gao, J. Wang, S. Liu, L. Gu, Nanoscale 2020, 12, 21901.

[14] a) J. G. Croissant, X. Cattoën, J.-O. Durand, M. Wong Chi Man, N. M.
Khashab, Nanoscale 2016, 8, 19945; b) X. Jia, J. He, L. Shen, J. Chen,
Z. Wei, X. Qin, D. Niu, Y. Li, J. Shi, Nano Lett. 2019, 19, 8690; c) X.
Du, F. Kleitz, X. Li, H. Huang, X. Zhang, S.-Z. Qiao, Adv. Funct. Mater.
2018, 28, 1707325; d) X. Jia, Y. Zhang, Y. Zou, Y. Wang, D. Niu, Q. He,
Z. Huang, W. Zhu, H. Tian, J. Shi, Y. Li, Adv. Mater. 2018, 30, 1704490.

[15] J. Shi, P. W. Kantoff, R. Wooster, O. C. Farokhzad, Nat. Rev. Cancer
2017, 17, 20.

[16] a) S. Hui, J. M. Ghergurovich, R. J. Morscher, C. Jang, X. Teng, W.
Lu, L. A. Esparza, T. Reya, Z. Le, J. Yanxiang Guo, E. White, J. D. Rabi-
nowitz, Nature 2017, 551, 115; b) L. Ippolito, A. Morandi, E. Giannoni,
P. Chiarugi, Trends Biochem. Sci. 2019, 44, 153.

[17] B. Yang, Y. Chen, J. Shi, Angew. Chem., Int. Ed. 2020, 59, 9693.
[18] a) C. Kantara, M. O’Connell, S. Sarkar, S. Moya, R. Ullrich, P. Singh,

Cancer Res. 2014, 74, 2487; b) W. Zhuang, L. Long, B. Zheng, W. Ji, N.
Yang, Q. Zhang, Z. Liang, Cancer Sci. 2012, 103, 684.

[19] a) E. S. Reckzeh, H. Waldmann, Eur. J. Org. Chem. 2020, 2020, 2321;
b) E. S. Reckzeh, H. Waldmann, ChemBioChem 2020, 21, 45.

[20] a) A. C. Betzler, M.-N. Theodoraki, P. J. Schuler, J. Döscher, S. Laban,
T. K. Hoffmann, C. Brunner, Int. J. Mol. Sci. 2020, 21, 3949; b) B. R.
B. Pires, R. C. M. C. Silva, G. M. Ferreira, E. Abdelhay, Genes 2018, 9,
24.

[21] a) M. De Martino, C. Vanpouille-Box, Trends Cell Biol. 2019, 29, 851;
b) S. McComb, P. K. Chan, A. Guinot, H. Hartmannsdottir, S. Jenni,
M. P. Dobay, J.-P. Bourquin, B. C. Bornhauser, Sci. Adv. 2019, 5, 9433.

[22] J. M. Adams, S. Cory, Science 1998, 281, 1322.

Adv. Sci. 2022, 9, 2104671 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2104671 (10 of 10)


