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TNBC treatment in both the early and advanced stages of the
disease.6 Furthermore, dose-dense and high-dose treatment
approaches are reported to be more effective in patients with
TNBC.7,8 Unfortunately, frequent administration or high doses
of chemotherapeutic drugs often lead to off-target toxicity,
resulting in acute side effects (e.g., cardiotoxicity, hepatorenal
toxicity, myelotoxicity, nausea, vomiting, etc.) and drug
resistance.9−11 Therefore, innovative strategies are in great
demand to promote drug accumulation in tumor regions and
increase the therapeutic efficacy of TNBC with drugs at lower
doses.

Nanotechnology-driven drug delivery systems (NDDS) have
attracted much attention in the past few decades for cancer
therapy as they provide innovative platforms to increase the
potency of cancer treatments while minimizing the side effects
of drug therapies.12−23 Benefiting from the advantages of the
enhanced permeability and retention (EPR) effect, it allows
nanocarriers to accumulate in the tumor owing to its increased
vascular permeability and impaired lymphatic drainage. This
approach could improve the antitumor capacity of chemo-
therapeutic drugs and reduce their adverse reactions.24

However, upon intravenous (i.v.) administration, rapid
clearance of circulating nanocarriers by the mononuclear
phagocyte system (MPS) alleviates their localization to the
tumor regions, thus compromising the efficiency of drug
delivery.25−28 Red blood cells (RBCs) have emerged as a
natural delivery vehicle to overcome MPS clearance on
account of the presence of self-markers such as CD47, a
“don’t eat me” signal, to evade phagocytosis by macro-

phages.29−32 Inspired by this phenomenon, researchers
developed a biomimetic nanoplatform by coating the RBC
membrane on the surface of nanoparticles (NPs).31−33 With
this strategy, RBC-camouflaged NPs combine the biological
properties of RBC membranes with the advantages of synthetic
NPs. These NPs possess desirable features of natural RBCs,
including escaping macrophage uptake, prolonged blood
circulation, and reduced immunogenicity.34−36 Despite the
several advantages mentioned, there are still challenges that
need to be overcome, including insufficient targeting and
therapeutics at the tumor site.37 Hence, emerging approaches
are highly desired to compensate for the inherent defects of
current NDDS and improve the efficiency of chemotherapeutic
drugs in solid tumors, especially for TNBC.

Short-term fasting (STF) is one of the most commonly used
dietary interventions in cancer treatment. STF often refers to
episodic periods of restricted calorie consumption.38−40

Growing preclinical evidence suggests that STF could play a
key role in boosting the efficacy of chemotherapy.41−43 STF
differentially affects healthy cells compared to tumor cells by
protecting healthy cells from being damaged by stressors such
as chemotherapeutic drugs while sensitizing tumor cells toward
cancer therapies.44−49 The distinct response between healthy
and tumor cells during nutrient restriction is defined as
differential stress resistance. Upon nutrient deprivation, healthy
cells downregulate the proliferation-associated genes and enter
a self-maintenance or repair mode to avoid the damage of
chemotherapy.50,51 On the contrary, owing to the frequent
mutations of tumor suppressor genes, tumor cells acquire the

Figure 1. Schematic illustration of (A) biomimetic nanovesicle fabrication procedures and (B) mechanisms of drug-loaded nanovesicles
synergizing with short-term fasting (STF) for enhanced chemotherapy of triple-negative breast cancer (TNBC).
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capability to sustain proliferative signaling even in the absence
of growth factors.52 Additionally, tumor cells also exhibit
aberrant metabolic activity that relies on aerobic glycolysis,
resulting in high rates of glucose uptake and lactate production.
This phenomenon is known as the Warburg effect, allowing
tumor cells to sustain their cellular growth and proliferation
during resource deprivation.53−55 Thus, STF is capable of
inducing the anti-Warburg effect by depleting glucose levels in
the tumor microenvironment, leading to tumor cell death and
making them more vulnerable to chemotherapy.56 Moreover,
STF therapy is generally safe and is well-tolerated. Only mild
adverse events were reported, such as dizziness, fatigue, and
short-term weight loss.57 Therefore, STF serves as a potential
and simple strategy to synergistically improve the efficacy and
tolerability of chemotherapeutic drugs.

The unique properties of STF inspire us to combine it with a
biomimetic nanoplatform for the enhanced chemotherapy of
TNBC. Herein, we designed RBC membrane-liposome hybrid
nanovesicles (denoted “RM-LPs”) to deliver doxorubicin
hydrochloride (Dox), a hydrophilic antitumor drug widely
used in clinics (Figure 1). Interestingly, we found that TNBC
cells with STF treatment ingested more RM-LPs mainly
through caveolae/raft-mediated endocytosis. The cytotoxicity
of Dox-loaded RM-LPs (Dox-RM-LPs) was also significantly
elevated in STF-treated tumor cells, along with the inhibition
of aerobic glycolysis and the enhanced production of ROS and
autophagosome. Animal studies confirmed that Dox-RM-LPs
combined with STF treatment dramatically increased the
antitumor efficacy of TNBC at lower Dox doses and inhibited
the undesired tumor metastasis. Overall, we demonstrated that
STF acts as a promising strategy to synergistically improve the
drug delivery and chemotherapy efficacy of biomimetic
nanomedicines against malignant TNBC.

RESULTS AND DISCUSSION
Preparation and Characterization of RM-LPs. In the

study, RM-LPs were prepared using thin-film hydration,
followed by an extrusion procedure. Purified RBC membrane

was isolated from mice whole blood based on hypotonic
treatment followed by hybridization with synthetic lipids.
Extrusion is one of the most commonly used methods for
producing cell-membrane-coated NPs in the laboratory.
However, it showed difficulty in achieving large-scale
production due to the need for high extrusion pressure and
loss of a sample caused by the deposition of materials on
polycarbonate membrane filters after repeated extrusion. This
procedure became much easier with the addition of lipids to
the RBC membrane to improve its structural fluidity, which
could particularly facilitate the artificial extrusion procedure of
nanovesicle fabrication. RM-LPs were first fabricated with the
addition of 10 wt % RBC membrane (denoted “RM”) into the
liposomes (denoted “LPs”). This nanoformulation had the best
feasibility to promote the extrusion of cell membranes through
the 100 nm polycarbonate membrane filters using a mini
extruder. As shown in Figure 2A, dynamic light scattering
(DLS) measurements revealed that the RM-LPs and LPs had
comparable hydrodynamic diameters of 118.6 ± 3.7 and 131.9
± 0.7 nm, respectively. These values were obviously lower than
those of RM (188.6 ± 17.0 nm), suggesting the feasible
fabrication of RM-LPs by the extrusion process. Meanwhile,
the surface zeta potential (ξ) of the RM-LPs (−10.5 ± 1.1
mV) was distributed between the values of those in the LPs
(−14.1 ± 1.4 mV) and RM (−9.1 ± 0.3 mV) groups,
indicating the fusion of LPs with the cell membrane. The
protein profiles of RM-LPs, RM, and LPs were also determined
by using sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE). Compared with RM and LPs, RM-LPs
reserved almost all of their RBC cell membrane proteins
reported previously, including band 3, band 4.1, CD47, actin,
and stomatin (Figure 2B). When suspended in water,
phosphate-buffered saline (PBS), and 50% fetal bovine
serum (FBS), the sizes of RM-LPs remained unchanged over
5 days, implying their good colloidal stability (Figure S1).
Furthermore, cryogenic electron microscopy (Cryo-EM)
imaging of RM-LPs nanovesicles revealed a spherical structure
and single lipid bilayer with a membrane thickness of 7.1 ± 0.7

Figure 2. Preparation and characterization of RM-LPs. (A) Size and surface zeta potential (ξ) measurements of LPs, RM, and RM-LPs. (B)
SDS-PAGE analysis of the membrane protein composition of RM and RM-LPs. (C) Cryo-EM imaging of RM-LPs. Scale bar: 50 nm. (D)
Mean fluorescence intensity (MFI) of the RAW264.7 cell uptake of DiR-labeled NPs at different concentrations after 4 h of incubation. (E)
Quantification of drug loading on RM-LPs with an increasing Dox input-to-NP weight ratios. (F) Sequential drug release profile of Dox-RM-
LPs in the solutions at different pH values.
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nm (Figure 2C). These data demonstrated the successful
fabrication of RM-LPs.

We then evaluated the functions of the RBC membrane in
RM-LPs. The LPs without cell membrane hybridization were
used as a control group. First, we determined the
antiphagocytosis capabilities of RM-LPs and LPs on the
RAW264.7 cell line, a murine macrophage that plays the
primary cell model to engulf foreign NPs. To study the cellular
uptakes of RM-LPs and LPs by macrophages, these NPs were
first labeled with a hydrophobic fluorophore (DiR), followed
by the incubation of different concentrations of DiR-labeled
NPs with macrophages for 4 h, and the uptake was quantified
with flow cytometry. As shown in Figure 2D, a lower level of
phagocytosis was observed in the RM-LPs group when
compared to the LP group. This result suggested that the
RM-LPs could partly escape from macrophage uptake,
probably attributed to the retention of CD47 from the RBC
membrane, a self-marker protein that provides “don’t eat me”
signals to macrophages via interactions with the signal
regulatory protein-alpha (SIRP-α) receptor.30,58 To identify
the immune-modulatory property of CD47, the RM-LPs were
first incubated with anti-CD47 antibodies at a saturated
concentration and quantified the cellular uptake by flow
cytometry. As shown in Figure S2, the CD47-blocked RM-LPs
resulted in an 83% recovery of NP internalization, revealing the
immune-evasive capability of CD47 on biomimetic nano-

vasicles. We further studied the blood circulation properties of
DiR-labeled RM, RM-LPs, and LPs upon i.v. injection into
mice, followed by blood collection at different time points for
fluorescence measurements. As shown in Figure S3, both of
them have a nonlinear elimination curve. The apparent half-
lives (denoted as 50% of the particles being cleared) of RM-
LPs and LPs in the blood were 2.5 ± 0.3 and 2.7 ± 1.5 h,
respectively, which were slightly lower than that in the RM-
treated mice (4.6 ± 1.2 h) owing to the limited amounts of
RBC membrane (10 wt %) on RM-LPs.

Next, a hydrophilic antineoplastic drug (Dox) was
encapsulated into the core of the nanovesicles, and the drug
loading and release properties were then determined. To
optimize the Dox loading capacity of RM-LPs, the drug inputs
were examined relative to the total weight of RM-LPs, and the
loading amounts were quantified based on the specific
absorbance of Dox at 480 nm. The particle sizes of Dox-
RM-LPs exhibited a constant increase pattern with increasing
concentrations of drug (Figure S4A). As shown in Figure 2E,
the loading capacity of Dox in RM-LPs also increased with the
drug input. Nevertheless, RM-LPs loaded with 2-fold Dox had
the highest encapsulation rate at 23.5% (Figure S4B). Thus, we
chose the 2-fold drug input with a drug loading capacity of
39.1 ± 0.2 wt % for the following studies. To understand the
drug release characteristics of Dox-RM-LPs in normal and
tumor regions upon nanodrug administration in vivo, we

Figure 3. STF increases Dox-RM-LPs uptake in 4T1 TNBC cells primarily via caveolae/raft-mediated endocytosis. (A) Fluorescence images
of 4T1 cells incubated with Dox-RM-LPs (200 μg/mL) for 4 h under normal and STF conditions. Scale bar: 10 μm. (B) Colocalization curve
of RM-LPs and the lysosome tracker in the normal and STF-treated 4T1 cells. (C) MFI of DiR-labeled RM-LP uptake in 4T1 cells with or
without STF after 4 h of incubation. (D) MFI of DiR-labeled RM-LP uptake by 4T1 cells under normal or STF with different endocytosis
inhibitors: methyl-β-cyclodextrin (MβCD, 5 mM), chlorpromazine-HCl (CPZ, 30 μM), and amiloride hydrochloride (AH, 50 μM). (E)
Schematic illustration of the potential pathways of Dox-RM-LP endocytosis in 4T1 cells under normal and STF conditions.
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simulated and assessed the sequential drug release profiles of
the Dox-RM-LPs at different pH levels to mimic the
microenvironments of blood (pH = 7.4), the extracellular
matrix in the tumor (pH = 6.8), and the intracellular lysosome
(pH = 5.0), respectively. As shown in Figure 2F, a burst release
of Dox from RM-LPs was observed at pH 7.4 during the initial
4 h and reached a plateau at pH 6.8 during the following 4 h.
When the pH value decreased to 5.0 by adding the
hydrochloric acid solution, a further increase in Dox release
was determined from 66.2 ± 0.6 to 76.6 ± 2.0%, suggesting the
enhanced drug release profile after Dox-RM-LP uptake in the
lysosome of tumor cells. The further release of Dox under
acidic conditions was probably due to a differential between
the extra-liposomal and intraliposomal pH values, which in
turn drove an efflux of Dox from the liposome.59 This provides
an advantage for RM-LPs to promote lysosomal release of their
content into the cytoplasm and allow the accumulation of drug
molecules in tumor cells. We also analyzed the release kinetics
by using a diffusion-dominant Higuchi model: Mt = Kt1/2,
where Mt is the amount of drug released at time t and K is the
Higuchi constant, reflecting the release rate of drugs as a
function of time (Figure S5).60 Plotting the percentage of Dox
released against the square root of time resulted in linear fitting
curves with R2 = 0.98, 0.02, and 0.75 for the RM-LPs under
different pH conditions. The goodness of the curve fitting
suggested a diffusion-controlled release of drugs in the neutral
rather than the acid conditions. Based on this analysis, the
Higuchi constant of the Dox released from RM-LPs was
determined to be 34.6 ± 0.5 h−1/2 at pH 7.4, 0.5 ± 0.4 h−1/2 at
pH 6.8, and 4.4 ± 0.3 h−1/2 at pH 5.0.

Cellular Uptake Mechanism of Dox-RM-LPs during
STF. Following the characterization of RM-LPs, we then
investigated the mechanisms of NPs’ cellular uptake under
nutrient restriction in TNBC cells. In this study, 4T1 murine
breast tumor cells, the most commonly used cell model of
TNBC, were first cultured in a medium with low glucose (0.5
g/L) and FBS (1%) to mimic the STF condition or in a normal
medium containing high glucose (2 g/L) and FBS (10%) as a

control group. To visualize the cellular uptake and intracellular
transport pathways of RM-LPs and Dox by 4T1 cells, the RM-
LPs nanovesicles were first labeled with a liposome-membrane-
targeting fluorogenic probe, and Dox-loaded RM-LPs were
incubated with either normal or STF-treated tumor cells for 4
h, followed by confocal imaging. The released Dox was imaged
based on its autofluorescence. As shown in Figure 3A,B and
Figure S6, the fluorescence of RM-LPs was mainly colocalized
with the green fluorescence signal of the lysosome tracker,
suggesting that the RM-LPs were trapped in the lysosome both
in normal and STF conditions during the endocytosis process.
However, the red fluorescence signal of Dox was widely
observed in the lysosome, nucleus, and cytoplasm, indicating
the continuous release of Dox from RM-LPs in tumor cells.
Importantly, both of the fluorescence signals of RM-LPs and
Dox in the STF group were significantly higher when
compared to those in the control group, revealing an elevated
endocytosis of Dox-RM-LPs in tumor cells during starvation.
The uptake efficiency of RM-LPs in 4T1 cells upon normal or
STF treatment was also quantified by flow cytometry analysis.
As shown in Figure 3C, the intracellular fluorescence intensity
enhanced with the increasing of DiR-labeled RM-LPs
concentrations, suggesting a dose-dependent cellular uptake
of RM-LPs. At all concentrations, the signals in the STF group
were significantly higher than those in the normal group,
indicating an increased level of cellular uptake of RM-LPs
under nutrient-deprivation conditions.

To further understand the endocytosis mechanism between
the normal and STF groups, different endocytosis inhibitors
were employed. These inhibitors included methyl-β-cyclo-
dextrin (MβCD), chlorpromazine (CPZ), and amiloride
hydrochloride (AH), which could specifically inhibit the
caveolae/raft-dependent endocytosis, clathrin-dependent en-
docytosis, and micropinocytosis, respectively.61 Inhibitors were
first pretreated with 4T1 cells before the incubation with DiR-
labeled RM-LPs for 4 h. As shown in Figure 3D, under normal
conditions, the uptake of RM-LPs was slightly suppressed
when the tumor cells were pretreated with CPZ, while no

Figure 4. STF enhances the therapeutics effects of Dox-RM-LPs in tumor cells. (A, B) Cell viabilities of 4T1 tumor cells (A) and MODE-K
healthy cells (B) with or without STF treatment upon incubation with various concentrations of free Dox and Dox-RM-LPs for 24 h. (C)
Half-maximal inhibitory concentrations (IC50) of Dox and Dox-RM-LPs against 4T1 tumor cells (TC) and MODE-K healthy cells (HC)
under normal and STF conditions. (D, E) Flow cytometry analysis of the cell cycle (D) and the cell populations arrested at G2/M phases (E)
in non- or STF-treated 4T1 cells upon exposure of free Dox or Dox-RM-LPs (4 μM) for 24 h.
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significant difference was observed in the MβCD- and AH-
treated cells. Conversely, upon STF treatment, the uptake of
RM-LPs was dramatically reduced when the cells were
preincubated with MβCD while exhibiting a slight suppression
after CPZ addition. Previous studies have reported an
enhanced uptake of extracellular lipid sources to fuel the
cellular activities when cells were cultured in a nutrient-limited
medium, while caveolae is associated with lipid uptake and
metabolism.62,63 Together, these results demonstrated that the
cellular uptake of RM-LPs was initiated via clathrin-dependent
endocytosis under normal conditions but underwent a
caveolae/raft-mediated endocytosis process during STF treat-
ment (Figure 3E).

STF Enhances the Therapeutics of Dox-RM-LPs In
Vitro. Next, we studied the antitumor efficacy of Dox-RM-LPs
in vitro. We hypothesize that the enhanced uptake of Dox-RM-
LPs in the STF environment could improve their cytotoxicity
in tumor cells. To test this hypothesis, 4T1 TNBC cells were
first cultured in the normal or STF medium and treated with
the same amounts of free Dox or Dox-RM-LPs for the cell
viability assay. As shown in Figure 4A, the cell viability of
tumor cells in both Dox and Dox-RM-LP groups gradually
decreased with increased drug dosages. At all concentrations,
the tumor cells with Dox-RM-LP treatment remained a
cytotoxicer than the free Dox-treated groups, attributable to
the augmented uptake levels of hydrophilic drugs by
endocytosis when they were encapsulated in the NPs.

Importantly, the half-maximal inhibitory concentration (IC50)
value of 4T1 cells cultured with Dox-RM-LPs upon STF
treatment (4.1 ± 0.2 μM) was greatly lower than that in the
normal group (9.4 ± 0.5 μM) due to the enhanced uptake of
RM-LPs by tumor cells during starvation. As evidence showed
that STF able to protect normal cells from the toxic effects of
chemotherapeutic drugs,44−49 we further evaluated the
cytotoxicities of free Dox and Dox-RM-LPs in a widely used
healthy cell model (murine enterocyte cells, MODE-K) with or
without STF treatment. As shown in Figure 4B, the viability of
healthy cells treated with Dox-RM-LPs was also lower than
that of the free Dox-treated groups at the same concentrations,
mainly due to the enhanced uptake of drugs loaded into the
RM-LPs. Under STF conditions, the IC50 value of healthy cells
with Dox (74.0 ± 23.3 μM) and Dox-RM-LP (29.5 ± 7.1 μM)
treatment was greatly higher than that in the normal group
treated with Dox (32.4 ± 11.3 μM) and Dox-RM-LPs (14.7 ±
3.9 μM) (Figure 4C). These results confirmed that STF could
synergistically sensitize tumor cells to chemotherapy while
protecting healthy cells during Dox-RM-LP treatment. This
phenomenon was defined as differential stress resistance
reported previously, probably attributable to the down-
regulation of proliferation-associated genes in the healthy cell
rather than the tumor cells during starvation.44,45 Moreover,
the RM-LPs showed a negligible cytotoxicity effect on 4T1
cells and MODE-K cells, implying the great cellular safety of
drug carriers in the normal or STF conditions (Figure S7).

Figure 5. Mechanisms of Dox-RM-LPs synergizing with STF for enhance chemotherapy in tumor cells. (A, B) Relative levels of glucose
uptake (A) and lactate production (B) in normal or fasted 4T1 cells. (C) Western blot analysis of glycolytic enzymes expression in glucose
metabolism (GLUT1, HK2, and PKM2) during normal or STF conditions. (D, E) MFI of ROS (D) and autophagy (E) formation in normal
or fasted 4T1 cells upon the treatment of free Dox or Dox-RM-LPs at the same conditions. (F, G) Flow cytometric assessment of apoptosis
(F) and percentages of cell death (G) by the Annexin V-FITC/PI apoptotic assay in normal or STF-treated tumor cells. (H) Schematic
diagram of tumor cell death with Dox-RM-LP treatment under normal and STF conditions.
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Overall, these results demonstrated that STF is able to increase
the cytotoxicity of Dox-RM-LPs against tumor cells.

We then investigated the mechanism of tumor cell death
under both normal and STF conditions. As Dox treatment is
involved in the disruption of DNA replication, we first studied
the cell cycle of normal or STF-treated tumor cells using the
propidium iodide (PI) staining method. Normally, the cells
respond to extrinsic stimuli of proliferation and enter the cell
cycle from gap 1 (G1), a phase in which the cells synthesize
mRNA and proteins in preparation for subsequent steps
leading to mitosis. After that, the cells replicate their DNA
during the synthesis (S) phase and then move to the gap 2
(G2) phase to condense the chromatin into chromosomes and
prepare necessary proteins for cell proliferation. The mitotic
(M) phase is the last but the shortest period of the cell cycle,
where cell division occurs to generate two identical daughter

cells.64 As shown in Figure 4D, in the normal group, the
percentages of cells arrested at G2/M phases were slightly
higher in the free Dox (30.8%) and Dox-RM-LP (32.6%)
groups than in the control cell (28.1%) due to Dox-induced
DNA damage. However, in the STF group, G2/M phase-
arrested cells were significantly augmented in the control
(30.7%), free Dox (33.0%), and Dox-RM-LP (39.0%) groups,
denoting the elevated inhibition of cell cycles during starvation
(Figure 4E). Together, these results indicated that Dox-RM-
LPs synergizing with STF treatment could significantly inhibit
the proliferation of tumor cells.

To further investigate its cytotoxic mechanisms, we explored
the impact of STF on aerobic glycolysis, a primary bioenergetic
pathway of tumor cell growth. The levels of glucose uptake and
lactate production, two main indicators of the Warburg effect,
were determined using commercialized assay kits. As shown in

Figure 6. STF enhances tumor accumulation of Dox-RM-LPs for synergistic therapy of TNBC. (A) Schematic overview of the experimental
timeline for the in vivo study. The pink area indicates the time frame of fasting treatment. (B, C) Body weights (B) and blood glucose level
(C) of mice under normal or STF conditions. (D, E) In vivo imaging (D) and normalized fluorescence radiance (E) of 4T1 tumor-bearing
mice after injection of DiR-labeled RM-LPs at 24, 48, 72, and 96 h in the STF-treated group. The yellow circle dashed lines indicate the
tumor region. (F) Relative signals of DiR-labeled RM-LPs in 4T1 tumors based on ex vivo images. (G−I) Tumor growth curve (G), tumor
weights (H), and tumor images (I) of 4T1 tumors in mice under different therapeutic regimes. (J) Representative H&E images of 4T1 tumor
sections in various groups. Scale bar: 200 μm.
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Figure 5A,B, the glucose uptake and lactate production in
tumor cells were dramatically reduced upon STF treatment in
all of the groups. Similar reductions were also observed for the
intracellular detection of glucose and adenosine triphosphate
(ATP) in tumor cells cultured in a nutrient-limited medium
(Figure S8). We further examined the levels of several key rate-
limiting enzymes in glucose metabolism, including glucose
transporter 1 (GLUT1, transporting of glucose across the
plasma membranes), hexokinase 2 (HK2, catalyzing the
glucose phosphorylation), and pyruvate kinase M2 (PKM2,
converting phosphoenolpyruvate to pyruvate for ATP
production).56 As shown in Figure 5C, the Western blot
results revealed a decreased expression of these glycolytic
enzymes in the STF group when compared to the control
group under normal conditions, especially for the significant
downregulation of GLUT1. These results indicated that STF
plays a critical role in inhibiting the aerobic glycolysis in TNBC
cells. In addition, the intracellular ROS (e.g., superoxide radical
and hydrogen peroxide) was detected based on the fluorogenic
assay of dihydroethidium (a superoxide radical indicator) by
flow cytometry. As expected, the ROS levels dramatically
increased in the 4T1 cells during the STF treatment (Figure
5D). The addition of free Dox or Dox-RM-LPs further boosted
ROS generation, leading to drug-induced cell damage both in
normal and STF groups. Moreover, ROS-induced autophagy is
a cellular protective pathway to alleviate oxidative stress, while
excessive ROS could be a destructive process in tumor
cells.65,66 Therefore, we asked whether autophagy was involved
in the enhanced cytotoxicity under nutrient-deprivation
conditions. To this aim, monodansylcadaverine (MDC), an
autofluorescent compound, was utilized for specifically labeling
the autophagosomes in tumor cells. Indeed, an upregulation of
MDC fluorescence in 4T1 cells of all groups was observed
upon STF treatment, suggesting the enhanced production of
autophagosomes in TNBC cells with limited nutrients (Figure
5E). A higher level of autophagy induction was further
detected when the tumor cells were treated with free Dox or
Dox-RM-LPs at a lower concentration (4 μM). To further
validate the contribution of programmed cell death by RM-LPs
under fasting conditions, cell apoptosis was determined using
Annexin V-FITC and a propidium iodide (PI) staining assay.
As shown in Figure 5F,G, the percentage of late apoptotic
(Annexin V+/PI+) and necrotic (Annexin V−/PI+) cells were
significantly increased in the STF condition when compared to
cells under the normal group. Notably, higher levels of
apoptosis and necrosis were determined when the tumor cells
were exposed to Dox-RM-LPs rather than free Dox due to the
enhanced drug uptake efficiency. Collectively, these results
confirmed that Dox-RM-LPs could significantly increase the
cytotoxicity at lower doses, especially in the nutrient-
deprivation conditions, mainly related to the elevated
inhibition of DNA replication and aerobic glycolysis, as well
as amplifying the reactive oxygen species (ROS) and
autophagosomes production in TNBC cells (Figure 5H).

STF Improves Antitumor Efficacy of Dox-RM-LPs.
Before evaluating the antitumor effect of Dox-RM-LPs in vivo,
we first established the animal model of malignant TNBC for
STF treatment based on the schedule described previously.
The 4T1 tumor-bearing mice were first fasted for 48 h,
followed by a sufficient food supply for another 48 h. Dox-RM-
LPs were then injected via the tail vein at the end of each
fasting cycle. A total of two cycles of fasting were conducted in
this study (Figure 6A). To confirm the STF model induction

in vivo, the body weights and blood glucose concentrations of
the mice were recorded every day. As shown in Figure 6B, the
weights decreased during each fasting cycle but rapidly
recovered to a healthy level after feeding with normal diets.
In addition, the levels of blood glucose in mice decreased
during STF but returned to normal levels after the food supply
was resumed (Figure 6C). To further study the tumor
accumulation of RM-LPs during each fasting cycle, DiR-
labeled RM-LPs were i.v. administrated to determine the
fluorescence imaging of tumor-bearing mice at the desired time
points. As shown in Figure 6D,E, the fluorescence signal
gradually increased at the tumor site within 96 h upon STF
treatment, indicating effective tumor accumulation based on
the EPR effect. Notably, the blood elimination of the
nanocarrier was faster than their tumor accumulation due to
the EPR effect.67 This phenomenon might be attributed to the
reported facts that the rate constants associated with exchange
in the peripheral compartment during blood circulation were
significantly higher than the rate constants for exchange in the
tumor compartment. To confirm these observations, we then
harvested tumors from mice at different time points for ex vivo
imaging. The relative fluorescence signal at 48 h in the STF-
treated tumor exhibited a significant augmentation (224.8 ±
27.1%) compared to the normal group (172.3 ± 10.4%) when
normalized to the signal at 24 h (Figure 6F and Figure S9).
These results demonstrated that STF enhanced the tumor
accumulation of NPs, which is important for NDDS.

Subsequently, we studied the pharmacokinetic profiles of
free Dox and Dox-RM-LPs after i.v. injection in mice followed
by blood collection at different time points for fluorescence
measurements. As shown in Figure S10, the elimination half-
lives of free Dox and Dox-RM-LPs in the blood were calculated
as 3.1 ± 0.1 and 3.8 ± 0.2 h in the blood, respectively,
revealing an improved pharmacokinetics of chemotherapy
drugs after loading into the nanocarrier. We then evaluated the
therapeutic efficiency of Dox-RM-LPs in 4T1 cell-bearing mice
without or with STF treatment. In the study, both STF-treated
and normal mice were received two i.v. injections of Dox-RM-
LPs or free Dox at a lower dosage (5 mg/kg). As shown in
Figure 6G, when compared to the mice treated with PBS in the
normal group, substantial inhibition of tumor growth was
determined upon free Dox (41.9% decrease) and Dox-RM-LP
(65.8% decrease) treatment at the same dosages. Importantly,
further shrinkages in overall tumor volumes were observed
upon administration of free Dox (47.8% decrease) and Dox-
RM-LPs (85.7% decrease) in the STF-treated mice. These
results presented the synergistic antitumor effects of Dox-RM-
LPs at lower drug dosage in the mice due to the enhanced
tumor accumulation and nutrient restriction. Such antitumor
efficacy was further confirmed with tumor weights and images
at the end point of the experiments. As shown in Figure 6H,I,
the average weight and size of tumor tissues were significantly
reduced in the mice upon Dox-RM-LP treatment, especially in
the STF-mediated group. Notably, extensive necrosis of cells
was observed in the tumor sections upon Dox-RM-LP
treatment in the STF-treated mice, while limited cell damage
was noticed in other control groups compared to that in the
PBS-treated mice (Figure 6J). Altogether, the combination of
Dox-RM-LPs and STF provided enhanced chemotherapy
efficacy in tumor-bearing mice.

To evaluate the safety during treatment processes, body
weights, blood tests, and pathological analyses were performed
accordingly. As shown in Figure S11, the body weights of
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tumor-bearing mice with PBS, free Dox, and Dox-RM-LP
treatment maintained stable in the normal groups due to their
limited toxicity at a lower dosage. Upon STF treatment, the
body weights of tumor-bearing mice underwent a short-term
decrease during the fasting cycle and recovered to the normal
weights after food supply. Moreover, the major organs and
tumor tissues in different groups were further excised for
hematoxylin and eosin (H&E) staining (Figure S12).
Metastatic foci in the liver were observed in the PBS-treated
mice but dramatically reduced in the Dox-treated mice and
completely eliminated in the Dox-RM-LP-treated groups,
suggesting the Dox-RM-LPs could inhibit the hepatic
metastases of TNBC cells both in normal and STF conditions.
Similarly, the lung metastasis with thickened alveolar walls in
the tumor-bearing mice was also prohibited upon Dox-RM-LP
treatment especially after nutrient starvation. The sections
from other organs, such as the heart, spleen, and kidneys,
revealed no significant changes in histopathology among all
groups. These results demonstrated that Dox-RM-LPs
synergizing with STF could significantly inhibit undesired
tumor metastasis in the liver and lung. Furthermore, a blood
count and comprehensive metabolic panel were also performed
in this study. As shown in Figure S13, both in the normal and
STF conditions, the numbers of different hemocytes and the

levels of all blood markers in the mice treated with Dox or
Dox-RM-LPs were comparable to those of the control mice
injected with PBS, revealing a great safety of the proposed
therapeutic schedule.

Biodistribution Profile and Biosafety of RM-LPs.
Additionally, we evaluated the biodistribution profile and
biosafety of RM-LPs in vivo. The DiR-labeled RM-LPs were i.v.
injected into mice under normal and STF conditions, followed
by fluorescence detection of the main organs, including the
liver, heart, lung, kidneys, spleen, and brain. As shown in
Figure 7A,B and Figure S14, the RM-LPs are mainly
distributed in the liver rather than the spleen, two primary
organs of the reticuloendothelial system. In addition, the
fluorescence intensity of main organs in STF-treated mice was
slightly lower than that in the normal groups. To assess the
potential adverse effects, we injected 20 mg/kg RM-LPs into
the biosafety studies. Hematology and blood biochemistry
assessments were performed in the mice on the seventh day of
the RM-LP injection. It showed a comparable number of
hemocytes, including white blood cells (WBC), RBC, and
platelets (PLT), in the mice treated with either RM-LPs or
PBS (Figure 7C). Meanwhile, all blood markers were in line
with the mice in the PBS-treated group, suggesting excellent
biosafety of RM-LPs in vivo (Figure 7D). The major organs

Figure 7. Biodistribution and biosafety studies of RM-LPs in vivo. (A, B) Distribution (A) and MFI (B) of main organs after DiR-labeled
RM-LPs (20 mg/kg) injection into mice for 48 h under normal or STF conditions. (C) Amount of blood cells at day 7 after i.v. injection of
PBS or RM-LPs. WBC, white blood cells; LYMPH, lymphocytes; MONO, monocytes; GRAN, granulocytes; RBC, red blood cells; PLT,
platelets. (D) Comprehensive blood chemistry parameters at day 7 after i.v. injection with PBS or RM-LPs. ALT, alanine transaminase; ALP,
alkaline phosphatase; ALB, albumin; TP, total protein; CRE, creatinine; CHO, cholesterol; TBiL, total bilirubin; K+, potassium; Na+,
sodium; GLU, glucose. (E) H&E staining of main organs (heart, liver, spleen, lung, and kidneys) at day 7 after PBS or RM-LP
administration. Scale bar: 200 μm.
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were also harvested for histological analysis with H&E staining.
As shown in Figure 7E, the sections from key organs, including
the liver, spleen, heart, lungs, and kidneys, revealed no
pathological changes in RM-LP-treated groups when compared
to those in the PBS group. Overall, these data demonstrated
the excellent biocompatibility of RM-LPs as a drug carrier.

STUDY LIMITATIONS
Our work provides an approach to understanding the potential
mechanisms of biomimetic nanovesicles synergizing with STF
for the enhanced chemotherapy of malignant TNBC. Never-
theless, this study has some limitations that warrant further
investigation in the STF-treated cells and animals. (1) Signaling
pathways: Apart from aerobic glycolysis, the variations in
intracellular signaling pathways between tumor and healthy
cells upon fasting treatment present valuable opportunities for
further research. It has been reported that fasting reduces
various signaling cascades within healthy cells but not tumor
cells, including the IGF1R-AKT-mTOR-S6K and cAMP-PKA
pathways,45,68 resulting in the differential stress resistance in
tumor-bearing mice for improved chemotherapy and reduced
side effects. (2) Immunomodulatory ef fects: The immune cells
may also contribute to the enhanced chemotherapeutic efficacy
in the STF-treated mice in this study. Preclinical studies
confirmed that fasting treatments improve antitumor immunity
by altering the immunosuppressive tumor microenvironment
and influencing the functions of immune cells. For instance,
fasting can decline the CD73 level in tumor cells to diminish
the immunosuppressive M2-type macrophage polarization69 or
downregulate heme oxygenase-1 production to relieve the
inhibition of regulatory T cells on CD8+ cytotoxic T
lymphocytes.70 Further studies will be essential to fully
understanding the synergistic mechanisms through which
fasting enhances tumor therapy in vivo.

CONCLUSIONS
In summary, we demonstrated that combining biomimetic
nanovesicles with STF therapy is an effective strategy for
enhanced chemotherapy against TNBC. The integration of
RBC membranes into liposomes makes the synthesis
procedures much easier to facilitate subsequent large-scale
production. Notably, the hydrophobic antitumor drugs can
also be loaded in the phospholipid bilayer of nanovesicles,
making them suitable for multiple chemotherapeutic drug
delivery. Furthermore, we confirmed that STF can synergisti-
cally promote the uptake of drug-loaded nanovesicles by
TNBC cells, thereby significantly improving the antitumor
effect through multiple mechanisms and inhibiting the
unwanted tumor metastasis. Since STF protects healthy cells
but not tumor cells to chemotherapy, it helps prevent the
potentially life-threatening side effects of chemotherapy while
reducing the incidence of drug resistance.71−73 In addition,
both animal and clinical studies have demonstrated that
different fasting strategies, including STF, fasting-mimicking
diet, ketogenic diet, and intermittent fasting, might regulate
patients’ tolerance to hunger, which can serve as a safe,
applicable, and low-cost adjunct strategy for cancer therapy.74

Overall, the synergizing of biomimetic nanovesicles with STF
therapy offers substantial promise in advancing antitumor
nanomedicines for enhanced chemotherapy of TNBC and
other malignancies.

MATERIALS AND METHODS
RBC Membrane Derivation. The RBC membrane was prepared

from whole blood according to protocols described previously with
modifications.34 In brief, mouse whole blood was collected via cardiac
puncture using a syringe rinsed with 100 U/mL heparin solution.
Following blood collection, the blood was transferred into tubes
containing 10 U heparin/mL blood and mixed well by inversion.
Whole blood was centrifuged at 1000×g for 10 min at 4 °C, following
the removal of the serum and buffy coat layers from the RBC
compartment. The isolated RBCs were further washed 2 times with
cold 1 × PBS (pH = 7.4) upon centrifugation at 500×g for 15 min at
4 °C. The washed RBCs were resuspended in 0.25 × PBS with a 5-
fold volume for hemolysis. The lysed RBC then underwent
centrifugation at 12,000×g for 10 min. The supernatant was
discarded, and the pellet was collected. Repeated washing was
conducted with 0.25 × PBS until a pink pellet was obtained. Finally,
the pellet was suspended in 0.2 mM ethylenediaminetetraacetic acid
(EDTA) aqueous solution. The protein concentrations were
determined using a bicinchoninic acid (BCA) protein assay kit. The
RBC membrane was stored at −80 °C for further use.

Preparation and Characterization of NPs. Both LPs and RM-
LPs were prepared using a thin-film hydration method.35 Briefly, to
prepare the LPs, distearoylphosphatidylcholine (DSPC), cholesterol,
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-
(polyethylene glycol)2000] (DSPE-PEG2000) were dissolved in a
chloroform:methanol (4:1, v/v) mixture at a molar ratio of 70:25:5
(mol %). The organic solvent was evaporated in a round-bottom flask
through an RV10 rotary evaporator (IKA, Germany) under reduced
pressure at 40 °C until a thin film was formed. The lipid film was then
hydrated with ultrapure water (0.5 mg/mL) in a water bath at 60 °C
for 5 min and sonicated for 1 min (100 mW, 42 kHz) in a bath
sonicator (Scientz, China). This procedure was repeated for three
cycles. For the preparation of RM-LPs or RM, 10 wt % RBC
membranes were incubated with the hydrated lipid components or
added in ultrapure water for 10-fold dilution, following the sonication
in an ice-cold water bath for 10 min. Both LPs, RM, and RM-LPs
were sequentially extruded through 200 and 100 nm polycarbonate
membranes (Whatman, UK) for 10 cycles using a manual extruder
(Avanti Polar Lipids, Germany). The particle size and surface zeta
potential (ξ) were analyzed with dynamic light scattering (DLS,
Malvern Zetasizer Nano, UK). The protein profiles of RM and RM-
LPs were determined using SDS-PAGE. In summary, samples were
prepared at a protein concentration of 1.3 mg/mL in an SDS loading
buffer. All samples were heated to 90 °C for 5 min and then loaded
onto a 10% SDS-polyacrylamide gel. Electrophoresis was carried out
in the SDS running buffer and ran at 120 V for 2 h. The resulting gel
was stained with Coomassie blue buffer, and the images were captured
with a GL-800 white light transmissometer (Kylin-Bell, China).

Cryogenic Electron Microscopy (Cryo-EM). Carbon-coated
copper grid (400 mesh, Holey) was glow-discharged in an argon and
oxygen atmosphere for 10 s on the carbon side (PELCO easyGlow,
Agar Scientific, USA). The RM-LPs (5 μL, 5 mg/mL in water) were
carefully dropped onto the grid and blotted in a 100% humidity
chamber at 20 °C for 5 s. The grid was plunge-frozen into liquid
ethane and cooled by liquid nitrogen using a Vitrobot Mark IV
System (EM GP2, Leica, Germany). Imaging was then recorded on a
Talos F200C G2 transmission electron microscope (FEI, USA)
operating at 200 kV on a CCD camera (4K × 4K, Gatan, USA).

Drug Loading and Release Studies. To prepare the Dox-loaded
RM-LPs, Dox was mixed with hydrated lipid solution at different
weight ratios and prepared according to the same NP formulation
procedure described above. Dox-RM-LPs were washed twice to
remove excess drug molecules using the Amicon Centrifugal Filter
(100 kDa molecular weight cutoff, MWCO). To measure the
encapsulation efficiency (calculated by dividing the weight of
encapsulated drug by the input drug weight) and loading capacity
(calculated by dividing the weight of encapsulated drug by the total
NPs weight), the Dox concentration was determined through UV
absorbance at 480 nm using a microplate reader (Tecan). Known
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concentrations of Dox (0−400 μg/mL) were used to generate a
standard curve. In the drug release studies, 500 μL of Dox-RM-LPs
(0.5 mg/mL in PBS) were loaded into standard regenerated cellulose
dialysis tubing with an MWCO of 3500 kDa and clipped by standard
closures. The dialysis tubing was immersed into 10 mL of release
medium (10 mM PBS, pH 7.4) at 37 °C with agitation at 100 rpm.
To measure the sequential drug release profile, drops of hydrochloric
acid (1 mM in water) were added to the release buffer at 4 and 8 h to
decrease the pH values to 6.8 and 5.0, respectively. At different time
points, 200 uL of the dissolution medium was withdrawn and replaced
with an equal volume of the fresh medium. The cumulative drug
release profile was analyzed based on the absorbance of Dox at 480
nm using a microplate reader (Tecan).

Phagocytosis Study. LPs and RM-LPs were labeled with 1,1′-
dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide (DiR, 2
wt %, excitation/emission = 750/780 nm) for fluorescence analysis
based on the hydration procedure above. CD47-blocked RM-LPs
were prepared by preincubating the DiR-loaded RM-LPs (50 μg) with
antimouse CD47 antibodies (20 μg, biolegend) for 1 h and washed
with 1 × PBS. To study the phagocytic capacity of macrophages, the
murine macrophage, RAW264.7 cell line, was cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% FBS,
100 mg/mL streptomycin, and 100 U/mL penicillin (all from Gibco).
The cells were seeded in a 12-well plate at a density of 5 × 105 cells
per well and maintained at 37 °C with 5% CO2 in a humidity-
controlled incubator for 24 h. Different concentrations of DiR-labeled
NPs (0−200 μg/mL) were incubated with RAW264.7 cells for 4 h.
After washing with 1 × PBS, the DiR-positive cells were collected and
analyzed with a CytoFLEX flow cytometer (Beckman, US). The
median fluorescence intensity (MFI) results were calculated using the
FlowJo software.

Cellular Uptake of Dox-RM-LPs. The 4T1 murine breast cancer
cell line was cultured in an RPMI 1640 medium supplemented with
10% FBS and 1% penicillin−streptomycin (37 °C, 5% CO2). To study
the cellular uptake efficiency of RM-LPs in normal and STF
conditions, 4T1 cells were first seeded overnight in a 6-well plate at
a density of 2 × 105 cells per well. For STF pretreatment, the cell
culture medium was switched from a normal RPMI 1640 medium (2
g/L of glucose and 10% FBS) to a fasting medium (0.5 g/L of glucose
and 1% of FBS) for 24 h. Afterward, different concentrations of 2 wt%
DiR-labeled RM-LPs (0−400 μg/mL) were incubated with 4T1 cells
in the normal and STF medium for 4 h. The cells were then harvested
using 0.25% trypsin-EDTA, washed with 1 × PBS, and analyzed with
a CytoFLEX flow cytometer. To investigate the potential mechanism
of RM-LPs uptake in normal and STF conditions, different
endocytosis pathway inhibitors, including chlorpromazine (CPZ, 30
μM), methyl-β-cyclodextrin (MβCD, 5 mM), and amiloride hydro-
chloride (AH, 50 μM), were preincubated with 4T1 cells for 1 h,
followed by the treatment of DiR-labeled RM-LPs (200 μg/mL) for 4
h. The DiR-positive cells were then harvested and detected by a flow
cytometer. Results were analyzed using the FlowJo software.

To visualize the intracellular uptake of NPs, the 4T1 cells were
seeded overnight on a confocal dish (1 × 105 cells/well) prior to
pretreatment with normal and the STF medium for an additional 24
h. The Dox-RM-LPs were first stained with a lysosome membrane-
targeting fluorogenic probe, benzoselenadiazole-modified conjugated
oligoelectrolytes (COE-BSe, 2.5 μM, 10 mM stock in DMSO) for
visualization of the RM-LPs. The COE-BSe is a water-soluble dye
with weak fluorescence but has strong fluorescence emission when
inserted into the lipid bilayer of the RM-LPs.75 After being washed
twice with 1 × PBS, the COE-BSe-labeled Dox-RM-LPs (Dox
concentration of 4 μM) were added to the cells and incubated for 4 h.
Free RM-LPs were removed by washing twice with 1 × PBS. The cells
were then costained with lysosome tracker green (50 nM) and
Hoechst 33342 (2 μg/mL) for 30 min. The living cells were rinsed
twice carefully with 1 × PBS and maintained in Hanks’ Balanced Salt
Solution (HBSS). The cell imaging was performed using a
STELLARIS 5 confocal microscope (Leica, Germany) to visualize
the nucleus by Hoechst 33342 (excitation/emission = 350 nm/460
nm), the lysosome tracker green (excitation/emission = 500 nm/520

nm), the COE-BSe-labeled RM-LPs (excitation/emission = 563 nm/
674 nm), and the Dox (excitation/emission = 480/590 nm). The
colocalization curves of RM-LPs and lysosome trackers were
determined using the ImageJ software.

Cell Viability and Apoptosis Studies. The 4T1 tumor cells and
MODE-K health cells were first seeded and incubated overnight in a
96-well plate at a density of 1 × 104 cells per well. The cells were pre-
treated with either normal or the STF medium for 24 h. Different
concentrations of Dox or Dox-RM-LPs (0−125 μM Dox in the
normal or STF medium) were then added to the cells for 24 h
treatment. The cell viability was determined by using a fluorometric
Resazurin Cell Viability Assay Kit following the manufacturer’s
instruction (Biotium, US) and quantified by measuring the relative
fluorescence signal of resazurin (∼44 μM) using a fluorescence
microplate reader (excitation/emission = 560 nm/590 nm). Un-
treated cells were used as the control group with 100% viability. For
the apoptosis study, 4T1 cells with or without STF pretreatment were
seeded in a 6-well plate at the density of 2 × 105 cells per well. After
an overnight incubation, cells were incubated with Dox-RM-LPs or
free Dox (4 μM) for 24 h. The apoptotic cells were stained with
Annexin V-FITC and propidium iodide (PI) following the standard
protocol of the manufacturer (Uelandy, China) and finally
determined by a flow cytometer. The percentage of late apoptotic
cells (Annexin V+/PI+) and necrotic cells (Annexin V−/PI+) were
analyzed using the FlowJo software.

Cellular Mechanism Studies. A total of 2 × 105 4T1 cells with
or without STF pretreatment were incubated with Dox-RM-LPs or
free Dox (4 μM) for cellular mechanisms studies. In the cell cycle
studies, drug-treated cells were harvested and fixed with 70% ice-cold
ethanol for 1 h. After washing twice with 1 × PBS, the cells were
incubated with 50 μL of ribonuclease A (100 μg/mL, Macklin) and
300 μL of PI solution (50 μg/mL) for 20 min at room temperature.
Cells are finally detected by a flow cytometer. For the Western
blotting analysis, cells in different groups were lysed in a radio-
immunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, 150
mM NaCl, 1% Nonidet P 40, 0.1% SDS, 2 μM EDTA, pH 7.4)
supplemented with protease inhibitors and phosphatase inhibitors
(Roche). Protein concentrations were quantified using a BCA protein
assay kit. Equal amounts of proteins (20 μg) were resolved by 10%
SDS-PAGE. The gel was transferred onto a nitrocellulose membrane
and stained with primary antibodies (Servicebio) specific for glucose
transporter 1 (GLUT1), hexokinase 2 (HK2), pyruvate kinase
isozymes M2 (PKM2), and β-actin, along with horseradish peroxidase
(HRP)-conjugated secondary antibodies against mouse IgG or rabbit
IgG (Biolegend).

To quantify the aerobic glycolysis of 4T1 cells under normal and
STF conditions, the glucose uptake activity and intracellular lactate,
glucose, and ATP levels were measured based on the commercialized
assay kits. In the glucose uptake study, a fluorescent glucose tracer, 2-
(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-
NBDG), was used to monitor glucose transport in cells. Upon
transport via glucose transporters (GLUTs), 2-NBDG undergoes
phosphorylation at the C-6 position to give 2-NBDG-6-phosphate,
which is well retained within the cells, resulting in enhanced green
fluorescence. Here, the uptake capacity was assessed using the 2-
NBDG glucose assay kit (APExBIO, USA) according to the
manufacturer’s instructions. Briefly, STF-treated 4T1 cells were
incubated with Dox-RM-LPs or free Dox for 24 h. The cells were
then treated with 2-NBDG (100 μM) for 30 min at 37 °C, and the
intracellular fluorescence intensity was analyzed by flow cytometry.
The intracellular lactate, glucose, and ATP levels were determined in
the 4T1 cell lysates from different groups (mol/mg protein) by
following the manufacturer’s protocols. These assays were performed
using a lactate assay kit (Dojindo molecular technologies, USA), a
glucose assay kit with O-toluidine (Beyotime, China), and an ATP
assay kit (MedchemExpress, USA), respectively. The relative
concentrations of lactate, glucose, and ATP were calculated using
the standard curve and normalized in reference to 4T1 cell lysate in
the control group without drugs or STF treatment. Moreover, in the
oxidative stress study, drug-treated cells were collected and stained

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c07074
ACS Nano 2024, 18, 33875−33889

33885

www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c07074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


with 150 μL of dihydroethidium (DHE, 10 μM, Adamas) for 30 min
at room temperature. For the autophagy study, drug-treated cells were
stained with monodansylcadaverine (MDC, 50 mM) at 37 °C for 15
min and washed three times with 1 × PBS, following the
manufacturer’s protocol of the autophagy assay kit (Yuanye, China).
All staining procedures were protected from light, followed by flow
cytometry analysis. Results were processed using FlowJo software.

In Vivo Pharmacokinetics and Biodistribution Studies. All of
the animal procedures complied with the guidelines of the
Institutional Animal Care and Use Committee (IACUC) of Shanghai
Jiao Tong University, China. For the blood circulation study, 100 μL
of DiR-labeled LPs or RM-LPs (20 mg/kg, n = 3) were injected
through the tail vein of BALB/c mice (8-week-old, female). A drop of
blood (∼30 μL) was collected from each mouse via submandibular
puncture with heparin-coated tubes at 0.02, 0.25, 0.5, 1, 2, 4, 8, and 24
h postinjection. The collected blood (20 μL) was then diluted with 1
× PBS (180 μL) under sonication. The fluorescence intensity of DiR-
labeled NPs in the blood was measured by using a microplate reader.
For the pharmacokinetics analysis, 200 μL of free Dox or Dox-RM-
LPs (20 mg Dox/kg, n = 3) were intravenously injected into the mice.
The blood was collected from submandibular location (30 μL) at the
indicated time points, clotted at room temperature for 30 min, and
centrifuged at 2000×g for 15 min to collect the serum. Then, 10 μL of
serum was added into 990 μL of extraction buffer (0.075 M HCl, 90%
isopropanol) for protein precipitation. The samples were stored at
−20 °C for 20 min and warmed to room temperature, followed by
centrifugation at 10,000×g for 15 min. The supernatants were
collected for fluorescence analysis using a fluorescence microplate
reader (excitation/emission = 480 nm/590 nm). The Dox
concentrations were calculated from the standard curve. For the
biodistribution study, fasted mice were intravenously administered
with DiR-labeled RM-LPs (100 μL, 20 mg/kg). At 24, 48, 72, and 96
h postinjection, the mice were imaged based on the In Vivo Imaging
System (IVIS, PerkinElmer, US).

In Vivo Tumor Treatment Efficacy and Biosafety Studies. To
develop a murine breast tumor model, 5 × 105 4T1 cells were
implanted subcutaneously into the right flank of BALB/c mice (8-
week-old, female). Tumor volumes were measured by a caliper and
calculated using the equation: volume = (length × width2) / 2. When
the average tumor size reached 100 mm3, mice were fasted for 48 h
with a continuous water supply only, followed by sufficient food
supply for another 48 h. During the two cycles of STF and feeding
treatment, the body weight and blood glucose of mice were recorded
daily. To investigate the therapeutic efficacy, tumor-bearing normal
mice were i.v. injected twice (day 2 and day 6) with either PBS, Dox,
or Dox-RM-LPs at same drug dosage (5 mg/kg, n = 5). Fasted mice
were administered with Dox-RM-LP treatment (5 mg/kg, n = 5) on
the same therapeutic schedule. All mice were euthanized on day 12.
Whole blood (500 μL) was collected through cardiac puncture and
allowed to coagulate in an Eppendorf tube. After centrifugation at
2000×g for 15 min, the serum was harvested for comprehensive
hematology analysis. Furthermore, 300 μL of whole blood was placed
into an EDTA-coated anticoagulant tube for the complete blood
count. Major organs, such as the heart, liver, spleen, lung, and kidneys,
as well as tumors were collected, weighted, and fixed in 4%
paraformaldehyde overnight for hematoxylin and eosin (H&E)
staining. To evaluate the biosafety of the nanocarrier, BALB/c mice
(8-week-old, female) were i.v. injected with PBS or RM-LPs (20 mg/
kg, n = 3). On day 7 postinjection, hematology and blood
biochemistry assessments were performed in the mice following the
procedures above. For histopathological examination, mice were
sacrificed and their major organs, such as the heart, liver, spleen, lung,
and kidney, were resected, fixed in 4% paraformaldehyde for 24 h, and
sectioned for H&E staining.

Statistical Analysis. All data were presented as mean ± standard
deviations (s.d.) from at least three independent experiments.
GraphPad Prism 8.0 software was applied for all graph generation
and statistical analysis. Significant differences were determined using
the student’s two-tailed t-test (p-value: *p < 0.05, **p < 0.01, and
***p < 0.001).
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