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ABSTRACT: Autophagy suppresses tumorigenesis by restoring
a favorable energy balance. Activation of autophagic pathways
has therefore sparked great interest as a target for cancer
therapy. However, the targets of available autophagy activators
are nonexclusively involved in autophagy in cancer cells, thus
causing cytotoxicity in noncancerous tissues. Stimulation of
anabolism and ensuing decreased energy levels in cancer cells
are central to tumor-selective autophagy induction. Herein, we
present black phosphorus quantum dots (BPQDs) with red
blood cell membranes (RBCMs) cloaking (BPQDs@RBCMs)
as activators of tumor anabolism for tumor-specific autophagy
activation. The selective degradation of BPQDs@RBCMs
releasing phosphate in the tumor microenvironment initiates
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autophagy by falling energy levels. In vivo assessments confirm that the BPQDs@RBCM:s treatment effectively reduces overall
tumor burden and alters metabolite profiles in tumor. Overall, this study underlines the potential utility of tumor-selective

autophagy induction in cancer therapeutics.

ells have evolved a sophisticated system that maintains

the balance between catabolism and anabolism to

meet their energy and nutrient needs."” Autophagy is
an adaptive process in response to low-energy conditions and
cell stresses.””" Once initiated, autophagy acts to restore
energy balance by eliminating dama%ed proteins and organelles
and by promoting ATP production.”® Metabolic regulation by
autophagy is thought to have a key role in the suppression of
tumorigenesis.”'° By reducing ROS and genome damage,
maintaining cellular homeostasis and improving stress
response, autophagy effectively inhibits malignant trans-
formation and serves as a tumor-suppressive mechanism.””'’
Hence, activating autophagy in cancer cells will present
opportunities for the cancer therapeutics by regulation of
tumor metabolism.*""

Autophagy as a target in cancer therapy has motivated the
preclinical and clinical development of autophagy activators,
including rapamycin and metformin.¥'> However, several
components of the autophagic pathways operate in multiple
cellular processes at the whole-body level.'"'® Currently
available autophagy activators usually have limited specificity
for the autophagic pathways, thus causing cytotoxicity in
noncancerous tissues and mediating autophagy-independent
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functions.”™ "™

For example, rapamycin not only activates
autophagy but also has robust immunosuppressive effects and
inhibits cellular growth and prolifera.tion.11 Therefore,
approaches that target cancer cell-specific autophagy activation
need to be explored to circumvent these adverse effects.”'”
The key to tumor-selective autophagy comes from the falling
energy status in cancer cells."*'* Once the energy levels in
cancer cells fall, AMP-activated protein kinase (AMPK), the
cellular energy sensor initiates autophagy in cancer cells to
conserve energy, whereas the autophagy in normal cells is
unaffected.”'* When the anabolic pathways are switched on,
the biosynthesis of lipids and proteins will accelerate, leading
to bioenergetic crisis due to rapid ATP consumption together
with ADP and AMP generation.ls’lé Then, AMPK senses the
increases in AMP/ATP and ADP/ATP ratios, thereby
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Scheme 1. Schematic Illustration Showing Tumor-Selective Autophagy Activation by BPQDs@RBCMs-Promoted Anabolism®”
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“The BPQDs@RBCMs are selectively degraded in cancer cells and produce phosphate, thereby enhancing adenosine kinase (ADK) activity and
promoting anabolism. The increased anabolism switches on AMPK pathways, then induces tumor-selective autophagy and regulates tumor

metabolism to inhibit tumor growth.

triggering autophagy.'™'”'® Thus, promoting anabolism and
decreasing the energy levels in cancer cells represent desirable
strategies for tumor-selective autophagy activation.'”*’

Addition of extra phosphate that responses to tumor
microenvironment will perform a crucial role in stimulating
anabolism in cancer cells but has a minor role in normal
cells,”' ~** hence selectively targeting autophagy activation in
tumor. Herein, we present black phosphorus quantum dots
(BPQDs) with red blood cell membranes (RBCMs) cloaking
(BPQDs@RBCMs) as activators of tumor anabolism for
tumor-selective autophagy activation (Scheme 1). BPQDs, the
biocompatible crystals consisting of only phosphorus atoms,
exhibit fast intracellular biodegradation in tumor microenviron-
ment due to the strong intracellular oxidative stress and ac1d1c
conditions, generating phosphate as the major product.”® The
degradation of BPQDs releasing phosphate in the tumor
microenvironment promotes the tumor anabolism. RBCMs are
natural long-circulating delivery carriers, where their mem-
brane proteins play a vital role on immune-evasive
functions.”*** The merits of RBCMs as carriers to load
BPQDs include evading the immune system and extending the
blood circulation half-life. The results suggest that BPQDs@
RBCMs degradation gives rise to a faster elevation of AMP/
ATP and ADP/ATP ratios and lower energy levels in cancer
cells than in normal cells. In vitro experiments have
demonstrated that BPQDs@RBCMs treatment leads to the
AMPK phosphorylation, the inhibition of mammalian target of
rapamycin (mTOR) activity, the conversion of microtubule-
associated light chain 3 (LC3)-I to LC3-1I, and formation of
autophagic structures. In vivo assessments further confirm the
suppression of bladder cancer development by BPQDs@
RBCMs and their contributions to significant metabolic
changes. Collectively, we show that BPQDs@RBCMs can
selectively trigger tumor autophagy by increasing anabolism,
thereby inhibiting tumor growth and reprogramming metab-
olism.

The BPQDs were fused with processed RBCMs to fabricate
BPQDs@RBCMs (Figure la). To begin, BPQDs were
prepared using a liquid exfoliation method (Figure S1). Figure
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1b shows the typical transmission electron microscope (TEM)
images of well-dispersed uniform BPQDs, with an average
lateral size of 3 nm (Figure 1c). Next, purified mouse RBCMs
from whole blood were extruded through porous membranes
to generate BPQDs@RBCMs. The TEM images show that
BPQDs@RBCMs were deformed into spherical shapes and
were approximately 150 nm in size (Figures 1d, S2, and S3).
To further confirm the successful fusion of RBCMs with
BPQDs, the zeta potentials of BPQDs, RBCMs, and BPQDs@
RBCMs were measured. As shown in Figure le, the surface
zeta potential of BPQDs changed from —20 to —10 mV upon
fusing with RBCMs, similar to the zeta potential of RBCMs
(—9 mV), indicating the successful fusion. By measuring the
amount of BPQDs in the supernatant, we found that BPQDs@
RBCMs have an encapsulation efficiency of 70% (Figure S4).
The membrane proteins of RBCMs could help BPQDs escape
the immune system. To confirm that BPQDs@RBCMs
maintain the protein composition of RBCMs, membrane
proteins on the surface of BPQDs@RBCMs were examined by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). As presented in Figure 1f, three protein brands
for BPQDs@RBCMs, red blood cells (RBCs) and RBCMs
displayed the same stripes, indicating that the membrane
proteins were reserved during the extrusion. All the above
results demonstrated the successful preparation of BPQDs@
RBCM:s.

Owing to the acidity and strong intracellular oxidative stress
in tumor microenvironment, BPQDs@RBCMs may degrade
faster in cancer cells, leading to selective elevation of pho 7Phate
anions and promotion of anabolism in cancer cells.”***
assess the degradation of BPQDs@RBCMs and resultant
phosphate production, we studied the stability of BPQDs@
RBCMs in simulated normal physiological environment and
acidic tumor microenvironment with strong oxidative stress by
phosphate assay kit, ultraviolet (UV)-visible spectrophotom-
eter, and confocal Raman microscope (Figure lg). Fast
elevation of the dissolved phosphate concentration and
decrease in the absorbance intensity at 410 nm were observed,
indicating the degradation of BPQDs@RBCMs in both
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Figure 1. Preparation and characterization of BPQDs@RBCMs. (a) Schematic illustration of the preparation of BPQDs@RBCMs, including
the hemolysis to acquire RBCMs and the extrusion to prepare BPQDs@RBCMs. (b) TEM (left and top right) and high-resolution
transmission electron microscopy (HRTEM) (bottom right) images of BPQDs. The HRTEM image shows that the lattice spacing of BPQDs
is about 0.2 nm. (c) Size distribution of BPQDs obtained from the TEM images. (d) TEM images of BPQDs@RBCMs, indicating that the
BPQDs were uniformly attached to the RBCMs. The inset displays BPQDs@RBCMs with magnification (scale bar, 50 nm). (e) Surface zeta
potential of BPQDs, RBCMs, and BPQDs@RBCMs. Data are means + SD (n = 3). (f) Proteins in empty RBCs, RBCMs, and BPQDs@
RBCMs resolved on a polyacrylamide gel. The arrows indicate the protein composition of RBCMs. Marker: protein marker. (g) Schematic
diagram of BPQDs@RBCM:s degradation and resultant phosphate production in tumor microenvironment. (h) Concentration of phosphate
produced by BPQDs@RBCMs versus time in different simulated environments. Solution containing 100 nM H,0, and with a pH value of
7.4 was used to mimic the normal physiological environment. Another solution (pH 6.5, 100 uM H,0,) was used to simulate the tumor
microenvironment. Data are means + SD (n = 3). (i) Average Raman intensity of BPQDs versus time in different simulated environments.
The average Raman signal intensity was calculated by determining the total area of the three characteristic Raman peaks (Agl, B, and Agz)
Data are means + SD (n = 3). NS: Not significant.

environments (Figures 1h and SS). After 24 h, the absorbance where the BPQDs@RBCMs lose approximately 60% of total
of the BPQDs@RBCMs at 410 nm decreased by 95% and intensity after 10 h, whereas the BPQDs@RBCMs in simulated

phosphate production reached 40 pg/mL in simulated tumor normal environment degraded by less than 40% (Figure li).
microenvironment, suggesting that BPQDs@RBCMs were The above results demonstrate that BPQDs@RBCMs were
degraded more rapidly in simulated tumor microenvironment. degraded rapidly in simulated tumor microenvironment and
The total area of three characteristic Raman peaks of BPQDs could give rise to selective elevation of intracellular phosphate
can also be employed to investigate the degradation of concentration and promotion of anabolism in cancer cells.
BPQDs@RBCMs.””*® The relative amount of BPQDs@ Adenosine kinase (ADK) catalyzes the phosphorylation of
RBCMs at different time points in two simulated environments adenosine (Ado) to AMP according to the reaction: Ado +
was further determined by monitoring the Raman intensity ATP — AMP + ADP.*** Thus, ADK activation increases
mapping and by average intensities of the three characteristic anabolism by consuming ATP while producing AMP and
Raman peaks of BPQDs. With ongoing time, the degradation ADP.*'*%*! ADK activity is strongly dependent on phosphate
becomes more evident in simulated tumor microenvironment, concentration, where phosphate facilitates the binding of Ado
2030 https://doi.org/10.1021/acsmaterialslett.3c00256
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Figure 2. Selective degradation of BPQDs@RBCMs leads to promotion of anabolism. (a, b) The effect of BPQDs@RBCMs on ADK-
catalyzed reaction at pH 6.5 and pH 7.4. The K,, (a) and V,,,, (b) for the reaction catalyzed by ADK in pH 6.5 and 7.4 solutions were
calculated according to the AMP production with or without BPQDs@RBCMs treatment. (c) Immunofluorescenc of ADK using the ADK
antibody in 5637 cancer cells and MC3T3 normal cells treated with BPQDs@RBCMs or phosphate buffered saline (PBS). Scale bar: 20 ym.
(d) The degradation of BPQDs@RBCMs in MC3T3 and 5637 cells at different time points monitored by Raman scattering. The average
Raman signal intensity was calculated by determining the total area of the three characteristic Raman peaks (Agl, B, and Agz) Data are
means + SD (n = 3). NS: Not significant. (¢) AMP/ATP ratios in MC3T3 and 5637 cells with BPQDs@RBCM:s treatment for different time.
Data are means + SD (n = 3). (f) ADP/ATP ratios in MC3T3 and 5637 cells treated with BPQDs@RBCM:s for different time. Data are
means + SD (n = 3). (g) Schematic diagram showing the selective degradation of BPQDs@RBCMs in response to the tumor
microenvironment and the resultant ADK activity enhancement. Finally, the intracellular AMP/ATP and ADP/ATP ratios increase
dramatically as a result of the ADK-catalyzed reaction, which signifies the falling cellular energy levels.

near the catalytic residue and forms an intermediate with degradation of BPQDs@RBCMs in two solutions. In both
ATP.>*** Therefore, the elevated phosphate concentration environments, the addition and degradation of BPQDs@
brings about the dramatic enhancement of ADK activity, RBCMs caused a significant increase in AMP generation
leading to increased anabolism and falling energy levels.”** (Figure S6). In comparison with the group without BPQDs@

Next, we examined the effect of BPQDs@RBCMs degradation RBCMs, the lower Michaelis constant (K,) and higher
on ADK catalytic activity to promote anabolism. BPQDs@ maximal reaction velocity (V,,,,) had been observed for ADK
RBCMs were dispersed in buffer solutions with pH values of in the BPQDs@RBCMs group (Figure 2a and 2b). These
7.4 and 6.5, and the ADK activity was tested after the complete results provided evidence that ADK activity was dramatically

2031 https://doi.org/10.1021/acsmaterialslett.3c00256
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Figure 3. BPQDs@RBCMs trigger autophagy in cancer cells after promoting anabolism. (a—d) Western blot of p-AMPK (a), p-mTOR (b)
after treatment with BPQDs@RBCMs for 6 and 12 h, LC3-1I/LC3-I (c), and p62 (d) after treatment with BPQDs@RBCM:s for 2 and 6 h,
and the corresponding relative band intensity. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression level served as control.
PBS and autophagy activator rapamycin were also treated as blank and positive control. Data are means + SD (n = 3). (e) TEM images of
5637 cells treated with PBS, BPQDs@RBCMs and autophagy activator rapamycin for 24 h. Blue arrows indicate isolation membranes and
autophagosomes, and red arrows indicate autolysosomes. (f) Fluorescence imaging of p-AMPK and autophagy protein LC3-II in tumor
sections treated by PBS (the blank control), BPQDs@PEG (the negative control), BPQDs@RBCMs, and autophagy activator rapamycin
(the positive control). Fluorescent-labeled p-AMPK and LC3-II in BPQDs@RBCMs and rapamycin-treated cells were much brighter than
those in PBS and BPQDs@PEG-treated cells. The tumor model was established by subcutaneously injecting 5637 cells into the axilla of

mice. Scale bar: 100 gm.

enhanced by BPQDs@RBCMs degradation and generated
phosphate, leading to more AMP and ADP production and
promotion of anabolism.

Next, the degradation behavior and ability of BPQDs@
RBCMs to regulate the cellular energy levels were explored.
We first determined whether intracellular ADK expression was

2032

affected by BPQDs@RBCMs. The intracellular localization of
ADK in MC3T3 normal cells or 5637 cancer cells was
monitored using fluorescent conjugated antibodies after
BPQDs@RBCMs treatment. The results suggest that ADK
expressions were not affected by BPQDs@RBCM:s treatment
(Figures 2c and S7). To investigate the degradation behavior
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of BPQDs@RBCMs in normal and cancer cells, we examined
the total area of three characteristic Raman peaks. The results
show relatively moderate biodegradation of BPQDs@RBCMs
in normal cells, whereas accelerated biodegradation of
BPQDs@RBCMs in a time-dependent manner was observed
in cancer cells due to acidity and strong intracellular oxidative
stress (Figure 2d), implying the selective degradation of
BPQDs@RBCMs in cancer cells. The rise in the ADP/ATP
and AMP/ATP ratios signifies falling energy levels."**® To
identify whether the selective degradation leads to falling
energy levels, the change in AMP/ATP and ADP/ATP ratios
at predetermined time intervals was measured by high
performance liquid chromatography (HPLC) (Figure 2e and
2f). In cancer cells, the AMP/ATP and ADP/ATP ratios
increased remarkably with extending incubation time of
BPQDs@RBCMs, while the ratios in normal cells did not
change significantly.

To confirm the effective anabolism promotion of BPQDs@
RBCMs in other cancer cells, the biodegradation of BPQDs@
RBCMs and the resultant changes in energy levels were also
determined in SCC-7 cell lines. With the extended incubation
time, the Raman intensity of the three characteristic peaks of
BPQDs in SCC-7 cells dropped remarkably, while that in
MC3T3 cells was less affected (Figure S8). Further, the
intracellular AMP/ATP and ADP/ATP ratios were detected by
HPLC (Figure S9). Similar to the results in 5637 cell lines, the
BPQDs@RBCMs treatment of 24 h obviously decreases the
energy levels of SCC-7 cells, whereas the energy levels are
relative stable in MC3T3 cells, demonstrating the effective
anabolism activation in SCC-7 cells.

Altogether, the selective degradation of BPQDs@RBCMs in
the tumor microenvironment promotes anabolism and lowers
the energy levels via ADK-catalyzed reaction (Figure 2g).
These processes have immense potential in tumor-selective
autophagy activation.

AMPK is the cellular energy sensor.” ° Once activated by
falling energy levels, phosphorylated AMPK directly triggers
autophagy and further inhibits the suppressive effect of mTOR
on autophagy.'”'?***” Next, we identified whether BPQDs@
RBCMs-promoted anabolism leads to autophagy through the
AMPK pathways. Western blot analysis was conducted to
assess the abundance of phosphorylated AMPK (p-AMPK)
and phosphorylated mTOR (p-mTOR) in 5637 cells after
BPQDs@RBCMs treatment. Western blot analysis showed an
increased level of p-AMPK and a reduced level of p-mTOR in
BPQDs@RBCMs-treated cells after 12 h compared to
phosphate buffered saline (PBS) control group (Figure 3a
and 3b). In 3D-cultured 5637 cells, BPQDs@RBCMs
treatment for 12 h also obviously upregulates p-AMPK in
comparison with the PBS control group (Figure S10),
demonstrating that BPQDs@RBCMs treatment caused
significant activation of AMPK and inhibition of mTOR
activity. In the following, we addressed whether BPQDs@
RBCMs treatment induces autophagy upon AMPK phosphor-
ylation. Previous studies have identified that LC3-I is
covalently conjugated to phosphatidylethanolamine to form
autophagosome-membrane-bound LC3-I,*** and sequestro-
some-1 (p62) is also degraded in the autolysosome during
autophagy.*’ Thus, the ratio of LC3-II/LC3-I and the levels of
p62 are widely used to monitor autophagic activity. The
conversion of LC3-I to LC3-II and cellular levels of p62 in
BPQDs@RBCMs-treated 5637 cells were detected using
Western blot analysis. The results reveal that BPQDs@

1,18
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RBCMs treatment resulted in a significant increase of cellular
LC3-1I/LC3-I ratios (Figure 3c) and a decrease in p62 protein
levels (Figure 3d). The above results demonstrate that
BPQDs@RBCMs, by promoting anabolism, successfully
activate autophagy in cancer cells through AMPK phosphor-
ylation and mTOR inhibition.

Autophagic structures were also observed in BPQDs@
RBCMs-treated cells to confirm autophagy induction. During
autophagy, intracellular contents such as organelles are
engulfed by isolation membrane to form double-membrane
autophagosomes, autophagosomes then fuse with lysosomes to
form single-membrane autolysosomes.’*"** In this process,
autophagosome and autolysosome formation marks the
occurrence of autophagy in the cell” TEM was used to
further detect the formation of isolation membranes,
autophagosomes, and autolysosomes in 5637 cells treated
with BPQDs@RBCMs. Clear isolation membranes and
autophagosomes (blue arrows) that wrap and engulf portions
of cytoplasm and organelles, and autolysosomes (red arrows),
where sequestered organelles were degraded, were observed in
cells treated with BPQDs@RBCMs or autophagy activator
rapamycin (the positive control inhibiting mTOR activity and
activating autophagy), whereas almost no autophagosome or
autolysosome was observed in the PBS control (Figure 3e).
These results also suggest that BPQDs@RBCMs exposure
leads to obvious autophagy in cancer cells.

To investigate whether the BPQDs@RBCMs treatment
could switch on AMPK pathways to trigger autophagy in other
tumor models, Western blot analysis for p-AMPK, p-mTOR
and LC3 expressions was also conducted in SCC-7 cells
(Figure S11). Similarly, the levels of p-AMPK and p-mTOR
increased and decreased, respectively, after BPQDs@RBCMs
treatment, together with the increase in LC3-II levels,
demonstrating the AMPK activation and autophagy induction
in SCC-7 cells. Furthermore, TEM was used to observe the
autophagic structures in SCC-7 cells after adding BPQDs@
RBCMs (Figure S12). Compared to the PBS-treated group,
BPQDs@RBCMs and autophagy activator rapamycin in-
creased the number of autophagosomes or autolysosomes in
SCC-7 cells. Together, these results suggest that BPQDs@
RBCMs can activate AMPK and inhibit mTOR activity to
induce autophagy in multiple cancer cells.

Moreover, to fully elucidate the influence of increased
anabolism on the AMPK pathway and autophagy, levels of p-
AMPK and LC3-II were evaluated in vivo using 5637 tumor-
bearing mice after BPQDs@RBCM:s treatment. The mice were
randomly divided into four groups and treated with PBS (the
blank control), autophagy activator rapamycin (the positive
control), BPQDs@PEG (the negative control, the degradation
of BPQDs will get slower after polyethylene glycol (PEG)
modification) and BPQDs@RBCMs. At 24 h after injection,
we performed immunohistochemical analysis using antibodies
against p-AMPK and LC3-II in tumor sections, and observed
the expressions of p-AMPK and LC3-II by confocal laser
scanning fluorescence imaging. As shown in Figure 3f
BPQDs@RBCM:s treatment results in increased levels of p-
AMPK and LC3-II, confirming the BPQDs@RBCMs-induced
increase in autophagic activity. Overall, these results pointed
out that BPQDs@RBCMs can obviously activate autophagy
via AMPK phosphorylation in response to enhanced
anabolism.

Autophagy activation can suppress tumor growth in the
tumor-initiation stage by maintaining intracellular energy
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Figure 4. Tumor suppression effect of BPQDs@RBCMs. (a) Experimental design to evaluate the tumor suppression effect of BPQDs@
RBCMs. Mice were inoculated with 5637 bladder cancer cells in the right axillary area. When the tumor diameter reached 100 cm?, the mice
were randomly divided into four groups that were treated with PBS, rapamycin, and BPQDs@PEG and BPQDs@RBCMs, respectively. All
the mice were injected intravenously with above solutions every 2 days for a total of 3 times. Then the tumor growth and the survival time of
mice were monitored up to 25 days, at which point the last mouse was killed. (b) Tumor growth curves of tumor-bearing mice with different
treatment methods. The tumor volume was normalized to the initial size before treatment. The tumor volume ratio (V/V,) of the PBS-
treated group increased by four times compared with the BPQDs@RBCMs-treated group. Data are means + SD (n = 5). (c) Body weight of
mice during treatment. Data are means + SD (n = §). (d) The survival curves of tumor-bearing mice receiving different treatments. The
mice treated with BPQDs@RBCMs had been longest-term survivors and had a life span of 25 days. Data are means + SD (n = S). (e) H&E
and TUNEL staining of mice tumor tissues with different treatments. Scale bar: 50 ym.

homeostasis."* To identify whether BPQDs@RBCMs treat-
ment and autophagy activation lead to tumor suppression, the
influences of BPQDs@RBCMSs on tumors were evaluated
using tumor-bearing mice xenografted with 5637 cells as
models. We first investigated the in vivo metabolic behavior of
BPQDs@RBCMs. Near-infrared dye CyS.5-labeled BPQDs@
RBCMs with bright fluorescence at about 710 nm were
synthesized (Figure S13), thereby enabling the monitoring of
BPQDs@RBCMs biodistribution in mice.*> After being
intravenously injected with the CyS.5-labeled BPQDs@
RBCMs, the pharmacokinetics profile and biodistribution of
BPQDs@RBCMs were obtained by fluorescence imaging
(Figures S14 and S15). BPQDs@RBCMs continuously
accumulated at the tumor site for up to 24 h. The results
suggest the good retention of the BPQDs@RBCMs in the
body, indicating the evasion of the immune system and
extended blood circulation half-life.

We then examined the suppressive effects of BPQDs@
RBCMs on tumor growth after promoting anabolism and
activating autophagy. The mice were randomly divided into
four groups and treated with PBS (the blank control),
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autophagy activator rapamycin (the positive control),
BPQDs@PEG (the negative control), and BPQDs@RBCM:s.
The treatment was conducted by intratumoral injection three
times for every 2 days in the first 6 days, the volume and mass
of all tumors were continuously monitored until mice were
killed, then tumor sections were collected and the histological
analyses were performed (Figure 4a). Tumor growth curves
plotted in Figure 4b show that BPQDs@RBCMs and
rapamycin treatment inhibited tumor growth effectively. No
meaningful difference of body weight can be observed during
the whole-treatment period from all of the groups (Figure 4c).
The life spans of all of the groups were further investigated
(Figure 4d). BPQDs@RBCMs and rapamycin-treated mice
had a longer survival than those treated with PBS or BPQDs@
PEG, demonstrating that autophagy activation prolonged the
survival of mice obviously. Finally, the anticancer efficiency of
BPQDs@RBCMs was checked by immunohistochemistry
including hematoxylin and eosin (H&E) staining and terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphos-
phate nick end-labeling (TUNEL) assay. The images of
TUNEL stained tumor slices show a significantly higher level
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Figure S. Metabolic analysis of tumor tissues treated by BPQDs@RBCMs and PBS. (a) PCA diagram of metabolites after PBS or BPQDs@
RBCMs treatment in tumor. Significantly altered metabolites were identified between PBS and BPQDs@RBCMs-treated group. (b) OPLS-
DA score chart of metabolites after PBS or BPQDs@RBCMs treatment in tumor. OPLS-DA further aided in differentiating the two groups.
(c) S-plot of OPLS-DA. The variable importance in projection (VIP) is the weighted sum of the squares of the OPLS-DA analysis. Red dots
indicate that the VIP scores of these metabolites are greater than or equal to 1, and VIP scores of green dots are less than 1. Metabolites that
meet the condition of VIP > 1 are the most implicated in the differences between the two groups. (d) Volcano plot of differential
metabolites. Green dots represent downregulated metabolites, red dots represent upregulated metabolites, and gray dots represent
metabolites with insignificant differences. A total of 19 differential metabolites were identified, with 9 upregulated metabolites and 10
downregulated metabolites. (e) Hierarchically clustered heatmaps of differential metabolites after PBS or BPQDs@RBCMs treatment in
tumor. The color from green to red indicates that the relative content of metabolites increases successively. (f) Classification of differential
metabolites according to the KEGG database. The differential metabolites were assigned to the metabolic pathways stored in the KEGG
database to gain insights into the changes in metabolite profiles. (g) Pathway enrichment analysis of differential metabolites after PBS or
BPQDs@RBCM:s treatment in tumor. The abscissa is the Rich factor. The greater the Rich factor, the greater the enrichment degree will be.
The color change from red to blue indicates that the P value increases successively. Pathways are shown as dots, and the dot size was
determined by the number of differential metabolites in each pathway, with a bigger dot corresponding to more metabolites enriched in this
pathway.

2035 https://doi.org/10.1021/acsmaterialslett.3c00256

ACS Materials Lett. 2023, 5, 2028—2038


https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c00256?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c00256?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c00256?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c00256?fig=fig5&ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.3c00256?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Materials Letters

www.acsmaterialsletters.org

of cell death in the group treated with BPQDs@RBCMs
(Figure 4e). Taken together, these results indicate that
BPQDs@RBCMs can inhibit tumor growth after anabolism
is promoted and activating autophagy.

Autophagy activation has a crucial regulatory role in energy
metabolism and, thereby, might normalize the tumor
metabolism. To confirm the regulatory role of BPQDs@
RBCMs-induced autophagy in tumor metabolism, the changes
in the representative 61 metabolites were determined in the
tumor tissues of mice treated with PBS or BPQDs@RBCMs.
To identify whether the tumor metabolome of the BPQDs@
RBCMs-treated group differs from that of the PBS-treated
group, principal component analysis (PCA) and orthogonal
partial least-squares discriminant analysis (OPLS-DA) were
performed to evaluate the differences of metabolites between
the two groups. As seen in Figure Sa and Sb, a clear separation
between the two groups suggests that the metabolome was
quite different after BPQDs@RBCMs-induced autophagy.

Next, we sought to identify the metabolites that were
significantly different in the two groups after autophagy
activation. Preliminary metabolite identification can be
achieved by finding metabolites of variable importance in
projection (VIP) scores >1.***” In the S-plot of the OPLS-DA
model (Figure Sc), 33 metabolites with a VIP score >1 were
identified, indicating a significant difference of these metabo-
lites between the two groups. Volcano plots and violin plots
further provided a quick look at the differences in the two
groups for a more accurate comparison of metabolites (Figures
Sd and S16), and 19 significantly altered metabolites were
identified. To intuitively show the differences of the 19
metabolites, we applied heatmap with hierarchical clustering
for the two groups (Figure Se). The data demonstrated that
BPQDs@RBCMs treatment induced significant changes in the
levels of metabolites to restore the energy balance (Figure
S17). Evidenced by the AMP, ADP and NAD" consumption in
tumor, autophagy activation causes the energy status to be
displaced toward ATP production to remain in balance with
BPQDs@RBCMs-promoted anabolism.*

Finally, we investigated how BPQDs@RBCMs-induced
autophagy regulates tumor metabolism. Mapping the altered
metabolites to Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways can help identify the alterations in various
metabolic processes.*® Figure Sf displays the classification of 19
differential metabolites into metabolic pathways as defined by
the KEGG database. We identified that all the differential
metabolites are associated with the regulations of the metabolic
pathway. The pathway enrichment analysis of metabolites was
next performed according to the classification of differential
metabolites (Figure Sg). These results indicate that autophagy
triggered by BPQDs@RBCMs involved the variations of
several key metabolic pathways such as the AMPK signaling
pathway, purine metabolism, and oxidative phosphorylation.
These alterations imply reprogrammed anabolism and
catabolism by BPQDs@RBCMs degradation and ensuing
autophagy activation. Overall, these data suggested that
BPQDs@RBCM:s treatment considerably altered the metabo-
lite profile of the tumor, demonstrating the successful
regulation of tumor metabolism by autophagy.

In summary, we demonstrate the utility of BPQDs@RBCM:s
for promoting anabolism in cancer cells and delineate a new
strategy to selectively trigger autophagy and to reprogram
tumor metabolism. In vitro studies confirm that the selective
biodegradation of BPQDs@RBCM:s releasing phosphate in the
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tumor microenvironment activated the ADK-catalyzed reac-
tion, followed by the tumor-selective promotion of anabolism
and falling energy levels. Then, we found that BPQDs@
RBCMs treatment caused the AMPK phosphorylation and
inhibition of mTOR phosphorylation in cancer cells. Also,
autophagosome and autolysosome formation was observed in
cancer cells upon BPQDs@RBCMs treatment. The in vivo
results further demonstrate the good retention of the BPQDs@
RBCMs in the tumor, and the BPQDs@RBCMs treatment
effectively reduced the overall tumor burden and extended the
survival in tumor-bearing mice. Metabolic analysis indicated
that BPQDs@RBCMs-induced autophagy resulted in signifi-
cant changes in metabolites. This study not only demonstrates
the role of anabolism in autophagy induction but also
underlines the potential utility of selective autophagy induction
as a new cancer treatment modality.
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