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ABSTRACT: Reprogrammed glucose metabolism is vital for cancer cells, but aspartate, an
intermediate metabolic product, is the limiting factor for cancer cell proliferation. However,
due to the complexity of metabolic pathways, it remains unclear whether glucose is the
primary source of endogenous aspartate. Here, we report the design of an innovative
molecular deactivator, based on a multifunctional upconversion nanoprobe, to explore the link
between glucose and aspartate. This molecular deactivator mainly works in the acidic, hypoxic
tumor microenvironment and deactivates multiple types of glucose transporters on cancer cell
membranes upon illumination at 980 nm. Cancer cell proliferation in vivo is strongly inhibited
by blocking glucose transporters. Our experimental data confirm that the cellular synthesis of
aspartate for tumor growth is glucose-dependent. This work also demonstrates the untapped
potential of molecularly engineered upconversion nanoprobes for discovering hidden
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B INTRODUCTION

Rewired glucose metabolism with increased glucose utilization is
a hallmark of cancer.' > Altered glucose metabolism generates
energy and precursor metabolites related to the synthesis of
nucleic acids, lipids, and proteins. Although various studies have
investigated glucose metabolism in relation to malignancy using
in vitro cell culture models,%” the metabolic behavior of cancer
cells in vitro is quite different from that in vivo in the complex
tumor microenvironment.”” Isotope-tracer-assisted methods
have been used to study reprogrammed glucose metabolic flux in
tumors,”'”"" but due to metabolic compensation, these
methods yield more information about the state of glucose
and its metabolites than about the impact of glucose on the
downstream network.'” Developing methods that block glucose
uptake in tumor cells is critical to understand fundamental
mechanisms by which glucose sustains tumor growth."> As
aspartate, synthesized by cells, is a limiting metabolite for tumor
grow’ch,‘%’4 determining whether glucose is an essential source of
intracellular aspartate may prove efficacious in cancer treatment.
Various inhibitory small molecules and antibodies target cell-
membrane glucose transporters.'”'> However, these inhibitors
lack the capacity to block multiple types of glucose transporters,
with the result that they cannot prevent glucose uptake by cancer
cells. Another challenge in targeting glucose transporters in vivo
is the high likelihood of nonselective cytotoxicity for
surrounding healthy cells.
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Inspired by recent developments in molecular en;ineered
nanomaterials for cancer diagnostics and therapeutics, *>' we
decided to probe the link between glucose and aspartate by
designing an integrated molecular deactivator (iMD). This
general concept involves a lanthanide-doped upconversion
nanoparticle core with a thin layer of reduced molybdenum
oxide (MoO;_,) nanosheets modified with glucose phosphate,
eosin, and protamine (Figure 1a). This nanoscale iMD is stable
in the acidic, hypoxic tumor microenvironment, and it
selectively binds to tumor tissue. Moreover, iMD nanoprobes
(iMDs) disassemble under normal physiological conditions due
to degradation of MoOj;_, nanosheets into ultrasmall nano-
particles. The MoO;_, nanosheets provide a link between
phosphate glucose/photosensitizers and upconversion nano-
particles, while protecting the nanoprobes from damage by
adjacent normal cells. Glucose phosphate on the iMDs enables
diverse glucose transporter isoforms to be recognized on cancer
cell membranes due to the interaction of glucose and glucose
transporters. When illuminated at 980 nm, iMDs generate
singlet oxygen species from the photosensitizer, eosin. As the
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Figure 1. iMDs deactivate multiple types of glucose transporters on cancer cell membranes, blocking glucose uptake and curtailing aspartate
production. (a) Schematic design of an iMD comprising a core—shell upconversion nanoparticle, with a thin layer of MoO;_, for targeting the tumor
microenvironment, eosin photosensitizer, glucose phosphate to target glucose transporters, and protamine to stabilize MoO;_, and to link eosin and
glucose phosphate. (b) Schematic depicting the proposed processes of glucose metabolism in the absence (left) and presence (right) of iMDs. Tumor
growth relies on glycolysis through glucose uptake but is limited by aspartate synthesized via the TCA cycle. In the presence of iMDs and NIR
illumination, glucose transporters are deactivated, leading to inhibition of glucose uptake, glycolysis, the TCA cycle, and aspartate synthesis.
Importantly, other fuel substrates for cultured cancer cells, such as glutamine, do not support the TCA cycle by acting as substitutes for glucose in vivo.
TCA, tricarboxylic acid; GLUT, glucose transporter 1; GLUTS, glucose transporters. (c) Photoluminescence emission spectra of the iMDs dispersed
in two aqueous solutions (pH 4.0 and 7.4). An increase in emission intensity of iMDs at 660 nm suggests degradation of the MoO;_, coating at pH 7.4.
(d) Absorption spectra recorded for eosin and a mixture of eosin and protamine and the photoluminescence emission spectrum of NaYF,:Yb/Er@
NaYF, nanoparticles. (e) Time-dependent measurements of singlet oxygen production assessed based on NIR illumination of iMDs dispersed in pH

4.0 aqueous solution. Increased emission intensity indicates degradation of the MoQOj;_, coating in the presence of singlet oxygen.

half-radius range of damage by singlet oxygen species is about
3—4 nm (ref 22), only glucose transporters interacting with
iMDs will be deactivated with high spatial and temporal
resolutions, avoiding unintended oxidation of other proteins on
cancer cell membranes. Unlike traditional inhibitors of glucose
transporters, our iMDs deactivate various types of glucose
transporters, thereby blocking glucose transport across the
plasma membrane (Figure 1b). Glucose deprivation inhibits
glycolysis and the tricarboxylic acid (TCA) cycle, impairing
energy generation and aspartate production in cancer cells.
Notably, glutamine or other fuel substrates utilized by cultured
cancer cells does not act as an alternative energy substrate to
rescue the suppressed TCA cycle in HeLa xenograft mouse
models.”*

B RESULTS

Preparation of iMDs. To form functional iMDs,
NaYF,:Yb/Er@NaYF, nanoparticles, which are capable of
converting near-infrared (NIR) light into visible emission,”* ™’
were synthesized and coated with a thin layer of pH-responsive
MoO;_, (Figure S1). Subsequently, eosin photosensitizer and
glucose phosphate were coated onto nanoparticle surfaces using
protamine, an alkaline protein, as the linker (Figure S2).
Characterizations of iMDs were established by dynamic light
scattering measurements and Fourier transform infrared spec-
troscopy (Figure S3). Degradation of the MoO;_, coating under

physiological conditions (pH 7.4) was confirmed by monitoring
the emission intensity of iMDs at 660 nm with 980 nm excitation
(Figure 1c).

We next confirmed the capacity of nanoscale iMDs to produce
singlet oxygen species under NIR excitation, which was
facilitated by spectral overlap between green emission at 545
nm from NaYF,:Yb/Er@NaYF, nanoparticles and absorption of
the eosin photosensitizer tethered on nanoparticle surfaces
(Figure 1d). We observed a decline in emission intensity of
iMDs with an increasing concentration of surface-tethered eosin
(Figure S4). Given that MoO;_, could also be oxidized and
slowly degraded in the presence of singlet oxygen,”* generation
of singlet oxygen species from iMDs was monitored using time-
dependent upconversion photoluminescence (Figure S$4).
Under 980 nm illumination, iMDs generated singlet oxygen
and caused MoO;_, degradation, as evidenced by the gradual
recovery in emission intensity at 660 nm (Figure le).

iMD Probe Inhibits Glucose Uptake and Induces Cell
Apoptosis at the Cellular Level. We introduced fluorescent
glucose analogues to monitor glucose transporter activity at the
cellular level in iMD-treated HeLa cells. Our analysis revealed
that, without NIR exposure, glucose uptake by cancer cells was
suppressed within 30 min of incubation with fluorescent glucose
analogues and then recovered after 4 h (Figure 2a). In contrast,
with NIR treatment, we observed reduced glucose uptake even
after 4 h. Our results suggest that, with NIR illumination, cancer
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Figure 2. iMDs inhibit glucose uptake and elicit cell apoptosis. (a) Fluorescence images of 2-NBDG-stained cancer cells upon photon upconversion
treatment, recorded after dye incubation for 30 min and 4 h. Note that the fluorescence of iMD-treated cells without NIR illumination recovers after 4 h
of dye incubation. In contrast, under NIR illumination, fluorescence of iMD-treated cells is completely quenched. (b,c) Statistical analyses of imaging
data, obtained after 2-NBDG dye incubation for 30 min and 4 h, respectively. A two-tailed Student’s ¢ test was employed. (d) Proposed mechanism of
temporary fluorescence quenching over iMD-treated cells in the absence of laser illumination. Upon incubation with cells, nanoprobes are internalized
via endocytosis (step 1), followed by endocytic vesicle formation (step 2) and endosomal sorting (step 3). Glucose transporters are then recycled back
to the plasma membrane, making them available for 2-NBDG dye staining (step 4). () Intracellular calcium signaling validation of glucose deprivation
of cells treated with either iMDs alone or in combination with NIR light illumination. (f) Effects of various cell culture media on untreated or iMD-
treated cancer cells. (g) Flow cytometry analyses of untreated cells and cells exposed to commercial WZB117 inhibitor and iMDs in the absence and
presence of NIR light illumination, respectively. A significant level of cell apoptosis only occurs under photon upconversion conditions.

cells essentially lost glucose transport capacity (Figure 2b,c). was also investigated (Figure 2f). Results of flow cytometry
This phenomenon was also observed in a HepG2 cell line analysis showed that glucose uptake was inhibited in treated
(Figure SS). We reasoned that, without NIR illumination, cancer cells, as evidenced by the change in apoptosis levels in the
interaction of the iMD with glucose transporters is likely to culture medium in the presence or absence of glucose.
induce internalization of glucose transporters, leading to a Intriguingly, results from control groups suggested that there
decrease in glucose uptake. Notably, glucose uptake can recover were multiples routes to provide a carbon source for cultured
after glucose transporters recycle back to the cell membrane cancer cell growth. It also should be noted that, after incubation
(Figure 2d) (ref29). In addition, inhibition of glucose uptake by for an additional 12 h, treated cancer cells showed low levels of
the iMD was further confirmed by observation of increased necrosis, indicating that treatment was promoted by a glucose
intracellular calcium signaling with or without NIR illumination transporter rather than through a whole cell membrane.
(Figure 2e). The effect of cell culture medium on iMD treatment Furthermore, flow cytometry analysis of HeLa cells, upon
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Figure 3. iMDs improve antitumor efficiency in vivo by inhibiting glucose metabolism. (a) Tumor growth curves obtained after treatment with either
phosphate-buffered saline or iMDs plus NIR illumination. N = 6 mice/group (error bars show mean + SD). (b) H&E histology of tumor sections for
tumors treated with either phosphate-buffered saline or iMDs plus NIR light illumination. (c) Immunohistochemical data obtained with
immunostaining for cleaved caspase-3 (brown color) with different treatments. (d) Heatmap of LC-MS data showing tumor metabolite changes after
nanoprobe treatment with 980 nm illumination. Increases in metabolite levels are shown in red, whereas blue indicates decreased metabolite titers. A
two-tailed Student’s ¢ test was employed for statistical analysis. (e) Immunoblots of GLUT1, Na-K-ATPase, and integrin @V in the tumors treated with
either phosphate-buffered saline plus 980 nm illumination or iMDs plus NIR light illumination. (f) Tumor growth curves recorded after treatment with
the GLUT1 pharmacological inhibitor, WZB117, or iMDs without 980 nm illumination. N = 4 mice/group. A two-tailed Student’s ¢ test was employed

for statistical analysis.

upconversion activation, showed an about 3.72-fold increase in
apoptosis compared to cells incubated with WZB117 inhibitor
or iMDs alone (Figure 2g).

iMD Probe Suppresses Tumor Growth by Blocking
Glucose Metabolism. We next investigated whether our
strategy inhibits tumor growth in vivo. Tumor-bearing mice
were treated with an intratumor injection of iMDs, followed by
980 nm illumination. Our results showed that this approach
inhibited tumor growth (Figure 3a). To assess the antitumor
therapeutic eflicacy of iMDs, we further performed a histological
examination of tumor tissue after 18 days of iMD treatment.
Significant necrosis was observed for tumors treated with 980
nm laser-induced photodynamic therapy compared to that with
untreated controls (Figure 3b). Consistent with reduced tumor
volume and H&E staining, immunohistochemical analysis of
tissues upon photon upconversion-based treatment revealed a
high-level expression of cleaved caspase-3, an apoptosis marker
(Figure 3c). It is noteworthy that, with the influence of NIR
light, NaYF,:Yb/Er@NaYF, and MoO;_, on tumor growth can
be ruled out based on experimental data from another control
group in which mouse tumors were injected with NaYF,:Yb/
Er@NaYF,@MoO;_, nanoparticles (Figure S6). We also
injected iMDs into mice intravenously and evaluated their
biocompatibility and safety. Routine blood analysis and
histological H&E staining on day 18 and day 80 after
intravenous injection showed statistically no significant differ-

ence between untreated controls and treated mice (Figures S7
and S8).

To investigate the mechanism by which deactivated glucose
transporters selectively inhibit tumor development, we used
mass spectrometry to examine metabolomic changes of HeLa
xenografts after optical manipulation of iMDs (Figure 3d).
Targeted metabolism analysis confirmed that optical manipu-
lation of iMDs inhibited relative metabolite levels of glycolysis,
the pentose phosphate pathway, and the TCA cycle (Figure S9).
Tumor cell apoptosis and energy stress were evident from
increased concentrations of cleaved caspase-3 or p-AMPK
proteins, respectively (Figure 3e). The high specificity of our
iMDs for targeting glucose transporters was confirmed by
analyzing expression of three types of membrane proteins after
the treatment of iMDs. Interestingly, consistent with cellular
experiments carried out without NIR illumination, iMDs in vivo
were more effective than the WZB117 inhibitor in suppressing
tumor growth (Figure. 3f).

Transformation from Glucose to Aspartate Is the
Limiting Metabolic Pathway for Tumor Growth. Recent
evidence shows that most tumors rely heavily on glucose for
proliferation, and aspartate is a critical product of mitochondrial
respiration.*** Therefore, we hypothesize that deactivation of
glucose transporters might inhibit aspartate production. To
confirm therapeutic mechanisms, we further evaluated 457
metabolites by implementing an untargeted metabolomic
method (Supporting Information) and found that 129
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Figure 4. iMDs confirm that aspartate, essential to tumor growth, depends upon glucose transport and metabolism. (a—f) Effects of iMDs on amino
acid, carbohydrate, energy, nucleotide, lipid, and cofactor metabolism. Negative or positive changes (fold) indicate down-regulated or up-regulated
metabolite levels in treated groups compared to the control group, respectively. Dot colors represent metabolic pathways to which different
metabolites pertain (Supporting Information) and affected significantly (Student’s  test, p < 0.05) in treated groups. Blue dots inside the red circle (a)
indicate metabolites associated with aspartate metabolism (Supporting Information Figure 11). Treated groups: tumor xenografts were injected with
iMDs, followed by NIR light illumination. Control group: tumor xenografts were injected with phosphate-buffered saline, followed by NIR light
illumination. N = S mice/group. ADP, adenosine S5’-diphosphate; ATP, adenosine 5’-triphosphate; NADH, reduced nicotinamide adenine
dinucleotide; NAD, nicotinamide adenine dinucleotide; DHAP, dihydroxyacetone phosphate; PEP, phosphoenolpyruvate. (g) Schematic showing
how iMDs block respiration and suppress tumor growth under NIR light illumination. Blue and red arrows indicate metabolites identified by targeted
and untargeted metabolomic experiments, respectively. Green arrows denote possible suppression of metabolites and pathways that are likely involved
in tumor suppression.

translational approach is that nonselective cytotoxicity of
conventional molecular inhibitors is mitigated. Suppression of

metabolites were strongly reduced by the treatment (Student’s ¢
test, p < 0.05). Affected metabolites pertain to six metabolic

pathways, each linked to glucose metabolism (Figure 4a—f, and
Supporting Information Figure S$10). This untargeted metab-
olomic profiling also showed that depletion of mitochondrial
substrates due to glycolytic inhibition contributes to energy
stress and aspartate deficiency in xenografts (Figure S11). In
summary, deactivation of glucose transporters by iMDs blocks
glycolysis and the TCA cycle, indicating that neither glutamine
metabolism nor alternative pathways compensated for glucose
metabolism (Figure 4g). This limits generation of ATP and
aspartate and ultimately suppresses tumor growth.

B DISCUSSION

Molecular inhibitors have been widely used therapeutically to
inhibit cancer cell proliferation. Nevertheless, the clinical
efficacy of these molecules has been confounded by many
factors, particularly the lack of a robust and quantitative
technique for screening target-specific inhibitors. Here, we
have introduced an iMD that inhibits tumor growth by targeting
multiple types of glucose transporters. The value of this

the TCA cycle suggests that production of aspartate is directly
governed by glucose in tumor development. Our findings
illustrate the great potential of integrating functional molecules
and optical nanomaterials as not only fundamental discovery
devices but also therapeutic tools.
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