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Cancer cells exhibit altered metabolism and energetics, prominently reprogramming lipid metabolism to
support tumor growth and progression, making it a promising target for cancer therapy. However,
traditional genetic and pharmaceutical approaches for disrupting lipid metabolism face challenges due to
the adaptability of tumor metabolism and potential side effects on normal tissues. Here, we present
a bacteria-based bioorthogonal platform combining transition metal catalysts and Lactobacillus to
disrupt the flexible lipid homeostasis in tumors. This platform activates glutamine transporter inhibitors in
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Introduction

Altered cellular metabolism and energetics are central features
of cancer cells."”” Multiple pathways and mechanisms are
involved in altering the cellular utilization of various metabo-
lites and molecules, thereby supporting aberrant cellular
replication, dissemination from the primary tumor, establish-
ment of secondary tumors, and immune evasion.® Within these
adaptations, reprogramming of lipid metabolism plays
a driving role in promoting tumorigenesis and cancer progres-
sion.* A majority of tumor cells exhibit significant alterations in
their lipid signatures.* Tumor cells can enhance de novo lipo-
genesis, increase fatty acid uptake, and promote fatty oxidation
to produce energy and accumulate lipids. The elevated lipid
metabolism in cancer cells is primarily driven by the increased
demand for lipids to synthesize plasma membranes and
generate energy.® Besides, the elevated lipid metabolism defines
tumor progression and resistance to different therapies by
stimulating tumor-promoting inflammation, enhancing angio-
genesis, influencing stromal cells, and even enabling immune
evasion by drastically affecting the immune cell
compartment.>® Therefore, targeting lipid metabolism offers
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in hypoxic tumor environments,
accumulation. By disrupting lipid metabolism and glutamine utilization, the present study proposes a safe

while Lactobacillus inhibits lipid

and potent strategy for cancer therapy, with potential applications for other metabolic diseases.

new therapeutic opportunities and has attracted much atten-
tion in developing various inhibitors for cancer therapy.

To date, genetic manipulations and pharmaceutical inter-
ventions have been used to disturb lipid metabolism for cancer
therapy.®* However, emerging evidence has revealed that lipid
metabolism is highly flexible in the tumor microenvironment.
Cancer cells in hypoxia regions are compensate by converting
alternative carbon sources for fatty acid biosynthesis, wherein
glutamine serves as one of the main sources for fatty acid
synthesis."' As a result, several inhibitors have been developed
to suppress the uptake or synthesis of glutamine for cancer
therapy.”>™® Yet, the risk of side effects of drugs on normal cell
populations and specific organs limits the applicable dosages.
For example, glutamate transporter dysfunction is associated
with neurodegenerative diseases (e.g. amyotrophic lateral scle-
rosis, Alzheimer's disease) and ischemic damage (e.g. after
a stroke).” Besides, most of these strategies remain limited by
either insufficient accumulation in targeting tumor sites or
complex synthesis procedures and are thus still in the preclin-
ical “tool compound” stage.

Recently, the advancement of bioorthogonal chemistry has
driven innovations in toolkits for the in situ generation of
imaging and therapeutic agents in complex biological
systems.”*” Among them, the utilization of transition metal
catalysts (TMCs) for specific drug activation within living
systems is considered a promising strategy, offering the
potential to avoid non-targeted toxicity and mitigate adverse
reactions in disease treatment.>*>"* Recently, utilizing transition
metals-loaded nanoparticles in bioorthogonal prodrug activa-
tion has effectively mitigated the systemic toxicity associated
with metal complexes, primarily due to their instability and
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Fig. 1 (A) and (B) Schematic illustration of the design of the bio-
orthogonal catalytic platform based on bacteria and its mode of
action.

unpredictable side effects.®” On the other hand, the virtue of
specific bacteria has led to numerous unanticipated accom-
plishments in various fields, including chemicals produc-
tion,*** microbial fuel cells (MFCs),**” biosensing, and disease
treatment,’**** garnering considerable interest. Advancements
in nanotechnology and surface modification techniques have
enhanced the functional diversity of bacterial therapies, thereby
improving their therapeutic efficacy and clinical translation
potential.**** As dominant representatives of probiotics, Lacto-
bacillus has been proven to stimulate lipolysis and inhibit
lipogenesis to ameliorate high-fat diet-induced hyperlipidemia
and diabetes.***® Capitalizing on these advantages of transition
metal catalysts and Lactobacillus, herein, a bacteria-based bio-
orthogonal platform was constructed to disrupt the flexible
lipid homeostasis for potent metabolic therapy for the first time
(Fig. 1). Specifically, the bioorthogonal catalyst (Pd®) with
excellent catalytic activity can activate the glutamine transporter
inhibitors in situ, which intercept the source of lipid synthesis
of tumor cells under hypoxia conditions. Meanwhile, the
anaerobic Lactobacillus can selectively colonize into the hypoxia
tumor site and inhibit lipids accumulation. The hybrid plat-
form disrupts lipid homeostasis by intercepting lipid synthesis
and accumulation through multifaceted approaches. Moreover,
as the dominant energy source, the glutamine metabolism of
cancer cells was also intercepted for synergistic tumor therapy.
Taken together, we believe that this bacteria-based bio-
orthogonal platform could be an outstanding non-toxic candi-
date for cancer therapy and provide a new strategy for the
treatment of other metabolic diseases in the future.

Results and discussion

As depicted in Fig. 1A, the bacteria-based bioorthogonal plat-
form underwent a three-step preparation process. In the first
step, the relatively uniform-sized spherical covalent-organic
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frameworks (COF) with a diameter of approximately 150 nm
were successfully prepared, as indicated by scanning electron
microscopy (SEM) images (Fig. 2A).*° During the second step,
the COF was used as a scaffold to stabilize ultrafine (~3 nm)
palladium (Pd) nanoparticles (Pd®) synthesized via in situ
reduction, forming COF-Pd composites (denoted as CP) nano-
particles (Fig. 2B-D and S1t).”* Through cell-compatible ami-
dation reactions, functional components can be conjugated to
the bacterial surface for loading and functionalization.*® At the
final stage, the bacteria-COF-Pd composites (denoted as BCP)
were synthesized by incubating CP with bacteria at room
temperature according to previously reported approaches with
modifications (Fig. 2E).”* As illustrated in Fig. S2,} the combi-
nation of CP with bacteria has almost no toxic effect on bacterial
growth. The mapping images and energy-dispersive spectrum
(EDS) demonstrated the uniform distributions of C, N, O, and
Pd elements throughout the entire architecture of BCP (Fig. 2F
and S3t). The results of dynamic light scattering (DLS) revealed
that both COF and CP exhibit similar average hydrodynamic
diameters. In contrast, the average hydrodynamic size of BCP
with bacteria binding is much larger (>1000 nm) as shown in
Fig. 2G. The Pd content in BCP was further determined to be
0.5 wt% by inductively coupled plasma mass spectrometry (ICP-
MS). Furthermore, additional characterizations were conducted
including Fourier transform infrared spectroscopy (FTIR), ¢
potential measurement, transmission electron microscopy
(TEM), X-ray diffraction (XRD), and X-ray photoelectron spec-
troscopy (XPS). Upon binding with bacteria, there was a notable
decrease in the { potential of the CP (Fig. 2H). Compared to CP,
BCP exhibits an additional peak at 1050 cm™", which is attrib-
uted to the bending vibrations of the C-O bonds in the carboxyl
groups on the bacterial surface (Fig. S41).** In the HR-TEM
images, the lattice spacing of the (111) facet of Pd (JCPDS
card no. 46-1043) is consistent with the corresponding XRD
patterns (Fig. S5 and S6t). XPS analysis indicated that palla-
dium was primarily in the form of Pd°, with a small amount of
pd" species (Fig. 21 and J).>*

To investigate the catalytic activity of BCP, the cleavage of the
allylcarbamate group in the fluorescent precursor N-allylox-
ycarbonyl coumarin (N-alloc-coumarin) was employed as
a representative reaction (Fig. 3A). As depicted in Fig. 3B and
S7,T in comparison to the control group, the increase in fluo-
rescence intensity at 450 nm of N-alloc-coumarin after incu-
bating with CP and BCP indicated that both CP and BCP had
admirable catalytic capacity. Particularly, in the presence of the
same content of Pd, the catalytic efficiency of BCP is slightly
higher than that of CP. The difference in catalytic efficiency
between CP and BCP might be attributed to the variations in
their dispersibility (Fig. S8 and S97) as shown in Fig. 3C and D,
under the same concentration condition of Pd, the fluorescence
intensity increased with the extension of the incubation time of
fluorescent precursors and BCP. Subsequently, the products in
the supernatant of the reaction systems were analyzed by high-
performance liquid chromatography (HPLC). As shown in
Fig. S10,7 BCP could catalyze the cleavage of N-alloc coumarin
in a time-dependent manner As shown in Fig. 3E, F, and S11,7
the yield of the catalytic reaction increases with incubation
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(A) SEM image of COF. (B and C) SEM image of CP. (D) TEM image of CP. (E) SEM image of BCP. (F) STEM-HAADF images and corre-

sponding elemental mapping images of BCP. (G) Dynamic light scattering results of COF, CP, and BCP. (H) ¢ potentials of bacteria, COF, CP, and
BCP. (I) XPS survey spectra of COF, CP, and BCP. (J) High-resolution Pd 3d XPS spectra of the BCP.

time, exceeding 80% after 24 hours. With the same incubation
time, BCP could catalyze the cleavage of N-alloc coumarin in
a concentration-dependent manner as shown in Fig. 3G.
Furthermore, we performed a time-dependent analysis of the
BenSer release in the buffer system using HPLC technology, as
shown in Fig. S12.1 The observed conversion efficiency of Pro-
BenSer was generally consistent with that of pro-coumarin.
Additionally, the SEM images of BCP post-reaction and after
storage for a period of time are depicted in Fig. S13 and S14,}
exhibit relatively intact morphology. Elemental analysis of the
supernatant indicates that metal release is negligible across
diverse systems, suggesting that the catalyst maintains a certain
degree of stability (Fig. S15t). The successful cleavage reaction
in the vial has laid the foundation for the subsequent
biomedical application of BCP catalytic activation reaction.
Next, we investigated the catalytic performance of the plat-
form in vitro on CT26 cells, a murine colon carcinoma cell line.
Before evaluating the catalytic performance of BCP, a compre-
hensive assessment of its cytotoxicity was conducted by the
methyl thiazolyl tetrazolium (MTT) method. In the range of 0 to
100 pg mL ™', BCP showed negligible cytotoxicity towards
normal cells 3T3 (embryonic fibroblast) (Fig. S167), indicating
that BCP exhibited high biocompatibility. Subsequently, cells
were divided into four groups, and defined as the control (cells
alone), cells treated with BCP alone, cells treated with the
fluorescent precursor alone, and cells treated with both BCP
and the fluorescent precursor. The changes in cellular

6016 | Chem. Sci, 2025, 16, 6014-6022

fluorescence intensity were then assessed using confocal laser
scanning microscopy (CLSM). After co-incubation for a certain
period, we could observe that the CT26 cells in these groups
subjected to different treatments did not show noticeable
morphological changes. The groups that were treated with
either the fluorescent precursor or the catalyst alone did not
exhibit detectable fluorescence signals. In comparison to the
other groups, the cells treated with both the fluorescent
precursor and BCP showed bright blue fluorescence (Fig. 4A),
indicating the deprotection of the caged fluorescent precursor
catalyzed by the BCP. As anticipated, the flow cytometry analysis
was further conducted to reverify the above results, and the
analysis of the average fluorescence intensity showed an intra-
cellular catalytic efficiency of approximately 70% (Fig. 4B and
C). All these discoveries indicated that BCP could act as effective
bioorthogonal catalysts in vitro.

Encouraged by the high catalytic activity of BCP in vitro, CT26
cells were thereafter selected as a model cell line to investigate
the intracellular prodrug conversion capability of the BCP
platform. Benzylserine (BenSer) has emerged as a potent
inhibitor of cancer cell growth by modulating the expression
and activity of key amino acid transporters, including ASCT2,
disrupting intracellular amino acid homeostasis and triggering
amino acid response pathways.'>** The inhibition of glutamine
uptake by BenSer leads to decreased cell viability and impaired
cell cycle progression. Nevertheless, the potential side effects on
normal cell populations and specific organs restrict the dosages

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Schematic illustration of the allylcarbamate cleavage of N-alloc coumarin catalyzed by BCP NPs. (B) The fluorescence spectra of pro-
coumarin cleavage reaction catalyzed by CP or BCP with the same Pd concentration. (C) The fluorescence changes and photograph (inset) of the
pro-coumarin cleavage reaction catalyzed by BCP at the same concentration after 8 and 24 hours. (D) The fluorescence spectra of the cleavage
of the pro-coumarin catalyzed by BCP (20 png mL™Y) at the same concentration were monitored continuously over 24 hours. (E) Time-dependent
changes in fluorescence intensity of the reaction of the fluorescent precursor catalyzed by BCP from 0 to 24 hours. Data are presented as mean
+ SD (n = 3). (F) The reaction time-dependent-yield corresponds to Fig. 2E. (G) The fluorescence spectra of pro-coumarin cleavage reaction
catalyzed by BCP NPs with different Pd concentrations.

at which these drugs can be applied. Structurally, the serine BenSer's activity by preventing its interaction with target
moiety in BenSer is crucial for its activity. Based on this, it was receptors. To test this hypothesis, an allyloxycarbonyl group was
hypothesized that blocking the amine group might inhibit introduced to cage the amine, resulting in the development of
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the palladium-labile prodrug, Pro-BenSer (PB). This prodrug
aims to regulate BenSer's activity through controlled release,
potentially enhancing its therapeutic efficacy in cancer treat-
ment. The cytotoxicity of PB and BenSer was assessed using the
MTT assay. As shown in Fig. 5A and S17,7 the MTT results
revealed a dose-dependent cytotoxicity of BenSer, while the PB
showed high biocompatibility even at a concentration of
20 mM. Hypoxic cancer cells utilize alternative carbon sources
for fatty acid biosynthesis, with glutamine being one of the
primary sources for fatty acid synthesis.'* Therefore, inhibiting
glutamine uptake can further reduce the fatty acid content
within the cells. Based on this, we measured the changes in
intracellular glutamine levels following different treatments.
The results showed that the PB + BCP treatment group exhibited
the lowest intracellular glutamine levels among all groups
(Fig. S18t1). Moreover, the relative intracellular glutamine levels
in the PB + BCP treatment group decreased over time
(Fig. S191). We then evaluated the intracellular free fatty acid
(FFA) consumption capacity of PB + BCP in vitro. Compared with
the control group, the FFA concentration in the PB + BCP
treatment group showed a significant decrease. It could be
observed that the group of BCP alone and the group of PB + CP
also have a certain consumption of FFA (Fig. 5B). According to
previous literature reports, one of the reasons for the reduction
in FFA caused by BCP treatment may be due to the increased
catabolism of fatty acids by lactic acid bacteria, which reduces
their accumulation. At the same time, compared with the group
of BCP alone or PB + CP, the PB + BCP group showed
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significantly higher cell-killing potential. Next, the live/dead
staining of CT26 cells was analyzed by CLSM, as depicted in
Fig. 5C. Cells co-incubated with the catalyst BCP and PB dis-
played a noticeable decrease in green fluorescence signal and
a prominent increase in red fluorescence signal, indicating the
significant cytotoxicity caused by PB + BCP. This is likely due to
the combined action of our catalyst and the activated drug,
leading to disruptions in lipid metabolism. Additionally, the PB
+ BCP treatment exhibited superior cytotoxicity compared to the
PB + CP treatment. The above results indicated that PB was
catalytically converted to BenSer by the catalyst, leading to
obvious cytotoxicity. Next, we also investigated the cell cyto-
toxicity by using flow cytometry to assess the cellular apoptotic
level, which further indicated the cytotoxicity of PB + BCP
treatment (Fig. 5D). Based on the above results, it could be
evident that the catalyst could be further employed for prodrug
activation for tumor therapy in vivo.

Encouraged by the significant anti-proliferative efficacy
observed in vitro, we proceeded to evaluate the antitumor effi-
ciency of our designed bacteria-based bioorthogonal platform
in vivo on CT26 tumor-bearing mice. The in vivo biosafety of
both the catalyst BCP and prodrug PB was investigated in detail.
Hemolysis analysis showed that the catalyst did not cause
significant hemolysis, indicating good biocompatibility
(Fig. S20%). The injection of BCP or PB also had no obvious
influence on the bodyweight changes of the experimental mice
(Fig. S2171). Blood biochemistry and hematological analysis, as
well as hematoxylin and eosin (H&E) staining images of the
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Fig. 5

(A) Cell viability of CT26 cells with different concentrations of BenSer. (B) FFA levels of CT26 cells after different treatments. Data were

presented as mean + SD (n = 3). (C) Live/dead staining images of CT26 cells after different treatments. The scale bar is 50 um. (D) Flow cytometry
analysis of the apoptotic proportion of CT26 cells via Annexin V-FITC/7-AAD.
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major organs (heart, liver, spleen, lung, and kidney) further
confirm the satisfactory biocompatibility of PB or BCP (Fig. S22
and S237). Subsequently, the therapeutic effect of the bacteria-
based bioorthogonal platform was evaluated on CT26 tumor-
bearing mice. The mice were divided into six groups: (1)
control group; (2) CP; (3) BCP; (4) PB, (5) PB + CP, and (6) PB +
BCP (Fig. 6A). Each treatment group was treated every other day
(Fig. S2471). Negligible bodyweight changes could be observed in
all groups during the experimental period (Fig. S25t1). The
relative tumor volume curves were recorded as shown in Fig. 6B.
Both photographs and the calculated tumor volumes showed
rapid tumor growth in the control, prodrug, and CP groups,
indicating minimal antitumor effects of PB or CP alone. In
contrast, the BCP, PB + CP, and PB + BCP groups exhibited
significant tumor growth inhibition, with the PB + BCP
combination showing the most pronounced effect (Fig. 6B and
D).

We hypothesize that the better antitumor efficacy of the BCP
bioorthogonal platform combined with prodrug activation was
due to the simultaneous disruption of lipid homeostasis at the
tumor site by drugs and bacteria. Therefore, we evaluated the
level of FFA in tumor tissues. As depicted in Fig. 6C, the group
treated with the PB + BCP combination exhibited a significant
decrease in FFA level in the tumor tissue. These findings further
support the antitumor mechanism of our bacteria-based

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bioorthogonal platform. On the one hand, bacteria proliferate
at the tumor site, consuming the nutrients and modulating the
lipid metabolism levels; on the other hand, the de-protected
prodrug inhibits glutamine uptake, further suppressing lipid
synthesis. In addition, to assess the pathological damage of the
tumor and the level of apoptosis, H&E staining and terminal
deoxynucleotide transferase dUTP notch labeling (TUNEL)
staining were performed. As shown in Fig. 6E, the BCP group
and PB + CP group were moderately damaged, while the tumor
cells in the PB + BCP group were severely damaged, further
verifying the BCP-mediated synergistic effect. In addition,
histological analysis of major organs after treatment in the
catalyst and prodrug group indicated no detectable damage or
side effects of the bacteria-based bioorthogonal platform
(Fig. S267), demonstrating the high biocompatibility of the bio-
intercepter. Overall, the above experimental results demon-
strated that this bacteria-based bioorthogonal platform had
satisfactory antitumor efficacy.

Conclusions

In summary, a bacteria-based bioorthogonal platform (BCP) has
been developed and successfully applied in cancer therapy. In
this design, BCP not only generates the glutamine transporter
inhibitor (BenSer) by bioorthogonal catalytic decaging but also
inhibits lipid accumulation at the tumor site through its
metabolism. Such dual action disrupts lipid homeostasis in
multiple ways, realizing effective metabolic therapy. The in situ
activation of BenSer in tumors enhances its bioavailability and
minimizes toxicity to normal tissues. As an example of
a bacteria-based bioorthogonal platform, this study leverages
bacterial and bioorthogonal chemistry to tackle the challenge of
flexible lipid metabolism in tumor therapy, offering a prom-
ising approach for the treatment of other metabolic diseases in
the future.
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