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ABSTRACT

Effectively delivering therapeutics to deep tumor regions is crucial for successful treatment but remains a formidable challenge.

The severe hypoxia common in these areas can inhibit various therapeutic-induced cell death pathways, including ferroptosis.

Herein, we present the design of a bacterial biohybrid (Ec@ZFOY) with dual magnetic and hypoxic tropism for targeted therapeutic

delivery and ferroptosis activation in the deep tumor region. This biohybrid is constructed using hypoxia-targeted Escherichia coli
and magnetic Zn,sFe, ,,0, (ZFO) nanoparticles loaded with YC-1, a hypoxia-inducible factor-lae (HIF-1) inhibitor. ZFO exhibits
peroxidase- and glutathione oxidase-mimetic activities, catalyzing tumor-derived H,O, into hydroxyl radical and inhibiting

glutathione peroxidase 4, thereby inducing ferroptosis. Additionally, EC@ZFOY demonstrates pH-responsive YC-1 release, which

inhibits HIF-1a and reduces lipid droplets, enhancing ferroptosis through the release of polyunsaturated fatty acids. Both in vitro
and in vivo experiments confirm the significant therapeutic efficacy of EC@ZFOY. This study unveils the design of magnetically
and hypoxia-tropic bacterial biohybrids for activating ferroptosis in deep tumor sites, highlighting their potential for other

therapeutic delivery and disease modulation applications.

1 | Introduction

Living cells can be engineered into innovative therapeutics
that dynamically respond to external and environmental cues,
enabling precise and adaptive therapeutic interventions [1, 2].
Various types of living cells have been developed for use as drugs
or drug delivery systems in tumor therapy, including chimeric
antigen receptor T cells, neutrophil, platelet, microphage, algae,
yeast, and bacteria [3-5]. Among these, bacteria have garnered
significant attention due to their easy of large-scale cultivation,
effective designability, convenient functionalization, and intrin-
sic tumor targeting capabilities [6-14]. For instance, subtypes

of Escherichia coli (E. coli), such as MG1655, can target tumors
by responding to hypoxia and chemical cues in the tumor
microenvironment [15, 16]. Additionally, hypoxia-tropic bacteria
tend to accumulate in the deeper regions of tumors, which exhibit
more severe hypoxic conditions than superficial layers [8, 17].
Cells in these deeper tumor sites display elevated proliferation,
heterogeneity, and metastatic potential, making them crucial
targets for drug delivery to enhance therapeutic efficacy [18-
22]. Therefore, bacteria have been widely utilized to improve the
tumor-targeting capabilities of small therapeutics and nanosized
particles, achieving superior tumor treatment outcomes [23-
26]. Furthermore, clinical studies have provided compelling
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evidence supporting the therapeutic potential of bacterial-based
approaches in cancer treatment [27, 28].

However, tumor hypoxia presents a significant challenge to
various treatments, including chemotherapy, radiotherapy, and
photodynamic therapy [29, 30]. Furthermore, hypoxia promotes
resistance to apoptosis and impairs multiple non-apoptotic cell
death pathways, such as cuproptosis and ferroptosis [31-33]. Fer-
roptosis, a form of programmed cell death triggered by iron and
excessive lipid peroxidation (LPO), shows significant potential
in tumor therapy [34-39)]. Hypoxia hampers the oxygenation of
free polyunsaturated fatty acids (PUFAs), inhibiting LPO and
ferroptosis [40]. Additionally, hypoxia activates the hypoxia-
inducible factor la (HIF-la) signaling pathway and elevates
the biogenesis of endogenous lipid droplets by facilitating the
uptake of fatty acids and their storage [41, 42]. This process
inhibits ferroptosis by sequestering oxidation-sensitive PUFAs
and preventing subsequent lipid peroxidation [43].

Although nanoparticles and living cells have been employed to
enhance the pharmacokinetics and tumor targeting of ferroptosis
inducers, their therapeutic efficacy is undermined by tumoral
hypoxia, especial in the deeper regions of tumors. Moreover,
strategies such as tumor-specific catalysis and O,-contained
modality delivery can promote ferroptosis by alleviating hypoxia
[44-50]. However, delivering therapeutics to tumor deep sites
with high efficiency remains challenging [51], compromising
their capacity for ferroptosis activation and therapeutic efficacy.
Therefore, designing platforms for relieving tumor hypoxia and
activating ferroptosis in deeper regions of tumors remains highly
desirable and challenging.

Considering these challenges, we hypothesize that a living bacte-
rial biohybrid can be designed to dynamically respond to external
and environmental cues [52, 53], enabling deep tumor targeting
and enhanced ferroptosis. In this study, we introduce a bacterial
biohybrid, termed Ec@ZFOY, which consists of hypoxia-targeted
E. coli (MG1655, Ec) and porous magnetic Zn,,,Fe,,,0, (ZFO)
nanoparticles loaded with Lificiguat (YC-1), a HIF-1a inhibitor,
to activate tumor ferroptosis (Scheme 1a). The ZFO endows
Ec@ZFOY with magnetic-steering properties in addition to its
intrinsic hypoxia-responsive capability, leading to highly efficient
tumor accumulation and deep tumor penetration under magnetic
guidance. This dual targeting strategy enhances therapeutic
efficacy while minimizing off-target effects, simultaneously.

E. coli’s hypoxia-seeking capability facilitates autonomous naviga-
tion through the dense stromal matrix, ensuring precise delivery
of nanomaterials to hypoxic tumor regions. ZFO nanoparticles
exhibit (POD)- and glutathione (GSH) oxidase (GSHox)-like activ-
ities, increasing oxidative stress by catalyzing tumoral H,0, into
hydroxyl radical ("OH) and suppressing glutathione peroxidase 4
(GPX4) by depleting GSH, respectively, thereby inducing cell fer-
roptosis. Furthermore, ZFO nanoparticles can release YC-1in the
acidic tumor microenvironment, leading to HIF-1r inhibition and
subsequent reduction of lipid droplets. This modulation of the
HIF-1a-lipid axis by the EcC@ZFOY bacterial biohybrid results in
the release of PUFAs, further enhancing ferroptosis (Scheme 1b).
In a breast tumor mouse model, EC@ZFOY demonstrate a high
tumor inhibition rate and minimal side effects, showing promise
for future tumor treatments.

2 | Results and Discussions
2.1 | Fabrication and Characterizations of ZFO

We synthesized ZFO nanoparticles using a hydrothermal method
by mixing various ratios of ZnCl, and FeCl; in an ethylene
glycol solution at high temperature (see experimental section).
As shown in Figure 1a and Figure S1, Supporting Information,
sizes of ZFO-1 (ZnCl,: FeCl; = 1:1.49), ZFO-2 (ZnCl,: FeCl; =
1:1.33), and ZFO-3 (ZnCl,: FeCl; = 1:1.05) were 100, 100, and
500 nm, respectively, with ZFO exhibiting a uniform morphology.
Then, we evaluated their catalytic potential using a 3,3’,5,5-
tetramethylbenzidine (TMB) oxidative assay [54]. As depicted in
Figure S2, Supporting Information, ZFO-1 showed the highest
absorbance at 652 nm in the presence of H,0,, indicating superior
POD-like activity and tumor-specific ‘OH generation. Therefore,
we selected the ZFO-1 (donated as ZFO) in the subsequent
experiments due to its optimal size, uniform morphology, and
superior POD-like activity. Dynamic light scattering (DLS) anal-
ysis revealed a hydrodynamic diameter of approximately 220 nm
for ZFO (Figure S3, Supporting Information). The larger particle
size observed from DLS measurement than that from TEM is
generally attributed to the formation of hydration layers on
the particle surface. Energy-dispersive X-ray spectroscopy (EDS)
element mapping images demonstrated the homogeneous distri-
bution of oxygen (O), iron (Fe), and zinc (Zn) (Figure 1b). The
atomic percentages in the overall surface spectrum confirmed the
composition as Zn, ¢Fe,,,0, (Figure 1c). Selected area electron
diffraction (SAED) patterns (Figure 1d) and X-ray diffraction
(XRD) results (Figure 1e) indicated that ZFO belongs to the cubic
(Zny 5sFe, ¢s)Fe,0, phase (JCPDS No. 86-0510).

X-ray photoelectron spectroscopy (XPS) analysis corroborated the
presence of Zn, Fe, and O, consistent with the findings of EDS
element mapping (Figure 1f). High resolution XPS spectra of
Fe 2p revealed two binding energy peaks at 710.5 and 723.7 €V,
corresponding to the Fe?™ main peak, and peaks at 712.4 and
725.5 €V corresponding to the Fe** main peak, confirming the
coexistence of Fe** and Fe’* in ZFO nanoparticles (Figure 1g).
Additionally, XPS analysis indicated an Fe** to Fe?* ratio of 39:61.

The N, isothermal adsorption—desorption curve reveals a specific
surface area of 91.65 m? g~ and an average pore diameter of
6.7345 nm (Figure 1h). This large specific surface area and
porous structure indicate a strong adsorption capacity, which is
advantageous for drug loading. Additionally, Figure S4, Support-
ing Information, demonstrates the magnetic attraction of ZFO
nanoparticles. To further evaluate these magnetic properties, we
used a vibrating sample magnetometer (VSM) at room temper-
ature. Figure 1i,j displays a narrow, steep hysteresis loop with
low coercivity, characterization of a soft magnetic material. The
saturation magnetization (MS) was measured at 13.6 emu g'.
The magnetic saturation intensity of ZFO is slightly lower than
that of Fe;0,, primarily attributing to the nanoscale size of ZFO
and the incorporation of Zn?* ions into its structure (Figure S5,
Supporting Information) [55].

XPS analysis reveals the presence of both Fe** and Fe?* in ZFO,
indicating its capacity to deplete GSH and generate "OH [56].
Next, we further investigated the GSHox- and POD-mimicking
activates of ZFO nanoparticles (Figure 2a,b). As shown in
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SCHEME 1 | Schematic representation of the synthesis and therapeutic process of EC@ZFOY biohybrids. (a) Schematic illustration of Ec@ZFOY

biohybrid synthesis. (b) Antitumor mechanism of Ec@ZFOY biohybrids.

Figure 2c,d, the POD-like activity of ZFO surpasses that of
commercialized Fe;O, nanoparticles, with catalytic efficiency
increasing as the solution pH decreases. We further assessed
ZFO’s POD-like activity using o-phenylenediamine (OPD), which
exhibits maximal absorption at 425 nm [57, 58]. The UV-vis
absorbance spectra demonstrate increased absorption at pH 4.5,
indicating enhanced "OH production (Figure 2e). Subsequently,
we evaluated ZFO’s catalytic activity by varying H,O, con-
centrations as reaction substrates, enabling a comprehensive
assessment through steady-state catalytic kinetics. Figure 2f,g
and Figure S6, Supporting Information, illustrate the Michaelis—
Menten equation and Lineweaver-Burk plots, showing that ZFO
has a K, value of .76 mM and a maximum reaction rate (V,,,) of
6.73 x 107 M min~'. These values are superior to those of Fe,0,,
which has K,, and V,,,, values of 7.49 mM and 2.47 x 1077 M
min~', respectively (Figures S7-S9). Horseradish peroxidase, a
standard enzyme with high affinity for H,0,, was utilized to
benchmark the POD-like activity of the nanozymes. Figure 2h
reveals that ZFO exhibit substantially higher V., values than
horseradish peroxidase, underscoring its superior enzyme-like
activity. Particularly, ZFO displayed a superior V_,, and lower
K,, compared to Fe;O,, highlighting its remarkable POD-like
activity. Figure 2i and Figure S10, Supporting Information, show

a decrease in GSH concentration following the co-incubation of
ZFO with GSH, indicating that ZFO exhibits GSHox properties
and has the capacity to deplete GSH.

2.2 | Characterization of EcC@ZFOY Conjugates

Based on the zeta potential measurements, both ZFO and E.
coli exhibit similar electric charge, hindering their combination
(Figure 3a). Hence, ZFO was modified with polyethyleneimine
(PED) to modify its charge (ZFOP). Subsequently, YC-1 small
molecule drugs were loaded onto ZFOP to form ZFOY NPs.
Finally, E. coli was co-incubated with ZFOY to form Ec@ZFOY
conjugates. The UV/Vis-NIR absorption spectra and zeta poten-
tial confirmed the successful preparation of YC-1-loaded bio-
hybrids (Figure 3a,b). The amount of YC-1 was quantitatively
analyzed using a standard curve, resulting in a loading efficiency
of 51.7% (Figure S11, Supporting Information). TEM images reveal
abundant ZFOY conjugated to E. coli (Figure 3c and Figure S12,
Supporting Information), indicating the successful preparation
of the biohybrids. Additionally, we used atomic absorption spec-
troscopy to measure the iron (Fe) concentration in both ZFO and
Ec@ZFOY samples. The results indicated that E. coli achieved a
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FIGURE 1 | Composition and characterization of materials. (a) TEM image of ZFO. (b) Elemental mapping of O, Fe, and Zn in ZFO. (c) Total
surface spectrogram. (d) HRTEM images with SAED patterns. (e) XRD patterns. (f,g) XPS spectra (f) and Fe 2p XPS spectra (g) of ZFO. (h) N,
adsorption—desorption isotherms and pore size distributions of ZFO. (i, j) Magnetic performance of ZFO measured by VSM at room temperature.

loading efficiency of 80.5% (Figure S13, Supporting Information).
Fluorescein diacetate, a cell-permeable esterase substrate, was
utilized for bacterial labeling and viability assessment. As shown
in confocal laser scanning microscopy (CLSM, Sunny Optical
Technology, SOPTOP CLSM610, China) images (Figure 3d), the
red fluorescence of Cy5-labelled ZFO nanoparticles colocalizes
with the green fluorescence emitted by fluorescein diacetate-
labelled E. coli, further confirming the successful conjugation of
nanoparticles to E. coli. The motility of bacteria influences their
distribution and accumulation within tumors. Bacterial activity
was assessed using the dilution coating plate method. Equal
concentrations of Ec@ZFOY and E. coli were diluted and evenly
spread on agar plates. Following incubation at 37°C for 12 h, the
bacterial colonies were enumerated.

Subsequently, the bacterial count was adjusted based on the
dilution factor and the volume inoculated. As can be seen
from Figure 3e, the colony numbers did not significantly differ
between these two groups, indicating that the nanoparticles had
no adverse effects on the activity of E. coli. Following incubation
with fluorescein diacetate, both E. coli and Ec@ZFQOY exhibited

evident green fluorescence, proving that the bacterial activity
remained unaffected (Figure 3f). Hydrodynamic diameters of E.
coli, ZFOY, and Ec@ZFOY were 1260 (Figure S14, Supporting
Information), 311 (Figure S15, Supporting Information), and
1513 nm (Figure S16, Supporting Information), respectively. The
increased diameters of EC@ZFOY compared to primary E. coli
further confirmed the successful preparation of Ec@ZFOY. Long-
term dynamic light scattering analysis of EcC@ZFOY revealed
that the size of the bacterial biohybrid conjugate remained
unchanged over time in PBS buffer, confirming its structural sta-
bility (Figure 3g). Additionally, the polymer dispersibility index
exhibited no significant change, consistently remaining below
0.3, indicative of excellent dispersibility. The hydrodynamic size
of Ec@ZFOY exhibited stable during storage in FBS within 5 days,
indicating the excellent stability and dispersibility of Ec@ZFOY
(Figure S17, Supporting Information).

Decidedly, E. coli dose not exhibit magnetic properties (Figure
S18a, Supporting Information). In contrast, EC@ZFOY migrates
toward a magnet (Figure S18b, Supporting Information), demon-
strating its magnetism. We then evaluated the motion trajectories
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FIGURE 2 | Enzyme-mimicking properties of ZFO nanoparticles. (a) Diagram of enzyme-like reaction of ZFO. (b) Schematic representation of the

chromogenic reaction of *OH with TMB and OPD. (¢) Comparison of TMB oxidation of ZFO and commercial Fe;O4 nanoparticles at pH 6.0. [H,0,] =
75 uM. (d) Absorbance changes of TMB treated with PBS, Fe;0,4, and ZFO at different pH values in the presence of H,O, (75 uM). (e) Detection of "OH
by OPD at different pH values. (f,g) Michaelis—Menten kinetic analysis and Lineweaver-Burk plot for ZFO using H, O, as a substrate. (h) Comparison
of kinetic parameters of POD-mimicking activity. (i) GSHOx-like activity of ZFO. Statistical significance denoted as ***p < 0.001 and ****p < 0.0001.
Data in (d) are analyzed by one-way ANOVA, followed by Tukey’s multiple comparison tests. Data in (i) are analyzed by two tailed ¢ test. Data represent
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of E. coli and Ec@ZFOY using CLSM. As shown in Figure 3h, E.
coli displayed irregular motion with a speed of 0.49 um s~! under
magnetic steering. In the absence of a magnetic field, EC@ZFOY
also exhibited random motion at a speed of 0.47 um s, indicating
that the ZFOY attachment dose not impair the bacteria’s free
movement. Notably, under magnetic guidance, Ec@ZFOY moved
directionally aligned with the magnetic field at a slightly higher
speed of 0.52 um s~ compared to the other groups, highlighting
its magnetic tropism (Figure 3i). While the variation in motion
speed is minimal, the displacement (defined as the maximum
distance traveled in a particular direction) showed a marked
difference: 28.80 um for EC@ZFOY and 121.95 um for Ec@ZFOY
with magnetic guidance over 5 min, clearly indicating mag-
netic targeting-driven directional migration (Table S1, Supporting

Information). Furthermore, we assessed the penetration and
move directional movement of EC@ZFOY using a transwell assay
(Figure 3j). A Matrigel layer was applied to the bottom of the
upper chamber, and fluorescein diacetate-labelled Ec@ZFOY was
added to the upper chamber. A magnet was placed beneath the
lower chamber to generate a magnetic field, and the setup was
incubated at 37°C for 12 h. As shown in Figure 3k, the fluorescence
intensity in the lower layer of the magnet group was stronger
than that of the control group. This indicates that the magnet
effectively guided Ec@ZFOY through the matrix layer, allowing
it to migrate from the top chamber to the bottom chamber,
thus confirming the bacterial biohybrid’s penetration ability and
magnetic propulsion. Additionally, ZFOY nanoparticles released
YC-1 with a pH-responsive manner, suggesting that EC@QZFOY
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FIGURE 3 | Characterization of EC@ZFOY conjugates. (a) Zeta potential measurements of various formulations. (b) UV-vis absorption spectra of
different formulations. (c) TEM image of Ec@ZFOY. (d) Fluorescence co-localization observed using LSCM: fluorescein diacetate-labeled E. coli (green)
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has a tumor microenvironment-responsive therapeutic release
capability (Figure 31). In summary, these results demonstrate
that Ec@ZFOY, with its stable structure, exhibits directional
movement under magnetic field control while maintaining bac-
terial functionality. This suggests significant potential for further
applications of the hybrid bacterial biohybrid.

2.3 | Evaluation of the Anti-Tumor Effect of
Ec@ZFOY Conjugates In Vitro

Firstly, we evaluated the cytotoxicity of ZFO nanoparticles and
YC-1 using a CCK-8 assay in 4T1 cells. As shown in Figures S19
and S20, both ZFO and YC-1 exhibited concentration-dependent
therapeutic effects on cancer cells. We then investigated their
synergistic effects on cell viability (Figure 4a). Treatment with
ZFO (40 pg mL™) and YC-1 (2 ug mL™") resulted in cell viabilities
of 89% and 85%, respectively. In contrast, ZFOY and Ec@ZFOY
reduced cell viability to 30%, and further to about 20% in the
presence of H,0,. Additionally, we assessed the impact of ZFO
on normal cells using NIH/3T3 cells. The results showed no cell
death across all groups treated with various concentrations of
Ec@ZFOQY, indicating its specific cytotoxicity towards tumor cells
(Figure S21, Supporting Information). The in vitro therapeutic
effects further investigated using live/dead staining (Figure S22,
Supporting Information), where 4T1 cells treated with EC@ZFOY
in the presence of H,0, showed significant red fluorescence, indi-
cating cell death. These results demonstrate that YC-1 enhances
the therapeutic efficacy of ZFOY, and that Ec@ZFOY exhibits
notable efficiency in cancer cell killing the presence of H,0,.

Subsequently, we studied the mechanisms of EC@ZFOY in tumor
treatment. We first analyzed the cellular uptake of fluorescein
isothiocyanate (FITC)-labeled ZFO-anchored E. coli using flow
cytometry. As depicted in Figure 4b, the fluorescence intensity
of FITC increased with incubation time, indicating successful
internalization of the bacterial biohybrid by cancer cells. Addi-
tionally, cellular GSH levels were evaluated by bromobimane
staining (Figure 4c). Strong bule fluorescence signals in cells
treated with PBS, E. coli, and YC-1 indicated no decrease in
cellular GSH. In contrast, cells incubated with ZFO, Ec@ZFO,
and Ec@ZFOY exhibited weaker fluorescence signals compared
to the PBS group, indicating GSH depletion and demonstrating
the GSHox-like activities of the ZFO nanoparticles. Accumulation
of Fe** ions, which can specifically increase oxidative stress, is
a hallmark of ferroptosis. We investigated cellular Fe?* levels
using FerroOrange fluorescent dye after EC@ZFOY treatment. As
shown in Figure 4d, cells displayed a time-dependent increase
in fluorescence intensity, suggesting that EC@ZFOY can increase
cellular Fe** concentration.

BBoxiProbe 026 staining. As can be seen from LSCM images
(Figure S23, Supporting Information), EC@ZFOY significantly
increased the "OH generation in the presence of H,0,. Fur-
thermore, YC-1-loaded Ec@ZFOY significantly depleted cellular
lipid droplets (Figure 4e). Figure 4f shows that YC-1 endows
Ec@ZFOY with the ability to downregulate the expression of
HIF-1a protein, resulting in hypoxia reversal and lipid droplet
depletion. It was observed that ZFOY and Ec@ZFOY markedly
suppressed the expression of GPX4, a key ferroptosis inhibitory
protein, thus activating ferroptosis. Intracellular LPO levels were

assessed using a fluorescent probe, Liperfluo (Figure 4g). In the
absence of H,0,, ZFOY-treated cells exhibited higher fluores-
cence signals than those treated with YC-1 and ZFO, indicating
their synergistic efficacy for lipid peroxidation and ferroptosis
activation. Notably, in the presence of H,0,, LPO generation
was significantly enhanced in the ZFO, Ec@ZFO, ZFOY, and
Ec@ZFOY groups. These findings demonstrate that modulation
of the HIF-la-lipid pathway enables ferroptosis and that this
bacterial biohybrid shows potential in inducing self-enhanced fer-
roptosis in the tumor microenvironment. As shown in Figure 4h,
Ec@ZFOY also triggered cell apoptosis due to induced cellular
oxidative stress. Consequently, the prepared bacterial biohybrid
induces cell death efficiently through synergistic apoptosis and
ferroptosis by alleviating cellular oxidative stress and modulating
the HIF-1a-lipid pathway (Figure 4i).

2.4 | Penetration and In Vivo Biodistribution of
Ec@ZFOQOY Bacterial Biohybrid

To investigate the penetration capabilities of the Ec@ZFOY
bacterial biohybrid, we used cellular 3D spheroids. We labeled
ZFO nanoparticles with fluorescein isothiocyanate (FITC) to
track their localization within 3D tumor spheroids. The labeling
efficiency was determined to be 86.5% (Figure S24, Supporting
Information). Briefly, 4T1 multicellular spheroids were incubated
with ZFO/FITC and Ec@ZFO/FITC for 12 h, without or with
magnet guidance. Fluorescence images were captured by CLSM,
using the loaded FITC as an indicator. As shown in Figure 5a,
ZFO accumulated primarily at the superficial layers of the
multicellular spheroids. However, its penetration was enhanced
under magnet guidance. Without magnet steering, Ec@ZFO
exhibited better tumor penetration compared to ZFO, attributed
to the hypoxia-targeting capacity of E. coli (MG1655). Notably,
Ec@ZFO under magnet guidance demonstrated significantly
higher fluorescence signals in the deeper regions of the multi-
cellular spheroids than without magnet, indicating that Ec@ZFO
possesses intrinsic tumor penetration ability, which is further
enhanced by magnet steering. Subsequently, we investigated the
tumor-targeting capability of bacterial biohybrids through in vivo
fluorescence imaging using ICG as a fluorescent indicator. The
labeling efficiency of ICG was determined to be 88% (Figure S25,
Supporting Information). By comparing the fluorescence inten-
sity of ICG alone and ZFO/ICG, we confirmed that the presence
of ZFO does not interfere with the fluorescence properties of the
labeled molecules (Figure S26, Supporting Information). Twelve
tumor-bearing mice were divided into four groups and subjected
to various treatments: ZFO/ICG, Ec@ZFO/ICG, ZFO/ICG +
magnet, and Ec@ZFO/ICG + magnet. In vivo fluorescence
images were captured using the IVIS imaging system from RWD
Life science (MOIS HT Small Animal In Vivo Optical Imaging
System, China) (Figure 5b,c). We found that tumor sites in the
Ec@ZFO/ICG and ZFO/ICG + magnet groups displayed higher
compared to the ZFO/ICG group, indicating that both E. coli
and magnet guidance enhance the tumor-targeting of the ZFO
nanoparticles. Specifically, Ec@ZFO/ICG under magnet guid-
ance exhibited the highest fluorescence signals in tumor sites.

After 24 h post-injection, the mice were euthanized, and their
tumors and major organs were collected and imaged. As illus-
trated in the ex vivo images (Figure 5d) and corresponding
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FIGURE 4 | In vitro evaluation of Ec@ZFOY-mediated apoptosis and ferroptosis in 4T1 cells. (a) Cell viability of 4T1 cells treated with different
samples with or without H,0, (n = 6) (b) In vitro flow cytometric ZFO phagocytosis assay after varied durations of incubation. (c) Intracellular GSH
depletion after different treatments. (d) Fluorescence images of FerroOrange in 4T1 cells after different incubation time. (e) Detection of lipid droplets
of 4T1 cells after different treatments stained by Lipi-Green. (f) Immunofluorescence staining of HIF-la and GPX4 in 4T1 cells. (g) LPO assay of the
treated 4TI cells using Liperfluo probe. (h) Flow cytometric apoptosis assay of 4T1 cells after various treatments. (i) Schematic illustration of EC@ZFOY
for evoking ferroptosis and apoptosis. Statistical significance denoted as **p < 0.01, ****p < 0.0001, and ns: not significant (p > 0.05). Data in (a) are
analyzed by one-way ANOVA, followed by Tukey’s multiple comparison tests. Data represent mean + SD.
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FIGURE 5 | Tumor penetration and biodistribution of EC@ZFOQY. (a) Z-axis scanned images of FITC signal in 3D spheroids treated with ZFO,
Ec@ZFO, ZFO + magnet, and Ec@ZFO + magnet. (b) In vivo images of mice treated with ZFO/ICG, Ec@ZFO/ICG, ZFO/ICG + magnet, and
Ec@ZFO/ICG + magnetat1, 4, 6, 8, and 10 h post-injection. (c) Quantification of the fluorescence intensities in in vivo images of mice. (d) Ex vivo images
of the major organs and tumors harvested at 24 h post-injection. He: heart, Li: liver, Sp: spleen, Lu: lung, Ki: kidney, Tu: tumor. (e) Quantification of the
fluorescence intensities of the major organs and tumors. ns: not significant (p > 0.05), *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, analyzed
by one-way ANOVA, followed by Tukey’s multiple comparison tests. Data represent mean + SD.
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ANOVA, followed by Tukey’s multiple comparison tests. Data represent mean + SD.
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by Student’s t-test (two-tailed). ns: not significant, p > 0.05. Data represent mean + SD.

intensities (Figure 5e and Figure S27, Supporting Information),
Ec@ZFO/ICG + magnet demonstrated superior tumor-targeting
capacities compared to other groups.

These findings underscore the significant potential of EcC@ZFOY
for deep tumor penetration and targeted delivery, enhanced by
magnetic guidance.

2.5 | Evaluation of the Anti-Tumor Effect of
Ec@ZFOY In Vivo

Subsequently, we evaluated the in vivo tumor therapeutic efficacy
of Ec@ZFOY in 4T1 tumor-bearing mice. Forty tumor-bearing
were randomly divided into eight groups (n = 5) and subjected
to the following treatments: (i) PBS, (ii) E. coli (1 x 10° CFU
mL~, 100 pL), (iii) ZFO (200 pg mL™, 100 uL), (iv) ZFOY (200 ug
mL™, 100 uL), (v) ZFOY + magnet, (vi) EC@ZFO + magnet, (vii)

Ec@ZFOY, and (viii) EC@ZFOY + magnet. On day 0, the mice
were received intravenous injection of the assigned formulations
(Figure 6a), and magnets were applied to the corresponding
groups and removed after 2 days.

Throughout the 14-day treatment period, body weights and tumor
volume were monitored every 2 days. As shown in Figure 6b,
tumors in the PBS and E. coli groups grew rapidly. ZFO and
ZFOY showed moderate tumor growth inhibition, which was
enhanced with magnet and E. coli guidance. Notably, EC@ZFOY
under magnet guidance significantly delayed tumor growth. After
14 days of treatments, the mice were euthanized, and their
tumors were imaged (Figure 6c) and weighted (Figure 6d). The
tumor growth inhibition (TGI) rate of Ec@ZFOY with magnet
guidance was 69.1% (Figure 6e). Throughout the treatment, no
significant changes in body weight were observed across all
groups, indicating minimal side effects (Figure 6f). The visceral
indices (tumor weight/body weight) were 2.84% for PBS, 2.44% for
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E. coli, 1.83% for ZFO, 1.68% for ZFOY, 1.60% for ZFOY + magnet,
1.53% for Ec@ZFO + magnet, 1.50% for Ec@ZFOY, and 0.75% for
Ec@ZFOY + magnet, confirming the notable therapeutic efficacy
of the bacterial biohybrid under magnet guidance (Figure 6g).

We also investigated the therapeutic mechanisms of the bacterial
biohybrid in tumor inhibition. Hematoxylin and eosin (H&E)
staining of tumor slices revealed that EC@ZFOY under magnet
guidance induced severe cell damage (Figure 6h). Immunohisto-
chemical staining showed that EC@ZFOY + magnet significantly
suppressed the expression of HIF-la and GPX4, indicating
hypoxia reversal and ferroptosis activation in tumors. These
findings highlight the potential of promoting ferroptosis through
precise therapeutic delivery and down-regulation of HIF-la,
demonstrating remarkable efficacy in cancer treatment.

2.6 | Systematic In Vivo Biocompatibility Assay

Finally, we evaluated the biocompatibility of the bacterial bio-
hybrid Ec@ZFOY. First, we studied hemolytic effects of ZFO
nanoparticles. As shown in Figure S28, Supporting Information,
ZFO at a high concentration of 300 ug mL™! exhibited negligible
hemolysis rates in red blood cells, indicating good biocompati-
bility. We then investigated the long-term toxicity of Ec@ZFOY
in mice. Ten healthy mice were divided into two groups and
treated with PBS or Ec@ZFOY via tail vein injection (Figure 7a).
Mouse body weights were monitored every 5 days over a 60-
day period. As illustrated in Figure 7b, both groups showed
consistent increases in body weights, indicating minimal side
effects from the bacterial biohybrids. On day 60, the mice were
euthanized, and their health-related parameters were examined.
As shown in Figure 7c, there were no significant differences
in the indices of major organs (heart, liver, spleen, lung, and
kidney) between the PBS and Ec@ZFOY groups. Additionally,
Ec@ZFOY exhibited minimal effects on serum indices, including
alkaline phosphatase (AKP/ALP, Figure 7d), creatinine (CRE,
Figure 7e), glutamic oxalacetic transaminase (AST, Figure 7f),
and glutamic-pyruvic transaminase (GPT, Figure 7g), compared
to the PBS groups. This indicates that EC@ZFOY dose not affect
murine hepatorenal functions. Furthermore, Ec@ZFOY did not
influence murine blood parameters (Figure 7h) or induce tissue
damage (Figure 7i). These findings demonstrate the favorable
biocompatibility of Ec@ZFOY, supporting its potential for future
applications in therapeutic delivery and disease modulation.

3 | Conclusion

In summary, we have successfully engineered a bacterial biohy-
brid, Ec@ZFOY, that exhibits dual magnetic and hypoxia-tropic
properties for efficient therapeutic delivery and ferroptosis acti-
vation in deep tumor regions. Our comprehensive in vitro and
in vivo studies demonstrate the significant therapeutic efficacy of
Ec@ZFOQY in a 4T1 tumor-bearing mouse model. The integration
of hypoxia-targeted E. coli with magnetic ZFO nanoparticles,
loaded with the HIF-1a inhibitor YC-1, enables precise navigation
and deep tumor penetration under magnetic guidance. The ZFO
nanoparticles’ POD and GSHox mimicking activities, combined
with pH-responsive YC-1 release, effectively induce ferroptosis by
generating "OH, depleting GSH, and inhibiting HIF-1a, leading
to reduced lipid droplets and enhanced release of PUFAs. Our

findings highlight the potential of the Ec@ZFOY biohybrid to
overcome the challenges posed by tumor hypoxia and deliver a
synergistic approach to tumor therapy through the activation of
ferroptosis. This innovative platform offers a promising avenue
for enhancing the therapeutic efficacy of cancer treatments and
opens new possibilities for the targeted delivery of therapeutics
in other disease contexts.

Author Contributions

Sijie Shao: data curation, investigation, methodology, validation, writing
- original draft. Huilan Zhuang: investigation, methodology, writing —
original draft. Tingjie Bai: investigation, methodology. Angelo Homay-
oun All: investigation, methodology. Xuemei Zeng: conceptualization,
data curation, writing - review and editing. Shuangqian Yan: concep-
tualization, data curation, funding acquisition, project administration,
supervision, writing — review and editing.

Acknowledgments

This work was supported by the National Natural Science Foundation
of China (62275048, 32201153, and 82573561), the Science and Tech-
nology Planning Project of Fujian Province (2021J05031, 2023J01292,
and 2025J01668), and the Cultivation Plan for Science and Technology
Innovation Team from the College of Life Sciences, Fujian Normal
University.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data will be made available on request.

References

1. J. Hahn, S. Ding, J. Im, T. Harimoto, K. W. Leong, and T. Danino, “Bac-
terial Therapies at the Interface of Synthetic Biology and Nanomedicine,”
Nature Reviews Bioengineering 2 (2024): 120-135, https://doi.org/10.1038/
$44222-023-00119-4.

2. C. R. Gurbatri, N. Arpaia, and T. Danino, “Engineering Bacteria as
Interactive Cancer Therapies,” Science 378 (2022): 858-864, https://doi.
org/10.1126/science.add9667.

3. A. Cubillos-Ruiz, T. Guo, A. Sokolovska, et al., “Engineering Living
Therapeutics With Synthetic Biology,” Nature Reviews Drug Discovery 20
(2021): 941-960, https://doi.org/10.1038/s41573-021-00285-3.

4.T. He, Z. Zhao, Z. Luo, et al., “Advances in Microbial Decorations and
Its Applications in Drug Delivery,” Acta Materia Medica 2 (2023): 466-479.

5.S.Zhu, Y. Cheng, J. Wang, et al., “Biohybrid Magnetic Microrobots: An
Intriguing and Promising Platform in Biomedicine,” Acta Biomaterialia
169 (2023): 88-106.

6. Z. Hosseinidoust, B. Mostaghaci, O. Yasa, B. W. Park, A. V. Singh, and
M. Sitti, “Bioengineered and Biohybrid Bacteria-Based Systems for Drug
Delivery,” Advanced Drug Delivery Reviews 106 (2016): 27-44, https://doi.
0rg/10.1016/j.addr.2016.09.007.

7. D. Akin, J. Sturgis, K. Ragheb, et al., “Bacteria-Mediated Delivery of
Nanoparticles and Cargo Into Cells,” Nature Nanotechnology 2 (2007): 441,
https://doi.org/10.1038/nnano.2007.149.

8. C.-H. Luo, C.-T. Huang, C.-H. Su, and C.-S. Yeh, “Bacteria-Mediated
Hypoxia-Specific Delivery of Nanoparticles for Tumors Imaging and
Therapy,” Nano Letters 16 (2016): 3493-3499, https://doi.org/10.1021/acs.
nanolett.6b00262.

9. M. Huo, L. Wang, Y. Chen, and J. Shi, “Nanomaterials/Microorganism-
Integrated Microbiotic Nanomedicine,” Nano Today 32 (2020): 100854,
https://doi.org/10.1016/j.nantod.2020.100854.

12 of 14

Exploration, 2026

851801 SUOLLIWIOD BAIESID 3|edldde ) AQ pauBA0D a2 SDILE WO ‘8N J0 SN 10§ AXRIG1T 8UIIUO 43|\ UO (SUOTHPUOO-PUE-SWLBIWIOD" A3 1M ARRIq[BU1[UO//:StY) SUOTIPUOD PLE SIS | 3U) 885 *[9202/90/80] UO Afiqi aulUO AB1IA BUIIDBLEILI0D AQ /8201202 d X3/200T OT/10p/wiod"A8| 1 Aeiq1pu! uo//Scy Wol) papeojumod 'z ‘9202 ‘860299.2


https://doi.org/10.1038/s44222-023-00119-4
https://doi.org/10.1126/science.add9667
https://doi.org/10.1038/s41573-021-00285-3
https://doi.org/10.1016/j.addr.2016.09.007
https://doi.org/10.1038/nnano.2007.149
https://doi.org/10.1021/acs.nanolett.6b00262
https://doi.org/10.1016/j.nantod.2020.100854

10. Y. X. Zhu, H. R. Jia, Y. W. Jiang, et al., “A Red Blood Cell-Derived
Bionic Microrobot Capable of Hierarchically Adapting to Five Critical
Stages in Systemic Drug Delivery,” Exploration (2024): 20230105, https://
doi.org/10.1002/EXP.20230105.

11. X. Zeng, P. Li, S. Yan, and B.-F. Liu, “Reduction/pH-Responsive
Disassemblable MOF-Microbial Nanohybrid for Targeted Tumor Penetra-
tion and Synergistic Therapy,” Chemical Engineering Journal 452 (2023):
139517, https://doi.org/10.1016/j.cej.2022.139517.

12. X. Huang, H. Guo, L. Wang, and Z. Shao, “Engineered Microorganism-
Based Delivery Systems for Targeted Cancer Therapy: A Narrative
Review,” Biomaterials Translational 3 (2022): 201.

13.Y. Li, Q. Leng, Y. Zhang, et al., “Anaerobic Bacteria Mediated ‘Smart
Missile’ Targeting Tumor Hypoxic Area Enhances the Therapeutic Out-
come of Lung Cancer,” Chemical Engineering Journal 438 (2022): 135566,
https://doi.org/10.1016/j.cej.2022.135566.

14. Z. Y. Han, C. Zhang, J. X. An, et al., “Metabolic Regulation of Tumor
Microenvironment With Biohybrid Bacterial Bioreactor for Enhanced
Cancer Chemo-Immunotherapy,” Advanced Functional Materials 33, no.
35 (2023): 2302728, https://doi.org/10.1002/adfm.202302728.

15. Y. Ruan, H. Zhuang, X. Zeng, et al., “Engineered Microbial Nanohy-
brids for Tumor-Mediated NIR II Photothermal Enhanced Ferropto-
sis/Cuproptosis and Immunotherapy,” Advanced Healthcare Materials 13
(2024): 2302537, https://doi.org/10.1002/adhm.202302537.

16. S. Yan, X. Zeng, Y. Wang, and B. F. Liu, “Biomineralization of Bacteria
by a Metal-Organic Framework for Therapeutic Delivery,” Advanced
Healthcare Materials 9 (2020): 2000046, https://doi.org/10.1002/adhm.
202000046.

17. V. M. Moreno, E. Alvarez, 1. Izquierdo-Barba, A. Baeza, J. Serrano-
Lopez, and M. Vallet-Regi, “Bacteria as Nanoparticles Carrier for
Enhancing Penetration in a Tumoral Matrix Model,” Advanced Materials
Interfaces 7 (2020): 1901942, https://doi.org/10.1002/admi.201901942.

18. B. He, X. Sui, B. Yu, S. Wang, Y. Shen, and H. Cong, “Recent Advances
in Drug Delivery Systems for Enhancing Drug Penetration Into Tumors,”
Drug Delivery 27 (2020): 1474-1490, https://doi.org/10.1080/10717544.2020.
1831106.

19. J. Ding, J. Chen, L. Gao, et al., “Engineered Nanomedicines With
Enhanced Tumor Penetration,” Nano Today 29 (2019): 100800, https://doi.
org/10.1016/j.nantod.2019.100800.

20. X. Zhang, X. Chen, J. Song, J. Zhang, X. Ren, and Y. Zhao, “Size-
Transformable Nanostructures: From Design to Biomedical Applica-
tions,” Advanced Materials 32 (2020): 2003752, https://doi.org/10.1002/
adma.202003752.

21. G. Huang, Y. Qiu, F. Yang, et al., “Magnetothermally Triggered Free-
Radical Generation for Deep-Seated Tumor Treatment,” Nano Letters 21
(2021): 2926-2931, https://doi.org/10.1021/acs.nanolett.1c00009.

22.J. Zhou, T. Schmid, S. Schnitzer, and B. Briine, “Tumor Hypoxia and
Cancer Progression,” Cancer Letters 237 (2006): 10-21, https://doi.org/10.
1016/j.canlet.2005.05.028.

23.X. Lou, Z. Chen, Z. He, M. Sun, and J. Sun, “Bacteria-Mediated
Synergistic Cancer Therapy: Small Microbiome Has a Big Hope,” Nano-
Micro Letters 13 (2021): 1-26, https://doi.org/10.1007/s40820-020-00560-
9.

24. C. K. Schmidt, M. Medina-Sanchez, R. J. Edmondson, and O. G.
Schmidt, “Engineering Microrobots for Targeted Cancer Therapies From
a Medical Perspective,” Nature Communications 11 (2020): 1-18.

25. L. Guo, H. Chen, J. Ding, P. Rong, M. Sun, and W. Zhou, “Surface
Engineering Salmonella With pH-Responsive Polyserotonin and Self-
Activated DNAzyme for Better Microbial Therapy of Tumor,” Exploration
(2023): 20230017, https://doi.org/10.1002/EXP.20230017.

26. M. B. Akolpoglu, Y. Alapan, N. O. Dogan, et al., “Magnetically
Steerable Bacterial Microrobots Moving in 3D Biological Matrices for
Stimuli-Responsive Cargo Delivery,” Science Advances 8 (2022): eabo6163,
https://doi.org/10.1126/sciadv.abo6163.

27.1J. F. Toso, V. J. Gill, P. Hwu, et al., “Phase I Study of the Intravenous
Administration of Attenuated Salmonella Typhimurium to Patients with
Metastatic Melanoma,” Journal of Clinical Oncology 20 (2002): 142-152,
https://doi.org/10.1200/JC0.2002.20.1.142.

28. P. Basu, A. Mehta, M. Jain, et al., “A Randomized Phase 2 Study
of ADXSI1-001 Listeria Monocy’togenes-Listeriolysin O Immunotherapy
With or Without Cisplatin in Treatment of Advanced Cervical Cancer,”
International Journal of Gynecological Cancer 28 (2018): 764-772, https://
doi.org/10.1097/1GC.0000000000001235.

29.J. M. Brown, “Tumor Hypoxia in Cancer Therapy,” Methods in
Enzymology 435 (2007): 295-321.

30. T. Hompland, C. S. Fjeldbo, and H. Lyng, “Tumor Hypoxia as a Barrier
in Cancer Therapy: Why Levels Matter,” Cancers (Basel) 13 (2021): 499,
https://doi.org/10.3390/cancers13030499.

31. P. Carmeliet, Y. Dor, J.-M. Herbert, et al., “Role of HIF-1a in Hypoxia-
Mediated Apoptosis, Cell Proliferation and Tumor Angiogenesis,” Nature
394 (1998): 485-490, https://doi.org/10.1038/28867.

32. P. Tsvetkov, S. Coy, B. Petrova, et al., “Copper Induces Cell Death by
Targeting Lipoylated TCA Cycle Proteins,” Science 375 (2022): 1254-1261,
https://doi.org/10.1126/science.abf0529.

33.D. C. Fuhrmann, A. Mondorf, J. Beifuf}, M. Jung, and B. Briine,
“Hypoxia Inhibits Ferritinophagy, Increases Mitochondrial Ferritin, and
Protects From Ferroptosis,” Redox Biology 36 (2020): 101670, https://doi.
0rg/10.1016/j.redox.2020.101670.

34. W. S. Yang and B. R. Stockwell, “Ferroptosis: Death by Lipid Peroxi-
dation,” Trends in Cell Biology 26 (2016): 165-176, https://doi.org/10.1016/
j-tcb.2015.10.014.

35. X. Jiang, B. R. Stockwell, and M. Conrad, “Ferroptosis: Mechanisms,
Biology and Role in Disease,” Nature Reviews Molecular Cell Biology 22
(2021): 266-282, https://doi.org/10.1038/s41580-020-00324-8.

36. G. Lei, L. Zhuang, and B. Gan, “Targeting Ferroptosis as a Vulnerabil-
ity in Cancer,” Nature Reviews Cancer 22 (2022): 381-396, https://doi.org/
10.1038/s41568-022-00459-0.

37. X. Chen, R. Kang, G. Kroemer, and D. Tang, “Broadening Horizons:
The Role of Ferroptosis in Cancer,” Nature Reviews Clinical Oncology 18
(2021): 280-296, https://doi.org/10.1038/s41571-020-00462-0.

38. S. Guo, W. Xiong, J. Zhu, et al. “A STING Pathway-Activatable Contrast
Agent for MRI-Guided Tumor Immunoferroptosis Synergistic Therapy,”
Biomaterials 302 (2023): 122300.

39. Q. Fan, W. Xiong, H. Zhou, et al., “Achieving Practical High-Energy-
Density Lithium-Metal Batteries by a Dual-Anion Regulated Electrolyte,”
Advanced Materials 35 (2023): 2301171.

40.S. J. Dixon and B. R. Stockwell, “The Hallmarks of Ferroptosis,”
Annual Review of Cancer Biology 3 (2019): 35-54, https://doi.org/10.1146/
annurev-cancerbio-030518-055844.

41. I. Mylonis, G. Simos, and E. Paraskeva, “Hypoxia-Inducible Factors
and the Regulation of Lipid Metabolism,” Cells 8 (2019): 214, https://doi.
0rg/10.3390/cells8030214.

42. K. Bensaad, E. Favaro, C. A. Lewis, et al., “Fatty Acid Uptake and Lipid
Storage Induced by HIF-1a Contribute to Cell Growth and Survival After
Hypoxia-Reoxygenation,” Cell Reports 9 (2014): 349-365, https://doi.org/
10.1016/j.celrep.2014.08.056.

43. L. A. Broadfield, A. A. Pane, A. Talebi, J. V. Swinnen, and S.-M.
Fendt, “Lipid Metabolism in Cancer: New Perspectives and Emerging
Mechanisms,” Developmental Cell 56 (2021): 1363-1393, https://doi.org/10.
1016/j.devcel.2021.04.013.

44. Z.Gao, S. Zheng, K.-1. Kamei, and C. Tian, “Recent Progress in Cancer
Therapy Based on the Combination of Ferroptosis with Photodynamic
Therapy,” Acta Materia Medica 1 (2022): 411-426.

45. G. Tang, J. He, J. Liu, X. Yan, and K. Fan, “Nanozyme for Tumor Ther-
apy: Surface Modification Matters,” Exploration (2021): 75-89, https://doi.
org/10.1002/EXP.20210005.

Exploration, 2026

13 of 14

95U9D17 SUOWIWOD 8AIEaID 9|qed!|dde ay) Ag peusenob aJe SajolLe YO ‘9sn JO Sajni Joj ARIqiTaUlUO AB]IA UO (SUONIPUOD-PU-SLLIR) 0D A8 | 1M ATe g1 jBuluo//:SdNy) SUOTIPUOD pue SULS 1 8y} 89S *[9202/90/80] U Akeiqi auljuo As|im eulydeueiypod Ag /8201202 d X3/200T OT/I0p/wod’ A3 Arelq1jpul uoy//:sdiy o) pepeoumoq ‘Z ‘9202 ‘860299.2


https://doi.org/10.1002/EXP.20230105
https://doi.org/10.1016/j.cej.2022.139517
https://doi.org/10.1016/j.cej.2022.135566
https://doi.org/10.1002/adfm.202302728
https://doi.org/10.1002/adhm.202302537
https://doi.org/10.1002/adhm.202000046
https://doi.org/10.1002/admi.201901942
https://doi.org/10.1080/10717544.2020.1831106
https://doi.org/10.1016/j.nantod.2019.100800
https://doi.org/10.1002/adma.202003752
https://doi.org/10.1021/acs.nanolett.1c00009
https://doi.org/10.1016/j.canlet.2005.05.028
https://doi.org/10.1007/s40820-020-00560-9
https://doi.org/10.1002/EXP.20230017
https://doi.org/10.1126/sciadv.abo6163
https://doi.org/10.1200/JCO.2002.20.1.142
https://doi.org/10.1097/IGC.0000000000001235
https://doi.org/10.3390/cancers13030499
https://doi.org/10.1038/28867
https://doi.org/10.1126/science.abf0529
https://doi.org/10.1016/j.redox.2020.101670
https://doi.org/10.1016/j.tcb.2015.10.014
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41568-022-00459-0
https://doi.org/10.1038/s41571-020-00462-0
https://doi.org/10.1146/annurev-cancerbio-030518-055844
https://doi.org/10.3390/cells8030214
https://doi.org/10.1016/j.celrep.2014.08.056
https://doi.org/10.1016/j.devcel.2021.04.013
https://doi.org/10.1002/EXP.20210005

46. Z. Dong, P. Liang, G. Guan, et al., “Overcoming Hypoxia-Induced
Ferroptosis Resistance via a 19 F/ 1 H-MRI Traceable Core-Shell
Nanostructure,” Angewandte Chemie International Edition 61 (2022):
€202206074, https://doi.org/10.1002/anie.202206074.

47. H. Yang, X. Yao, Y. Liu, X. Shen, M. Li, and Z. Luo, “Ferroptosis
Nanomedicine: Clinical Challenges and Opportunities for Modulating
Tumor Metabolic and Immunological Landscape,” ACS Nano 17 (2023):
15328-15353, https://doi.org/10.1021/acsnano.3c04632.

48. M. Hou, M. Liu, H. Yu, et al., “Spatially Asymmetric Nanoparticles for
Boosting Ferroptosis in Tumor Therapy,” Nano Letters 24 (2024): 1284—
1293, https://doi.org/10.1021/acs.nanolett.3c04293.

49.Y. Zhu, P. Gong, J. Wang, et al., “Amplification of Lipid Peroxidation
by Regulating Cell Membrane Unsaturation To Enhance Chemodynamic
Therapy,” Angewandte Chemie 135 (2023): €202218407, https://doi.org/10.
1002/ange.202218407.

50. L. Huang, J. Zhu, W. Xiong, et al., “Tumor-Generated Reactive Oxygen
Species Storm for High-Performance Ferroptosis Therapy,” ACS Nano 17
(2023): 11492-11506, https://doi.org/10.1021/acsnano.3c01369.

51. Y. Wang, S. Li, X. Wang, et al., “Smart Transformable Nanomedicines
for Cancer Therapy,” Biomaterials (2021): 120737, https://doi.org/10.1016/
j-biomaterials.2021.120737.

52. N. Mirkhani, M. G. Christiansen, T. Gwisai, S. Menghini, and S.
Schuerle, “Spatially Selective Delivery of Living Magnetic Microrobots
Through Torque-focusing,” Nature Communications 15 (2024): 2160,
https://doi.org/10.1038/s41467-024-46407-4.

53. T. Gwisai, N. Mirkhani, M. G. Christiansen, T. T. Nguyen, V. Ling, and
S. Schuerle, “Magnetic Torque-Driven Living Microrobots for Increased
Tumor Infiltration,” Science Robotics 7 (2022): eabo0665, https://doi.org/
10.1126/scirobotics.abo0665.

54. P. Xue, H. Zhuang, T. Bai, et al., “Iron (II)-Based Metal-Organic
Framework Nanozyme for Boosting Tumor Ferroptosis Through Inhibit-
ing DNA Damage Repair and System Xc,” Journal of Nanbiotechnology 22
(2024): 228, https://doi.org/10.1186/s12951-024-02508-2.

55. A. G. Kolhatkar, A. C. Jamison, D. Litvinov, R. C. Willson, and T. R.
Lee, “Tuning the Magnetic Properties of Nanoparticles,” International
Journal of Molecular Sciences 14 (2013): 15977-16009, https://doi.org/10.
3390/ijms140815977.

56. L. Huang, J. Zhu, G. Wu, et al., “A Strategy of “Adding Fuel to the
Flames” Enables a Self-accelerating Cycle of Ferroptosis-Cuproptosis for
Potent Antitumor Therapy,” Biomaterials 311 (2024): 122701.

57.W. Wang, Y. Cui, X. Wei, et al., “CuCo,04 Nanoflowers With
Multiple Enzyme Activities for Treating Bacterium-Infected Wounds via
Cuproptosis-Like Death,” ACS Nano 18 (2024): 15845-15863, https://doi.
org/10.1021/acsnano.4c02825.

58.J. Shan, X. Jin, C. Zhang, et al., “Metal Natural Product Complex
Ru-Procyanidins With Quadruple Enzymatic Activity Combat Infections
From Drug-Resistant Bacteria,” Acta Pharmaceutica Sinica B 14 (2024):
2298-2316, https://doi.org/10.1016/j.apsb.2023.12.017.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting File 1: exp270128-sup-0001-SuppMat.docx

14 of 14

Exploration, 2026

95U9D17 SUOWIWOD 8AIEaID 9|qed!|dde ay) Ag peusenob aJe SajolLe YO ‘9sn JO Sajni Joj ARIqiTaUlUO AB]IA UO (SUONIPUOD-PU-SLLIR) 0D A8 | 1M ATe g1 jBuluo//:SdNy) SUOTIPUOD pue SULS 1 8y} 89S *[9202/90/80] U Akeiqi auljuo As|im eulydeueiypod Ag /8201202 d X3/200T OT/I0p/wod’ A3 Arelq1jpul uoy//:sdiy o) pepeoumoq ‘Z ‘9202 ‘860299.2


https://doi.org/10.1002/anie.202206074
https://doi.org/10.1021/acsnano.3c04632
https://doi.org/10.1021/acs.nanolett.3c04293
https://doi.org/10.1002/ange.202218407
https://doi.org/10.1021/acsnano.3c01369
https://doi.org/10.1016/j.biomaterials.2021.120737
https://doi.org/10.1038/s41467-024-46407-4
https://doi.org/10.1126/scirobotics.abo0665
https://doi.org/10.1186/s12951-024-02508-2
https://doi.org/10.3390/ijms140815977
https://doi.org/10.1021/acsnano.4c02825
https://doi.org/10.1016/j.apsb.2023.12.017

	Bacterial Biohybrids With Dual Magnet and Hypoxia Tropism for Ferroptosis Activation in Deep Tumor Regions
	1 | Introduction
	2 | Results and Discussions
	2.1 | Fabrication and Characterizations of ZFO
	2.2 | Characterization of Ec@ZFOY Conjugates
	2.3 | Evaluation of the Anti-Tumor Effect of Ec@ZFOY Conjugates In Vitro
	2.4 | Penetration and In Vivo Biodistribution of Ec@ZFOY Bacterial Biohybrid
	2.5 | Evaluation of the Anti-Tumor Effect of Ec@ZFOY In Vivo
	2.6 | Systematic In Vivo Biocompatibility Assay

	3 | Conclusion
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


