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Abstract

Transcatheter arterial chemoembolization (TACE) is a first-line therapy for advanced hepatocellular
carcinoma (HCC), however, embolization-induced tumor hypoxia frequently promotes drug resistance
and recurrence. To convert this hypoxic stress into a therapeutic opportunity, we constructed
hyaluronidase-degradable microspheres (Sp/TPZ@MNSs) co-encapsulating live Synechocystis (Sp) for
biohydrogen production and tirapazamine (TPZ), a hypoxia-activated prodrug. Upon embolization, the
resultant hypoxic microenvironment triggers endogenous hydrogenase-mediated H, generation from Sp
and simultaneously activates TPZ. The evolved H, potentiates TPZ-induced DNA damage, eliciting
robust immunogenic cell death (ICD), which subsequently promotes dendritic cell maturation and M1
polarization of tumor-associated macrophages. In vitro, Sp/TPZ@MNs under hypoxia significantly
enhanced HepG2 cell killing and immune activation. In a rabbit orthotopic Vx2 HCC model, the
microspheres exhibited favorable injectability, embolization performance, and enzyme-responsive
degradation, leading to marked tumor growth suppression and reduced pulmonary metastasis with good
biosafety. This cascade strategy converts hypoxic stress into a therapeutic asset, offering a novel
paradigm for TACE potentiation.

Introduction

Hepatocellular carcinoma (HCC) ranks among the most lethal malignancies worldwide, with most
patients diagnosed at intermediate or advanced stages when curative resection is no longer feasible' 3.
Transcatheter arterial chemoembolization (TACE) has been established as the first-line locoregional
therapy for unresectable HCC, achieving tumor control through dual mechanisms of ischemic
devascularization and localized chemotherapeutic drug delivery*~®. Despite widespread clinical
implementation, TACE suffers from unsatisfactory therapeutic durability’~°. Tumor hypoxia inevitably
develops following vascular occlusion upon embolization, and such hypoxic microenvironment
frequently fuels adaptive metabolic reprogramming, epithelial-mesenchymal transition, as well as
multidrug resistance'® 2. These pathological events collectively contribute to tumor recurrence and
distant metastasis'3~1°. This inherent paradox is that hypoxia generated by TACE itself counteracts
therapeutic benefits of this intervention. It constitutes a persistent bottleneck that conventional embolic
agents have failed to address.

Hypoxia-activated prodrugs (HAPs), exemplified by tirapazamine (TPZ), have emerged as a promising
class of agents that selectively generate cytotoxic DNA-damaging radicals under hypoxic conditions,
theoretically offering a means to exploit rather than merely tolerate tumor hypoxia'®~'8. However, clinical
translation of TPZ has been hampered by insufficient intratumoral hypoxia intensity and heterogeneous
oxygen distribution, which limit prodrug bioactivation to only a narrow perinecrotic zone'°~2.
Biohydrogen has been reported to potentiate genotoxic drug-triggered tumor cell damage, inspiring us to
seek biological platforms for in-situ hydrogen generation within tumor lesions?2724, Living

microorganisms, especially photosynthetic cyanobacteria, feature notable metabolic plasticity?. Under

Page 3/26



anaerobic conditions, Synechocystis (Sp) elevates endogenous hydrogenase activity and produces
biohydrogen via fermentative metabolism?°~28. We therefore hypothesized that embedding viable Sp
within embolic microspheres would enable a cooperative therapeutic cascade. Embolization-induced
intratumoral hypoxia triggers concurrent TPZ prodrug activation and cyanobacteria-mediated
biohydrogen biosynthesis, where

the metabolically generated hydrogen serves as a synergistic effector to augment TPZ-mediated
antitumor responses. In this way, the hypoxia induced by TACE is repurposed as a shared trigger to
coordinate two independent therapeutic moieties, converting the detrimental hypoxic stress of TACE into
a therapeutic asset.

Herein, we report hyaluronidase-degradable embolic microspheres (Sp/TPZ@MNSs) that co-encapsulate
living Sp and TPZ for cascade-amplified TACE of HCC. The microspheres preserve cyanobacterial
viability and hydrogenase-mediated biocatalytic activity while exhibiting favorable injectability,
rheological behavior, and enzyme-responsive degradation (Fig. 1A). Under hypoxic conditions, Sp-derived
biohydrogen cooperates with activated TPZ to induce robust DNA damage and immunogenic cell death
(ICD), accompanied by DAMPs release, dendritic cell maturation, and M1-type macrophage polarization
(Fig. 1B). In rabbit orthotopic Vx2 HCC models, Sp/TPZ@MNs-mediated TACE achieves effective
vascular embolization, markedly suppresses tumor growth and pulmonary metastasis, and remodels the
tumor immune microenvironment; transcriptomic profiling reveals significant perturbations in cAMP,
interferon, and arachidonic acid metabolic pathways. This work establishes a cascade therapeutic
paradigm that harnesses living cyanobacterial metabolism to turn TACE-induced hypoxia from a liability
into a leveraged therapeutic trigger, offering a broadly applicable strategy for potentiating embolic
cancer therapy.

Results

Construction and physicochemical characterization of
Sp/TPZ@MNs

Scanning electron microscopy (SEM) was first applied to characterize the morphology of cultured Sp. As
shown in Fig. 2A, B, Sp cells displayed regular spherical geometry with uniform surface texture, and the
statistical particle-size distribution demonstrated an average diameter around 2 um (Fig. 2C). Owing to
intrinsic phycobiliprotein pigments, Sp exhibited spontaneous red autofluorescence under laser confocal
scanning microscopy, which enables direct visual tracking without additional fluorescent labeling

(Fig. 2D). Given that hydrogen production of cyanobacteria is strictly oxygen-dependent, we further
established an in-vitro gas-collection system coupled with gas-phase mass spectrometry to monitor
fermentative hydrogen generation under different atmospheric conditions (Fig. 2E). Substantial
cumulative hydrogen was continuously detected under nitrogen-purged anaerobic conditions, whereas
negligible hydrogen yield was recorded under oxygen-rich atmosphere, verifying that

hydrogenase-mediated biocatalytic hydrogen production of Sp is only triggered upon oxygen deprivation
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(Fig. 2F). Methylene blue (MB) redox-sensitive UV-vis spectroscopy further supported this observation:
obvious fading of MB

absorbance was observed exclusively in anaerobic Sp-containing groups, reflecting the accumulation of
reducing metabolites generated during Sp anaerobic metabolism (Fig. 2G).

Having confirmed the anaerobic-triggered hydrogen-producing capability of free Sp, we next fabricated
hyaluronidase-degradable embolic microspheres co-encapsulating living Sp and hypoxia-activated
prodrug TPZ, designated Sp/TPZ@MNs. Optical microscopy and SEM images illustrated that
Sp/TPZ@MNs maintained well-defined spherical shape after material fabrication, with a suitable
particle-size window favorable for transcatheter arterial embolization (Fig. 2H-K and Fig. S1). To
visualize the spatial distribution of payloads inside microspheres, TPZ was substituted with FITC for
confocal observation. The merged confocal images exhibited overlapping red fluorescence from Sp and
green FITC signal throughout the microsphere matrix, confirming homogeneous co-loading of both
biological and small-molecule payloads (Fig. 2L). Encapsulation-associated cytotoxicity is a major
concern for living-cell-embedded biomaterials. Therefore, we compared cell viability and
hydrogen-generating capacity between free Sp and microsphere-encapsulated Sp after 48 h incubation.
No significant difference in Sp survival rate was observed between the two groups, and encapsulated Sp
retained comparable hydrogen-producing activity (Fig. 2M, N). These data indicated that the microsphere
polymer matrix provides a biocompatible microenvironment to preserve the metabolic function of
embedded cyanobacteria.

Subsequently, enzyme-responsive degradation, injectability and mechanical performance, which are
critical prerequisites for TACE embolic agents, were systematically evaluated. Sp/TPZ@MNs displayed
time-dependent degradation behavior in the presence of hyaluronidase, and higher enzyme
concentration accelerated microsphere erosion (Fig. 20). Such enzyme-driven degradation further
enabled the responsive release of encapsulated TPZ from the decomposing microspheres (Fig. S2).
Rheological measurements revealed typical shear-thinning viscosity profiles of Sp/TPZ@MNs upon
increasing shear rate, which is essential for smooth delivery through clinical microcatheters. The storage
modulus (G') and loss modulus (G") of Sp/TPZ@MNs were comparable to blank microspheres without
Sp and TPZ, suggesting that payload incorporation did not alter the viscoelastic properties of the base
material (Fig. 2P, Q). Compression force-deformation curves further demonstrated adequate mechanical
tolerance of Sp/TPZ@MNs under mechanical compression (Fig. 2R). Collectively, these physicochemical
characterizations corroborate that Sp/TPZ@MNs satisfy key requirements for embolic application:
stable co-encapsulation of functional living cyanobacteria and TPZ prodrug, hyaluronidase-responsive
degradation, favorable rheological property and mechanical robustness for catheter-based interventional
delivery.

In vitro antitumor effects of Sp/TPZ@MNs
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After validating the physicochemical performance of Sp/TPZ@MNs, we moved on to explore its in-vitro
antitumor potency against HepG2 hepatocellular carcinoma cells under normoxic and hypoxic culture
conditions. As illustrated in the schematic of Fig. 3A, the TACE-mimicking hypoxic microenvironment
concurrently enables Sp-driven biohydrogen biosynthesis and TPZ prodrug activation. The resulting
biohydrogen synergizes with activated TPZ to elicit tumor cell damage. Consistently, experimental
hydrogen-quantification results showed prominent hydrogen accumulation only in Sp-containing groups
under hypoxic incubation, while normoxic groups and Sp-free formulations generated barely detectable
hydrogen (Fig. 3B). CCK-8 cell viability assays were then performed to assess tumor-cell killing capacity.
Under normoxia, all experimental groups exhibited limited cytotoxicity toward HepG2

cells. In sharp contrast, under hypoxic conditions, Sp/TPZ@MNs exerted markedly enhanced tumor-cell
suppression, outperforming single-component groups including Sp@Ms and TPZ@Ms (Fig. 3C).
Flow-cytometry-based apoptosis detection and live/dead confocal staining further recapitulated this
tendency. The highest proportion of apoptotic and dead tumor cells was observed exclusively in the
Sp/TPZ@MNs hypoxia group, while other treatment groups only induced moderate or trivial cell death
(Fig. 3D, E and Fig. S3). To dissect the underlying cell-death mechanism, DNA-damage marker yH2AX
and mitochondrial membrane potential (AWm) were detected. Under normoxic conditions, all groups
showed low yH2AX fluorescence intensity. Once exposed to hypoxia, Sp/TPZ@MNs treatment induced
massive YH2AX foci formation, indicating severe DNA double-strand breaks (Fig. 3F, G). Mitochondrial
injury is another hallmark of TPZ-mediated cytotoxicity. JC-1 staining illustrated obvious mitochondrial
depolarization in hypoxic Sp/TPZ@MNs group, manifested as decreased red-to-green fluorescence ratio
(Fig. 3H, I). Taken together, these cellular observations suggest that hypoxia-driven hydrogen production
cooperates with activated TPZ to provoke DNA damage and mitochondrial dysfunction, jointly amplifying
the death of HepG2 tumor cells.

Induction of ICD in HepG2 cells

Given the potent cytotoxicity elicited by Sp/TPZ@MNs under hypoxic conditions, we further explored
whether the observed tumor-cell death corresponded to an ICD phenotype. Immunofluorescence
staining was performed to assess three well-established ICD markers, including surface-exposed
calreticulin (CRT), secreted HMGB1, and HSP702°. Under normoxic circumstances, only faint signal of
these DAMPs could be detected across all groups. Hypoxic Sp/TPZ@MNs treatment remarkably
promoted CRT translocation onto cell membrane, as well as the extracellular release of HMGB1 and
HSP70 (Fig. 4A-F). These results preliminarily demonstrated that Sp/TPZ@MNs could trigger robust ICD
in hypoxic HepG2 cells. We further constructed tumor-cell-antigen-presenting-cell co-culture systems to
verify the downstream immune-activating effect of ICD. Tumor-cell-conditioned medium collected from
hypoxic Sp/TPZ@MNs treatment remarkably promoted M1-type

polarization of tumor-associated macrophages (TAMs), whereas immunosuppressive M2-macrophage
proportion declined correspondingly (Fig. 4G). Meanwhile, ELISA results revealed decreased secretion of
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M2-related immunosuppressive chemokines CCL22 and IL-10 (Fig. 4H, 1). When dendritic cells (DCs)
were co-incubated with pretreated HepG2 cells, DC maturation was significantly elevated in the
Sp/TPZ@MNs hypoxia group, accompanied by higher secretion of pro-inflammatory cytokines TNF-a
and IL-6 (Fig. 4J-L). Collectively, these co-culture experiments confirm that Sp/TPZ@MNs-triggered ICD
is biologically functional, which facilitates macrophage reprogramming and DC maturation, laying the
foundation for subsequent antitumor immune activation.

Embolization performance and in vivo biosafety of Sp/TPZ@MNs

Encouraged by promising in-vitro results, we shifted to rabbit orthotopic Vx2 HCC models, which are
widely accepted preclinical large-animal models for TACE evaluation. We adopted an optical
tissue-clearing strategy to intuitively visualize the intratumoral retention and distribution of
Sp/TPZ@MNs after interventional embolization (Fig. 5A, B). Ex-vivo cleared liver specimens exhibited
strong red autofluorescence signals originating from Sp, predominantly localized within tumor lesions,
proving that Sp/TPZ@MNs could be smoothly delivered via interventional catheter and efficiently
trapped inside tumor-feeding vessels to achieve regional embolization (Fig. 5C, D). Immunofluorescence
sections further displayed obvious Sp-derived autofluorescence in tumor parenchyma, validating
successful tumor embolization (Fig. S4). H&E staining further evidenced massive tumor cell death
post-embolization (Fig. S5).

In-vivo biosafety is a critical evaluation indicator for embolic biomaterials before further translational
study. Blood serum biochemical indices covering liver function (ALT, AST), kidney function (BUN, Cre),
and routine blood biochemistry parameters were monitored at predefined time-points after
Sp/TPZ@MNs-mediated TACE. Throughout the 30-day observation period, serum biochemical indicators
remained within normal physiological ranges without obvious abnormal fluctuations (Fig. 5E). Moreover,
H&E histological staining of major organs including heart, liver, spleen,

lung and kidney displayed no noticeable inflammatory infiltration, tissue necrosis or pathological
damage (Fig. 5F). Combining embolization imaging data and biosafety assessments, Sp/TPZ@MNs
achieves satisfactory tumor-vascular embolization capacity with favorable systemic biocompatibility in
tumor-bearing rabbits.

In vivo antitumor efficacy against orthotopic HCC

Subsequently, systematic in-vivo therapeutic efficacy assessment was performed on rabbit orthotopic
Vx2 HCC after different TACE treatments. The schematic diagram (Fig. 6A) illustrates the interventional
TACE procedure implemented in this study. TACE treatment was initiated when orthotopic liver tumors
reached longitudinal and transverse dimensions of ~ 1.27 cm and ~ 0.78 cm, as confirmed by ultrasound
imaging (Fig. S6). Tumor-tissue H&E staining revealed extensive coagulative necrosis inside tumor
lesions for the Sp/TPZ@MNs treatment group. By contrast, blank-Ms, Sp@Ms and TPZ@Ms groups only
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generated partial tumor necrosis, indicating superior tumor-killing effects of combined Sp-hydrogen and
TPZ therapy (Fig. 6B). Serial T2-weighted magnetic resonance imaging was conducted to dynamically
monitor tumor growth. For control and single-treatment groups, tumor volume continuously increased
over 14 days post-TACE. On the contrary, obvious tumor shrinkage was observed in the Sp/TPZ@MNs
cohort (Fig. 6C). Quantitative tumor-volume statistics, both average tumor-growth curves and individual
tumor-volume variation, further quantified the potent tumor-suppression effect achieved by
Sp/TPZ@MNs-based TACE (Fig. 6D, E).

To further characterize intratumor pathological alterations, tumor-tissue immunofluorescence staining of
HIF-a, TUNEL and Ki-67 was carried out. HIF-a serves as the canonical marker reflecting intratumoral
hypoxic status. Although TACE itself blocks blood supply, Sp/TPZ@MNs treatment significantly
downregulated intratumoral HIF-a expression (Fig. S7). Meanwhile, increased TUNEL-positive

apoptotic signals and reduced Ki-67 proliferative signals were detected in Sp/TPZ@MNs tumor sections
(Fig. 6F, G and Fig. $S8-9). These histological findings demonstrate that Sp/TPZ@MNs-mediated TACE
induces robust tumor-cell apoptosis, suppresses tumor proliferation and alters intratumoral hypoxic
signaling, leading to potent therapeutic outcomes in this large-animal HCC model.

Remodeling of the tumor immune microenvironment

Our in-vitro data had proven that Sp/TPZ@MNs could trigger ICD and activate antigen-presenting cells.
We therefore sought to verify whether such immune-activating effects could be recapitulated in vivo
within orthotopic tumor tissues. Immunohistochemical staining of tumor sections demonstrated
significantly elevated intratumoral CRT, HMGB1 and HSP70 expression in Sp/TPZ@MNs group
compared with other cohorts, confirming in-situ ICD occurrence after TACE treatment (Fig. 7A).

Tumor-tissue flow cytometry was next performed to dissect immune-cell infiltration profiles.
Sp/TPZ@MNs treatment markedly raised the proportion of mature DCs inside tumor tissue. For
tumor-associated macrophages, the percentage of anti-tumor M1-type TAMs increased, while pro-tumor
M2-type TAMs declined. Furthermore, the infiltration of cytotoxic CD8* T cells, which execute core
antitumor immune function, was obviously elevated in Sp/TPZ@MNs-treated tumors (Fig. 7B-E).
Confocal immunofluorescence imaging of tumor sections further visually validated these changes: more
F4/80+iINOS* M1 macrophages and CD3+CD8* T cells accumulated in tumor sites of Sp/TPZ@MNs
group (Fig. 7F, G).

Given the reshaped antitumor immune microenvironment, we further assessed pulmonary metastasis, a
frequent malignant progression pattern for HCC. H&E staining of lung tissues showed obviously
decreased metastatic-nodule burden in Sp/TPZ@MNs-treated rabbits (Fig. 7H, I). These results
collectively illustrate that Sp/TPZ@MNs-provoked ICD remodels the intrinsically immunosuppressive
HCC tumor microenvironment, promotes intratumoral cytotoxic immune-cell infiltration, and
consequently restrains tumor distant metastasis.
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Transcriptomic analysis of the underlying mechanisms

To gain deeper mechanistic insights into the molecular events elicited by Sp/TPZ@MNs-based TACE, we
implemented transcriptome RNA-sequencing analysis on tumor tissues collected from control and
Sp/TPZ@MNs groups. The overall

workflow for sample collection and sequencing is outlined in Fig. 8A. Differential-gene-expression
analysis identified hundreds of significantly altered genes (Jlog,FC| > 1, P < 0.05), visualized by volcano
plot and gene-expression heatmap (Fig. 8B, C). KEGG pathway enrichment bubble plots for upregulated
and downregulated differentially expressed genes uncovered multiple enriched metabolism- and
immune-relevant signaling pathways (Fig. 8D, E). Gene-ontology (GO) functional enrichment further
annotated the biological-process, cellular-component and molecular-function categories perturbed upon
Sp/TPZ@MNs intervention (Fig. 8F). Gene set enrichment analysis (GSEA) was further applied to
pinpoint key altered pathways. Among them, cAMP signaling pathway, interferon signaling pathway and
arachidonic-acid metabolism exhibited prominent enrichment differences between two groups

(Fig. 8G-1). The interferon signaling pathway is tightly associated with antitumor immune activation,
while cAMP and arachidonic-acid metabolism participate in tumor-cell survival, inflammation and
immune-microenvironment modulation. Consistent with these transcriptomic alterations, we further
performed ELISA quantification of key inflammatory and immune-related cytokines derived from
tumor-bearing rabbit tissues. These protein-level measurements corroborated the
transcriptome-predicted immune-activating phenotype, showing elevated levels of pro-inflammatory
antitumor cytokines alongside reduced concentrations of immunosuppressive mediators (Fig. S10).
Collectively, these transcriptomic signatures together with supporting cytokine profiling provide
multi-layered molecular-level evidence explaining the chemo-immunotherapeutic synergistic effects
triggered by Sp/TPZ@MNs in orthotopic HCC.

Discussion

TACE represents the standard-of-care locoregional therapeutic option for intermediate-stage HCC=C.
Embolism-triggered intratumoral hypoxia gives rise to a notable biological paradox3'. While hypoxia
contributes to ischemic tumor necrosis, it also promotes drug resistance, malignant progression, and the
formation of an immunosuppressive tumor microenvironment, which substantially impairs clinical
therapeutic responses. Numerous strategies have been proposed to counteract TACE-related hypoxia,
including oxygen-carrying embolic agents, hypoxia-targeted small-molecule drugs and hypoxia-activated
prodrugs'. Among them, TPZ represents a well-investigated hypoxia-activated prodrug that generates
cytotoxic DNA-damaging radicals selectively under low-oxygen conditions. Nevertheless, insufficient and
heterogeneous hypoxia within solid tumors restricts the in-vivo activation efficiency of TPZ, and
single-agent TPZ hardly achieves satisfactory therapeutic benefits, which hinders its clinical translation.

In this work, we constructed hyaluronidase-degradable embolic microspheres (Sp/TPZ@MNs)
co-encapsulating living Sp and TPZ, which repurposes TACE-induced hypoxia as a shared trigger for dual
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therapeutic modules, rather than simply eliminating tumor hypoxia. Once embolization blocks tumor
blood supply, the formed hypoxic niche simultaneously initiates cyanobacterial biocatalytic hydrogen
production and TPZ prodrug activation. Instead of aggravating tumor hypoxia, the biosynthesized
hydrogen acts as a synergistic effector to amplify TPZ-mediated DNA damage, further triggering robust
immunogenic cell death and subsequent antitumor immune responses. Different from previously
reported oxygen-supplement embolic materials aiming to relieve hypoxia, our design makes use of the
unavoidable hypoxic stress after TACE to activate two independent therapeutic moieties, offering an
alternative logic for TACE-based combination therapy.

Living microbial-based biomaterials have attracted increasing attention for oncological therapy; however,
most reported cyanobacteria-based tumor-therapeutic systems are applied via intratumoral or
intravenous injection, and few integrate living cyanobacteria into clinical-applicable embolic
microspheres for interventional TACE therapy. The physicochemical characterizations in Fig. 2 verified
that Sp/TPZ@MNs possess appropriate particle size, shear-thinning rheological property and
enzyme-responsive degradability for catheter delivery. Critically, the polymer matrix maintains the
viability and hydrogen-producing biocatalytic activity of encapsulated Sp, which is the prerequisite for
subsequent cascade therapeutic effects. In vitro cellular assays validated that Sp-derived hydrogen
cooperates with activated TPZ to induce DNA damage, mitochondrial dysfunction and potent ICD, which
drives macrophage M1-polarization and dendritic cell maturation (Fig. 3-4). The rabbit orthotopic Vx2
HCC model, a clinically-relevant large-animal pre-clinical model for TACE evaluation, further
demonstrated that Sp/TPZ@MNs-mediated TACE achieves effective vascular embolization, potent
tumor suppression and reduced pulmonary metastasis without obvious systemic toxicity (Fig. 5-7).

Transcriptome sequencing further uncovered the molecular mechanisms behind therapeutic benefits.
Sp/TPZ@MNs treatment significantly modulated cAMP signaling, interferon signaling and arachidonic
acid metabolism pathways. Interferon pathway activation is consistent with the observed intratumoral
immune-cell infiltration and ICD-driven antitumor immunity, while cAMP and arachidonic acid
metabolism participate in tumor proliferation, inflammation and immune microenvironment regulation.
Supporting-information cytokine ELISA data further supplied protein-level evidence for immune
activation, consolidating the multi-omics and phenotypic results.

Nevertheless, several limitations still exist in the current study. First, although Sp survives and executes
fermentative hydrogen production inside microspheres under tumor hypoxic conditions, the long-term
in-vivo metabolic stability and persistence of Sp after TACE still need further optimization. Second, this
study adopts the Vx2 rabbit liver tumor model; future validation in immunocompetent
genetically-engineered HCC mouse models will help better interpret adaptive antitumor immune
responses. Third, the exact molecular mechanism by which hydrogen potentiates TPZ cytotoxicity
remains incompletely clarified. Follow-up mechanistic investigations are required to illustrate how
hydrogen reshapes cellular redox homeostasis to amplify TPZ-triggered DNA injury. In addition, further
fine-tuning of microsphere degradation kinetics and payload loading efficiency will benefit future
translational studies.
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Despite above-mentioned drawbacks, the present work proves the feasibility of integrating living
cyanobacterial biocatalysis with hypoxia-activated prodrug into functional embolic microspheres. This
cascade strategy converts TACE-derived harmful hypoxic stress into a therapeutic trigger, which may
provide new insights for developing next-generation TACE embolic formulations for HCC treatment.

Conclusion

In summary, we report hyaluronidase-degradable embolic microspheres Sp/TPZ@MNs co-encapsulating
living Sp and TPZ for cascade-synergistic TACE therapy of hepatocellular carcinoma. Upon arterial
embolization, TACE-induced hypoxia serves as a shared switch to trigger cyanobacterial biocatalytic
hydrogen generation and TPZ prodrug activation. The generated hydrogen synergistically potentiates
TPZ-provoked DNA damage and elicits robust immunogenic cell death. In vitro experiments
demonstrated that Sp/TPZ@MNs under hypoxic conditions effectively kill HCC tumor cells and activate
antigen-presenting cells to initiate antitumor immune responses. In rabbit orthotopic Vx2 HCC models,
Sp/TPZ@MNs realize favorable embolization performance, markedly suppress tumor growth and
pulmonary metastasis with satisfying biosafety. Transcriptomic profiling combined with supporting
cytokine ELISA results reveal the perturbation of multiple immune- and metabolism-related signaling
pathways after Sp/TPZ@MNs intervention. This study establishes a proof-of-concept strategy that
harnesses TACE-intrinsic hypoxia to activate dual therapeutic modules of living-microbe-derived
biohydrogen and hypoxia-activated prodrugs, offering a prospective blueprint for designing advanced
embolic agents against hepatocellular carcinoma.
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Figure 1

Preparation of Sp/TPZ@MNs and the mechanism of TACE therapy against orthotopic hepatocellular
carcinoma. (A) Schematic illustration showing the preparation of Sp/TPZ@MNs. (B) Utilizing
TACE-induced intratumoral hypoxia as a trigger, Sp-produced biohydrogen together with activated TPZ
elicit ICD and anti-tumor immune responses, restraining HCC growth and metastasis in orthotopic Vx2
tumor-bearing rabbits.
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Figure 2

Synthesis and Characterization of the Physicochemical Properties of Sp/TPZ@MNs. (A, B) SEM image
of Sp. (C) The laser confocal scanning microscopy image of Sp. (D) Statistical results of the particle size
distribution of Sp. (E) Schematic diagram illustrating the detection of hydrogen production by Sp using
gas-phase mass spectrometry under different atmospheric conditions. (F) Curves showing changes in
hydrogen production by Sp over time under different conditions, as measured by gas-phase mass
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spectrometry. (G) UV absorption spectra of methylene blue (MB) after treatment under different
conditions. (H) Optical microscope image of Sp/TPZ@MNSs. (I) Statistical results of the particle size
distribution of Sp/TPZ@MNs. (J, K) Scanning electron microscope image of Sp/TPZ@MNs. (L) LCSM
image of Sp/TPZ@MNSs, where Sp emits spontaneous red light, and TPZ is replaced with FITC molecules
to observe the distribution of both within the microspheres. (M) Survival rates and (N) hydrogen
production of free Sp and Sp encapsulated in Sp/TPZ@MNs microspheres after 48 hours of cultivation
under identical conditions. (0) Degradation profiles of Sp/TPZ@MNs at hyaluronidase (HAase)
concentrations of 25 and 50 U/mL (n = 3 biological samples). (P) Viscosity of free MNs and
Sp/TPZ@MNs by shear rate sweeps. (Q) Storage modulus (G') and loss modulus (G") of free MNs and
Sp/TPZ@MNs as characterized by oscillatory strain sweeps. (R) Compression force-strain curves of of
free MNs and Sp/TPZ@MNss.
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Figure 3

Evaluation of the antitumor effects of Sp/TPZ@MNs at the cellular level in vitro. (A) Schematic
illustration of Sp/TPZ@MNs-mediated H, generation and TPZ prodrug activation under hypoxia to induce
immunogenic cell death in HepG2 cells. (B) H, production from different material systems under various
conditions. (C) Cell viability of HepG2 cells treated with different gel systems under different conditions
was determined by CCK-8 assay, reflecting the killing efficiency. (D) Apoptosis of HepG2 cells induced by
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different gel systems under various conditions, as determined by flow cytometry. (E) Live/dead staining
of HepG2 cells treated with different gel formulations under various conditions, visualized by confocal
laser scanning microscopy (CLSM), with dead cells stained red and live cells stained green. yH2AX
staining and quantification of DNA damage in HepG2 cells treated with different gels systems under (F)
normoxia and (G) hypoxia condition. A¥m assessed by JC-1 staining in HepG2 cells after exposure to
various gel systems under normoxic (H) and hypoxic (I) conditions, with quantitative statistics.
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Figure 4

Evaluation of the efficacy of Sp/TPZ@MNs in inducing ICD in HepG2 cells. (A-F) Immunofluorescence
analysis of ICD markers, including (A, B) HMGBT1, (C, D) HSP70, and (E, F) CRT, in HepG2 cells treated
with different gel formulations under normoxia and hypoxia, along with corresponding quantitative
statistical results. (G) Flow cytometric analysis of macrophage polarization induced by HepG2 cells
pretreated with different conditions. ELISA quantification of (H) CLL22 and (I) IL-10 released by DCs co-
cultured with HepG2 cells pretreated under different conditions. (J) Flow cytometric evaluation of DC
maturation stimulated by HepG2 cells pre-treated with various gel formulations under normoxia and
hypoxia. ELISA quantification of (K) TNF-a and (L) IL-6 70 released by DCs co-cultured with HepG2 cells
pretreated under different conditions.
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Figure 5

Assessment of the embolization performance and in vivo biosafety of Sp/TPZ@MNSs. (A) Schematic
illustration of the tissue clearing process for ex vivo liver tissue following embolization with
Sp/TPZ@MNSs. (B) Digital photographs of the liver tissue clearing process. (C) Representative
macroscopic digital photographs of optically cleared liver tumor tissues ex vivo prior to (left) and
following (right) Sp/TPZ@MNs treatment. (D) Near-infrared fluorescence images of optically cleared ex
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vivo tumor-bearing liver tissues before and after embolization with Sp/TPZ@MNs, in which Sp can emit
red fluorescence. (E) Serum biochemical parameters and (F) H&E-stained histological sections of tumor-

bearing rabbits at various time points post-embolization with Sp/TPZ@MNs.
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Assessment of the antitumor efficacy of various formulations against rabbit orthotopic hepatocellular
carcinoma (HCC). (A) Schematic diagram illustrating the in vivo TACE procedure using Sp/TPZ@MNs in
the rabbit orthotopic liver cancer model. (B) Histological images of H&E-stained tumor tissue sections
from all treatment groups. (C) T2-weighted magnetic resonance (MR) images of rabbits bearing Vx2
tumors, acquired at designated time points post-TACE with different formulations. (D) Tumor growth
curves (individual and mean values) for rabbits in the control and TACE-treated cohorts. (E) Individual
tumor growth profiles of rabbits following TACE therapy. Confocal fluorescence micrographs of tumor
sections stained for (F) HIF-a and (G) TUNEL/Ki67, respectively.
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Figure 7

Evaluation of the tumor immune microenvironment following different treatments. (A)
Immunohistochemical (IHC) images of CRT, HMGB1, and HSP70 expression in HCC tissues following
treatment under different conditions. (B) Flow cytometry analysis of the infiltration percentages of key
immune cell populations within tumor tissue, including (B) mature DCs, (C) M1- and (D)M2- TAMs, and
(E) CD8* T cells. Confocal microscopic observations and statistical analysis of (F) F4/807/iNOS™ TAMs
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and (G) CD3*/CD8* T cell infiltration within rabbits’ tumors after various treatments. (H) H&E-stained
lung sections and (I) quantification of pulmonary metastases in orthotopic HCC rabbits after various

treatments.
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Proposed molecular mechanisms underlying Sp/TPZ@MNs-mediated TACE therapy for orthotopic
hepatocellular carcinoma. (A) Schematic of transcriptome sequencing (RNA-seq) workflow on
post-TACE tumor samples. (B) Volcano plot of expressed genes in tumors of the Sp/TPZ@MNs group
and the control group (Criteria: |log,FC| > 1, P < 0.05). (C) Heatmap of differentially expressed genes
between the Sp/TPZ@MNs group and the control group. Bubble plot of KEGG pathway enrichment
analysis for the (D) up regulated genes and (E) down regulated genes. (F) Bubble plot of GO functional
enrichment analysis for the DEGs. GSEA of representative signaling pathways about (G) CAMP signaling
pathway, (H) interferon signaling pathway, and (1) arachidonic acid signaling pathway after treatment
with Sp/TPZ@MNSs.
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