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Abstract: The continuous and pervasive accumulation of recalcitrant pollutants in the natural environment poses a
progressively severe threat to global ecological security and human health. Conventional remediation technologies
often struggle to completely mineralize these complex compounds. To address this critical issue, Photocatalysis-
Biohybrid Systems (PBS) have emerged as a promising, sustainable strategy. These systems enable the efficient
degradation and structural transformation of persistent pollutants driven directly by solar energy by seamlessly
coupling semiconductor photocatalytic materials with non-photosynthetic microorganisms. By bridging abiotic light-
harvesting components with whole-cell biocatalysts, PBS cleverly harness the strengths of both fields. However,
current PBS configurations for environmental pollutant degradation largely remain at the rudimentary, empirical
assembly stage, heavily relying on the "material + natural single strain" paradigm. Consequently, they face several core
bottlenecks, such as restricted cross-interface electron transfer efficiency between inorganic materials and biological
membranes, the non-directional diversion of intracellular reducing power, and incomplete microbial degradation
metabolic pathways. These intrinsic limitations severely restrict their overall performance enhancement, operational
stability, and subsequent large-scale engineering applications. To overcome these barriers, this comprehensive review
systematically outlines the fundamental synergistic mechanisms, structural design characteristics, and key
environmental influencing factors of various PBS architectures. It critically summarizes recent application advances in
the targeted degradation of typical environmental pollutants, including antibiotics, polycyclic aromatic hydrocarbons
(PAHs), heavy metal ions, and emerging microplastics. Furthermore, the review provides an in-depth, mechanistic
analysis of effective pathways for systematic enhancement. Particular focus is directed toward core optimization
strategies, such as synthetic microbiome construction for multi-step degradation, targeted electron transport chain
reconstruction to boost energy utilization, and material interface optimization to enhance biocompatibility and electron
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transfer rates. Finally, this paper discusses the core challenges currently facing PBS, including low cross-interface

electron transfer efficiency, incomplete degradation pathways, and insufficient system stability. It further highlights

future prospects for achieving rational design and engineering applications through advanced strategies, such as the

construction of synthetic microbiomes, the targeted regulation of electron transport chains, and the synergistic

adaptation of community-material interfaces. Ultimately, this review aims to drive the fundamental transition of PBS

research from an experience-driven "simple functional assembly" to a predictable, robust, and controllable "rational

system design". By doing so, it provides a crucial theoretical basis and technical reference for the future development

of highly efficient, stable, and scientifically controllable pollutant degradation systems globally.

Keywords: non-photosynthetic microorganisms; photocatalysis-biohybrid systems; pollutant degradation; synthetic

biology; electron transfer
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Fig. 1 Schematic diagram of the Photocatalysis-Biohybrid System(PBS)
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Fig. 2 Factors Influencing the Performance of Non-Photosynthetic Microorganism-Based Photocatalytic-Biological

Hybrid Systems
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R3 BT ACBEAE Y PBS TEPREE A B 7 T 1 AH ¢ B
Table 3 PBS Based on Non-Photosynthetic Microorganisms for Environmental Governance
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%)/ TiO, CH A R T MOZAT 1200 BEMVE LA I BRESK AR TR IR R M PR B v R UK,
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