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ABSTRACT: The bioconversion of C1 compounds (CO2, methane, methanol, etc.) constitutes a crucial pathway for green 
biomanufacturing. However, the process efficiency is constrained by several challenges, including the difficult capture of gaseous 
substrates, instability of biocatalysts, and the high cost as well as operational complexity of cofactor regeneration. Porous framework 
materials offer promising solutions due to their high specific surface area, tunable pore structures, and ease of functionalization. 
This review provides a systematic and forward-looking analysis that moves beyond the conventional view of porous frameworks 
as simple immobilization matrices. We distinctly highlight their emerging multifunctional and integrative roles in C1 bioconversion, 
emphasizing several novel strategic contributions: (1) Serving as intelligent immobilization carriers that not only enhance 
biocatalyst stability and recyclability but also concurrently enable efficient C1 substrate enrichment and localized concentration; 
(2) Facilitating synergistic energy conversion by interfacing with photocatalysis or electrocatalysis to enable in-situ and sustainable 
cofactor regeneration, thereby addressing a key economic bottleneck; (3) Actively regulating microbial metabolism and community 
dynamics through tailored material-microbe interactions, optimizing carbon flux and system resilience; and (4) Mimicking natural 
enzymes to create robust and tunable biomimetic catalysts for C1 conversion under non-physiological conditions. Remaining 
challenges, such as mass transfer limitations, the scalability of material synthesis, and the integration of hybrid systems, are analyzed 
through the lens of these advanced functionalities. We conclude that the synergistic and rational integration of synthetic biology-
designed biocatalysts with engineered multifunctional frameworks represents a paradigm shift, paving the way for efficient, stable, 
and high-value utilization of C1 resources. 
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1. Introduction 

In response to the escalating challenges of global climate change and environmental degradation, sustainable 
development has emerged as a pivotal focus of global research and innovation [1,2]. Within this context, 
biomanufacturing presents a sustainable pathway for producing fuels and chemicals [3]. Unlike first-generation 
biorefining, which relies on food crops, or second-generation processes that utilize lignocellulosic biomass, third-
generation biorefining leverages C1 building blocks [4], such as CO2, CO, methane, methanol, and formic acid, in 
conjunction with clean energy sources like solar and electrical power [5]. These abundant, low-cost C1 represent 
promising carbon feedstocks for advanced bio-manufacturing [6]. 

The rapid advancement of synthetic biology has positioned the biological utilization of C1 compounds as a pivotal 
area of contemporary research [7]. Current approaches for C1 bioconversion primarily rely on two pathways: enzymatic 
catalysis and whole-cell microbial catalysis [8]. Key enzymes involved, such as formate dehydrogenase (FDH), 
carbonic anhydrase (CA), and CO dehydrogenase, are renowned for their mild reaction conditions, exceptional 
regioselectivity, and chemoselectivity compared to synthetic catalysts [9]. Furthermore, a diverse range of native 
microorganisms, including microalgae, photosynthetic bacteria, acetogens, methanotrophs, and Pichia pastoris, possess 
a natural capacity to assimilate C1 compounds and convert them into higher-value fuels and chemicals like formic acid, 
methane, and methanol [1]. However, the efficiency of these biological systems is significantly hampered by several 
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formidable challenges, including the low aqueous solubility of gaseous substrates, the inherent instability of enzymes, 
the dependency on costly cofactors, low microbial conversion rates, and unsatisfactory selectivity toward multi-carbon 
products. Addressing these limitations is thus critical for advancing the field [2]. 

Porous framework materials, including metal-organic frameworks (MOFs), covalent organic frameworks (COFs), 
and hydrogen-bonded organic frameworks (HOFs), possess exceptional properties [10] such as high porosity, large 
specific surface area, tunable pore structures, and customizable functionality [11]. These attributes make them highly 
promising for applications in biotransformation. The immobilization of enzymes or microbial cells within these 
frameworks can significantly enhance their stability and catalytic efficiency. Furthermore, the frameworks can adsorb 
and concentrate C1 substrates. Some of these materials also exhibit intrinsic catalytic, optical, or electronic properties 
[12]. The integration of framework materials with biocatalysis thus enables simultaneous C1 capture and conversion. 
When combined with photo- or electro-catalytic techniques, this synergy can further elevate carbon conversion 
efficiency while preserving the mild conditions, high efficiency, and superior product selectivity inherent to biological 
systems, positioning this integrated approach as a leading research frontier in C1 utilization. 

This review provides a comprehensive overview of recent advances in applying porous framework materials to C1 
biotransformation (Figure 1). It systematically examines their multifunctional roles that extend beyond serving as mere 
immobilization carriers for enzymes and microbial cells. These include: (i) enhancing local substrate concentration and 
mass transfer efficiency; (ii) enabling photocatalytic and electrocatalytic energy conversion for in-situ cofactor 
regeneration; (iii) regulating microbial metabolic pathways to optimize carbon flux; and (iv) serving as artificial enzyme 
mimics for biomimetic catalysis. Furthermore, the review delves into the prevailing challenges and future opportunities, 
aiming to offer valuable insights for developing highly efficient and integrated C1 biotransformation systems. 

 

Figure 1. Integrated system for C1 biotransformation combining porous framework materials and biocatalysts. 

2. Porous Framework Materials: Tailored Architectures for C1 Bioconversion 

Porous crystalline frameworks [13] (Figure 2), including Metal-Organic Frameworks (MOFs) [14,15], Covalent 
Organic Frameworks (COFs) [16], Hydrogen-Bonded Organic Frameworks (HOFs) [17], represent a class of advanced 
materials engineered from molecular building blocks via coordination [18,19], covalent [20], or hydrogen bonds [21,22]. 

While their fundamental characteristics (high specific surface area [23], tunable porosity [24], and modular design 
[20]) are well-established, it is the precise integration of these attributes that unlocks their transformative potential in 
C1 biotransformation [25]. Beyond serving as generic high-surface-area supports [26], their significance lies in the 
ability to create customized microenvironments that directly address the core challenges of C1 biocatalysis [27]. Their 
designability allows for: (1) pore engineering to match enzyme dimensions and facilitate substrate/product diffusion; 
(2) incorporation of functional sites for substrate enrichment (e.g., CO2 adsorption) [28]; and (3) integration of 
photo/electro-active components for energy input. This strategic functionalization moves their role from passive carriers 
to active participants in the conversion process. 
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Therefore, porous materials are key enabling components for achieving efficient, stable, and economical C1 
bioconversion processes [29]. By integrating multiple functions, including immobilization, substrate enrichment, 
electron transfer, and multi-step catalysis, they provide a robust technological platform for converting greenhouse gases 
into high-value fuels and chemicals. As such, porous materials constitute a critical foundation for advancing the 
industrialization of biomanufacturing and carbon recycling [30]. 

 

Figure 2. Schematic structures of porous framework materials. 

3. Strategies and Synergistic Mechanisms for Constructing Biocatalysts 

Enzymes, as biological catalysts, are renowned for their high efficiency, specificity, and ability to operate under 
mild conditions. However, their practical application is often limited by a high susceptibility to deactivation under harsh 
conditions such as extreme pH, organic solvents, and elevated temperatures [31]. Furthermore, industrial-scale use of 
enzymes faces additional hurdles, including complex purification processes, high costs, and inadequate stability for 
repeated use [32]. To address these limitations, enzyme immobilization techniques have been developed (Figure 3) [33]. 
This approach involves immobilizing enzymes to solid supports via physical or chemical methods, which enhances 
their stability, facilitates recovery and reuse, and can even improve catalytic performance, thereby significantly 
expanding their practical utility [33,34].  

 

Figure 3. Typical strategies for enzyme immobilization with porous framework materials. 

3.1. Enzyme Immobilization Strategies 

3.1.1. In-Situ Encapsulation 

The in-situ synthesis method involves the incorporation of enzymes into the growing lattice of framework materials 
during their synthesis [35]. This approach typically results in higher enzyme loading capacity, more uniform enzyme 
distribution, and stronger enzyme-carrier interactions [36]. Consequently, it significantly enhances enzyme stability and 
can create a protective microenvironment that optimizes catalytic performance [37]. Zhang et al. [38] co-immobilized 
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four enzymes, formate dehydrogenase (PaFDH), formaldehyde dehydrogenase (BmFADH), glycolaldehyde synthase 
(PpGALS), and alcohol dehydrogenase (GoADH), using a hydrogen-bonded organic framework (HOF) under mild 
aqueous conditions. By leveraging its large pore size, hydrogen bonding, and π–π stacking interactions, the HOF 
achieved a high co-immobilization loading (0.99 g/g) while preserving enzyme activity and mass transfer efficiency. 
When integrated into an electrocatalytic system, this platform directly converted CO2 to ethylene glycol (EG), yielding 
0.15 mM of EG in 6 h with an average conversion rate of 7.15 × 10−7 mmol CO2 min−1ꞏmg−1 enzyme. 

3.1.2. Adsorption 

This approach falls under adsorption methods, which rely on non-covalent interactions such as hydrogen bonding, 
electrostatic attraction, and hydrophobic interactions, or on confining enzyme molecules within the pores of a carrier 
material for immobilization. The key advantages of this method include simple operation, mild conditions, and well-
preserved enzyme activity [39]. However, its main limitations lie in the weak interactions between the enzyme and the 
carrier, which may lead to enzyme leakage during reaction and thus compromise operational stability. Additionally, 
when enzymes are immobilized within narrow pores, the diffusion of substrates and products might be restricted, 
potentially reducing the reaction rate [40]. Shi et al. [41] prepared a Filler-CA@Lys-HOF-1 (FCLH) catalyst by 
chemically adsorbing CA onto a filler surface, followed by coating with Lys-HOF-1. The FCLH catalyst demonstrated 
excellent acid tolerance and salinity resistance, maintaining approximately 80.2% of its activity after 9 h of operation 
in simulated seawater. After 10 reaction cycles, the catalyst retained 85.4% of its initial catalytic activity. This study 
holds significant implications for carbon dioxide capture and conversion on offshore platforms. 

3.1.3. Covalent Binding and Cross-Linking 

Both the covalent binding method [42] and the cross-linking method [43] involve forming strong chemical bonds 
with enzyme molecules. While they significantly enhance the stability and anti-desorption performance of the 
immobilized enzymes, they also share common drawbacks. Covalent binding relies on direct reactions between amino 
acid residues on the enzyme surface and functional groups on the carrier material, whereas cross-linking utilizes cross-
linkers to connect multiple enzyme molecules or enzymes with the framework material. The primary disadvantage of 
both methods lies in their chemical modification processes, which can alter the enzyme’s native conformation and active 
site, potentially leading to significant activity loss or reduction. Furthermore, these methods generally involve complex 
procedures, and the cross-linking process, in particular, is difficult to control precisely [44]. 

3.2. Substrate Enrichment and Mass Transfer Enhancement 

By immobilizing enzymes within framework materials, their recyclability and stability are enhanced, thereby 
improving their industrial properties. These functional materials feature editable structures and offer capabilities such 
as substrate enrichment. 

Jiang et al. [45] converted microporous UiO-66-NH2 MOF into a hierarchical porous structure (denoted as HP-
UiO-66-NH2) containing both micropores and mesopores. This hierarchical porosity facilitated enhanced CO2 
enrichment and the immobilization of FDH. Notably, when integrated with an electrocatalytic NADH regeneration 
system, the catalytic system achieved a formate production of 1.826 mM within 3 h to 5.57 times higher than the free enzyme 
system, yielding a generation rate of 6086.7 µmolꞏgcat−1ꞏh−1. Moreover, the activity of FDH in the CO2 to formate cascade 
reaction is positively influenced by the concentration of its substrate, HCO3

− [46]. In a study by Razmjou et al. [47], CA and 
FDH were co-immobilized on a PDA/PEI-modified ZIF-8 to leverage this cascade for CO2 reduction. 

This strategy proved effective, as the ZIF-8 carrier not only immobilized the enzymes but also may have 
contributed to CO2 hydration, as the imidazole groups in ZIF-8 can react with CO2 to form bicarbonate [46]. The 
immobilization platform significantly elevated the local HCO3

− concentration, resulting in a 73% enhancement in 
formate yield. Building upon the immobilization of single enzymes, the application of MOFs has been extended to 
constructing complex bio-hybrid systems with whole microorganisms, such as microalgae, for enhanced photosynthetic 
CO2 fixation. These systems leverage the synergistic interplay between the tunable properties of MOFs and the innate 
metabolic machinery of the cells. One prominent strategy involves using MOFs as extracellular CO2 concentrators. For 
instance, Li et al. [48] assembled NH2-MIL-101(Fe) on Chlorella pyrenoidosa, where the MOF worked in concert with 
CA to hydrate CO2 into HCO3

−. This process augmented the algae’s native CO2-concentrating mechanism (CCM), 
significantly boosting Rubisco expression and photosynthetic efficiency. Similarly, Hung et al. [49] engineered a 
hydrophilic Zn/Fe-MOF that was homogeneously dispersed in a Chlamydomonas culture. Its hierarchical pores and 
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metal sites enhanced CO2 enrichment and delivery, working with surface-localized CA to elevate substrate availability 
for RuBisCo and achieve a high CO2 fixation efficiency of 21.6%. Beyond CO2 delivery, MOFs also address critical 
byproduct inhibition in integrated systems. In a study by Huang et al. [45], an integrated microbial fuel cell (MFC) and 
photobioreactor (PBR) system faced inhibited algal growth due to oxygen accumulation from photosynthesis. To 
counter this, a sulfide-treated cobalt-based MOF was synthesized as an efficient oxygen reduction reaction (ORR) 
catalyst. Its 3D porous structure facilitated electron transport, successfully scavenging dissolved oxygen. This 
application not only enhanced the MFC’s power density by 59.5% but also improved the algal CO2 fixation rate to a 
maximum of 20.7%, showcasing MOFs’ versatility in stabilizing complex bio-hybrid systems. 

HOFs have also emerged as promising platforms for enzyme immobilization. A notable example is the work by 
Zhang et al. [50], who constructed a multi-enzyme cascade for converting CO2 to dihydroxyacetone (DHA). This 
cascade, termed the FFFP pathway, comprises FDH, formaldehyde dehydrogenase (FaldDH), formolase (FLS), and 
phosphite dehydrogenase (PTDH), and was co-encapsulated within HOF-101. The spatial confinement of these 
enzymes in close proximity led to an elevated local concentration of intermediates and improved mass transfer 
efficiency. As a result, the FFFP@HOF-101 system yielded a 1.8-fold increase in DHA production compared to the 
free enzyme cascade. The large specific surface area and rich porosity of HOFs provide abundant binding sites for 
enzymes and facilitate the diffusion and adsorption of CO2 molecules. This is particularly beneficial for enzymes like 
CA, which are prone to deactivation in seawater. Embedding CA within HOFs not only enhances its stability and activity 
but also bolsters CO2 capture capacity, thereby improving the overall catalytic conversion efficiency. 

3.3. Energy Conversion and Cofactor Regeneration 

The utility of porous framework materials extends beyond high surface area to their easily tunable functionality. 
This property is vital for bioconversion processes of C1 compounds that depend on redox enzymes (e.g., FDH) and 
expensive cofactors like NADH and NADPH, which provide essential hydride ions and electrons. Given that the 
oxidized cofactors inhibit the reaction and are costly to replenish, their regeneration is paramount for a cost-effective 
and efficient process [51]. Mere single-enzyme immobilization improves stability and reusability but fails to solve the 
cofactor consumption problem. A combined strategy of co-immobilizing enzymes with a regeneration system yields 
synergy: immobilized enzymes ensure operational stability, while in-situ cofactor regeneration guarantees reaction 
continuity, leading to a dramatic increase in overall catalytic efficiency. 

NAD(P)H cofactor is very expensive. Glucose dehydrogenase (GDH) belongs to the family of oxidoreductases. 
With NAD(P)+ as a coenzyme, GDH catalyzes the oxidation of D-glucose to D-glucose-δ-lactone, which spontaneously 
hydrolyzes to gluconic acid. Because this reaction is accompanied by formation, GDH is used much as a NAD(P)H 
recycling system [52]. Lv et al. [53] synthesized amine-functionalized MIL-101 (Cr) as the CO2 adsorption carrier and 
used it as the core to prepare two layers of HKUST-1, which were used to immobilize three enzymes for converting 
CO2 into formate (Figure 4). Among them, the CA enzyme was encapsulated in the inner layer of HKUST-1, hydrating 
the released CO2 to HCO3

−. Then, the HCO3
− directly migrated to the outer shell of HKUST-1 containing the FDH and 

was converted into formate. The GDH in the MOF outer layer was responsible for achieving the regeneration of the 
cofactor. Compared with free enzymes, the formate yield of the immobilized enzymes increased by 13.1 times, and the 
formate yield was 179.8%. The continuous immobilization of the enzymes also helped with the directional transport of 
the substrate, ultimately achieving a higher catalytic efficiency. 

Cui et al. [54] proposed two immobilization strategies for multi-enzyme (including GDH) catalysis in ZIF-8 
(Figure 5). One strategy (Co-IMR) is to construct a co-immobilized multi-enzyme reactor. In this reactor, the cofactor 
(NADH) is anchored in ZIF-8 through ion elements exchange between the positive charge of PEI and the negative 
charge of the cofactor, and is regenerated by embedding GDH in ZIF-8. CA in ZIF-8 accelerated the hydration of CO2, 
while FateDH converts CO2 into formate. Another strategy (Mix-IMR) is to co-embed CA and FateDH in ZIF-8 by the 
co-precipitation method, obtaining a biological catalyst (enzymes@ZIF-8), and embedding PEI, NADH, and GDH in 
another ZIF-8 to form a NADH regeneration system (NADH@ZIF-8). During the catalytic process, enzymes@ZIF-8 
and NADH@ZIF-8 are mixed to achieve the conversion of CO2 to formate together. In terms of activity, the formate 
yield of Co-IMR is 5 times that of Mix-IMR. The reason for the difference may be that Co-IMR has a more optimized 
enzyme-cofactor co-immobilization structure design, reducing the mass transfer resistance, thereby improving the 
activity and stability. 
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Figure 4. Enzymatic CO2 conversion to formate with integrated NADH regeneration over HKUST-1@amine-MIL-101(Cr). 

 

Figure 5. Two multi-enzyme immobilization strategies in ZIF-8 (Co-IMR and Mix-IMR) for converting CO2 to formate. 

Farha and colleagues [29] immobilized both photosensitizers and enzymes within NU-1006. The mesoporous 
structure of the NU-1006 MOF not only provides sufficient surface area for the loading of enzymes, but its unique 
channel architecture also facilitates the rapid transfer of photogenerated electrons, thereby enhancing photocatalytic 
efficiency. The enzymes utilize these photogenerated electrons to catalyze the reduction of CO2, producing high-value 
formic acid (Figure 6a). Within 24 h, the immobilized enzyme system generated up to 144 mM of formic acid. 
Additionally, Rh-NU-1006 was able to convert 28% of the initial NAD+ after 2 h, which is approximately three times 
higher than that achieved by a physical mixture of the MOF and an electron mediator. Sun et al. [55] developed a multi-
enzyme cascade system for cofactor-dependent photo-enzymatic CO2 conversion through a stepwise immobilization 
strategy that enables precise spatial organization of multiple enzymes within a Zr-MOF (Figure 6b). Upon 
photoexcitation, electrons are transferred from the framework to ferredoxin-NAD⁺ reductase (FNR), achieving efficient 
NADH regeneration with a conversion efficiency of 85%. The adjacent immobilized CbFDH then utilizes the 
regenerated NADH to reduce CO2 to formic acid. Within 12 h, the system produced 55 mM formic acid with a catalytic 
rate of 4580 μmolꞏg−1ꞏh−1. This stepwise encapsulation strategy successfully localized CbFDH and FNR in distinct pore 
channels, which optimized enzyme loading distribution, prevented competitive binding between enzymes, and 
enhanced the transport efficiency of substrates and cofactors. 
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Figure 6. Photocatalytic regeneration of NADH and CO2 reduction in MOF-based enzyme composites: (a) FDH@Rh-NU-1006; 
(b) FDH/FNR@Zr-MOF. 

COFs, as promising semiconductor materials, exhibit excellent photoresponsivity [56]. Owing to features such as 
strong π–π interactions between adjacent layers and extensive conjugated systems within the layers, COFs generally 
possess broad absorption spectra and a strong ability to capture visible light. Chen et al. [57] reported the first integration 
of COF materials with photosensitizers(Cp*Rh(bpy)H2O) and biocatalysts for an artificial photosynthesis system. Using 
the mesoporous olefin-linked COF material NKCOF-113, they co-immobilized FDH and a rhodium-based electron 
mediator. This system captures sufficient visible light for efficient photoelectric conversion. The rhodium mediator 
Cp*Rh(bpy)H2O was coordinatively anchored to the COF skeleton, facilitating the transfer of photoexcited electrons 
for light-driven NADH regeneration. Meanwhile, FDH was embedded within the COF channels, forming an integrated 
photo-enzyme coupled system (Figure 7a). This synergistic photo-enzyme catalytic system achieved an apparent 
quantum yield of 9.17 ± 0.44% for NADH regeneration, enabling efficient and highly selective conversion of CO2 to 
formic acid. We have summarized the capabilities of several catalytic systems in converting CO2 into formic acid (Table 1). 
However, the dual role of COFs as both photocatalysts and enzyme carriers presents a conflict in structural preferences, 
posing challenges for their rational design. Luo et al. [58] investigated the synergistic matching of linkages and ligands 
in COFs to balance their photocatalytic activity and enzyme loading capacity (Figure 7b). They designed and 
synthesized four COFs combining two linkage types (imine and vinylene) with two ligands (phenyl and biphenyl), and 
used theoretical calculations to reveal how linkage-ligand matching influences exciton dissociation and charge 
migration in photocatalysis. Results showed that the optimal combination achieved an apparent quantum efficiency of 
13.95% at 420 nm for photocatalytic cofactor regeneration, with a turnover frequency of 5.3 mmolꞏg−1ꞏh−1. The 
constructed artificial photo-enzyme system exhibited highly efficient CO2 reduction performance, producing formic 
acid with a specific activity of 1.46 mmolꞏg−1ꞏh−1 and good reusability. Jiang and colleagues [59] constructed a hollow 
core-shell Rh-COF@COF S-scheme heterojunction, which significantly enhanced the separation and transport of 
photogenerated charge carriers through its unique electron transfer pathway and built-in interfacial electric field. This 
system achieved highly efficient NADPH regeneration with a turnover frequency of 2.6 mmolꞏg−1ꞏh−1. Furthermore, it 
successfully catalyzed the photoenzymatic reduction, yielding 92.5%, demonstrating its broad potential in photo-
enzyme cascade synthesis. This study provides new design principles and experimental foundations for the application 
of COF-based heterojunctions in artificial photosynthetic systems (Figure 7c). 

Table 1. Different porous framework materials as catalyst for HCOOH production. 

Number Materials/Strategy Substrate/Enzyme 
HCOOH Yield 

(mMꞏh−1) 
References 

1 
Hierarchical pore HP-UiO-66-NH2 electrocatalytic NADH 
regeneration 

CO2/FDH 0.609 [45] 

2 CA/FDH co-immobilized on PDA/PEI modified ZIF-8. CO2/CA 0.0014 [46] 

3 
MIL-101(Cr)/HKUST-1 core-shell structured tri-enzyme 
immobilization system 

CO2/CA, FDH, GDH 0.833 [53] 

4 Co-immobilization of enzymes and NADH in ZIF-8. CO2/CA, FateDH, GDH ~1.725 [54] 
5 Stepwise immobilization of two enzymes in a Zr-MOF CO2/CbFDH, FNR 0.458 [55] 
6 FDH@Rh-NKCOF-113 CO2/FDH 0.0036 [57] 

7 
COF-V1/V2 with optimized linkage-ligand matching for 
photocatalysis 

CO2/FDH 0.0144 [58] 
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Figure 7. COF-based systems for photocatalytic cofactor regeneration and CO2 reduction: (a) FDH@Rh-NKCOF-113; (b) 
FDH@COFs (COF-V1 and COF-V2); (c) Rh-COFBpy@HCOF. 

3.4. Regulation and Optimization of Metabolic Pathways 

The study of microbial utilization of C1 compounds is currently still in its early stages. In nature, microorganisms 
capable of naturally utilizing C1 compounds primarily include microalgae, photosynthetic bacteria, acetogens, 
methanotrophs, and Pichia pastoris. Meanwhile, researchers are developing model industrial microorganisms such as 
Escherichia coli and Saccharomyces cerevisiae to achieve efficient conversion of C1 compounds. However, current 
efforts remain largely focused on the establishment and optimization of C1 utilization pathways [4,60], with significant 
challenges persisting in catalytic efficiency, system stability, and industrial application. Porous framework materials 
demonstrate significant potential in regulating C1 bioconversion processes at the cellular and community levels, far 
beyond serving as mere enzyme carriers. By modulating interspecies electron transfer, microbial community structure, 
and even creating artificial catalytic pathways, porous framework materials can profoundly influence metabolic fluxes 
and enhance reaction performance. 

Microalgae demonstrate significant potential in biological CO2 fixation due to their short growth cycles, strong 
environmental adaptability, and photosynthetic carbon sequestration efficiency ten times higher than terrestrial plants. 
However, their practical application is limited by insufficient carbon source supply resulting from low CO2 solubility 
in water. To address this bottleneck, the use of nanomaterials to promote inorganic carbon conversion has emerged as 
an effective strategy. Hung et al. [49] developed Zn/Fe-MOF materials to construct a hybrid system for microalgae 
cultivation and CO2 fixation. This material integrates the rich microporous structure of Zn-MOF (providing high 
specific surface area) with the mesoporous characteristics of Fe-MOF (ensuring adsorption and desorption performance), 
while exhibiting hydrophilicity for uniform dispersion in microalgae solution. CO2 molecules are first concentrated and 
stored in MOF pores through physical adsorption at metal sites; subsequently, induced by CA on the surface of 
Scenedesmus obliquus, CO2 is desorbed and converted to HCO3

−; the dissociated HCO3
− is actively transported into the 

cytoplasm, where intracellular CA further converts it into high-concentration CO2 for utilization by RuBisCO in 
photosynthesis (Figure 8a). Experimental results show that adding 2.5 mgꞏL−1 of MOFs-3 (Zn/Fe molar ratio 10:1) 
significantly promotes inorganic carbon conversion, enhances biomass productivity and chlorophyll content, and 
increases the CO2 fixation efficiency of the system to 21.6%. Xu et al. [61] synthesized a series of ZIFs with different 
particle sizes and found that adding 0.01 mmolꞏL−1 of ZIF-8 nanoparticles significantly improved the CO2 mass transfer 
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coefficient, increasing inorganic carbon concentration and biomass accumulation by 12.9% and 25.6%, respectively. 
Furthermore, to address the sensitivity of some CO2-fixing anaerobic bacteria to oxygen and reactive oxygen species 
(ROS). Yang et al. [62] utilized MOFs to encapsulate Moorella thermoacetica, providing cellular protection against 
oxidative stress damage. The results demonstrated that the ROS scavenging ability of MOFs reduced the mortality of 
strict anaerobic bacteria by fivefold under 21% O2 conditions and maintained their ability to continuously synthesize 
acetate through CO2 fixation under oxidative stress. 

Beyond electrons as intermediates, specific microbial metabolites, notably bicarbonate ions (HCO3
−) and NADPH, 

also serve as key intermediaries in CO2 fixation. Materials such as ZIF-8 facilitate CO2 adsorption and conversion into 
HCO3

−, which is subsequently assimilated by microorganisms like A. platensis for carbon fixation [63]. Concurrently, 
in photocatalytic systems such as InP-S.cerevisiae, photogenerated electrons and holes drive NADPH regeneration, 
supplying essential reducing power for the conversion of CO2 into target organic compounds (Figure 8b). 

 

Figure 8. Hybrid systems for enhanced CO2 fixation: (a) A Zn/Fe-MOF working synergistically with microalgae; (b) A 
bioinorganic hybrid where photogenerated electrons from InP nanoparticles drive NADPH regeneration in engineered S. cerevisiae. 

Methane (CH4), a more potent greenhouse gas than CO2 [64], is present at relatively low atmospheric 
concentrations (~2.0 ppm). Once emitted, it becomes further diluted, posing significant challenges for enrichment and 
conversion. Methanotrophic bacteria utilize methane as their sole carbon and energy source through a unique metabolic 
pathway [65]. In aerobic methanotrophs, methane is first oxidized to methanol by methane monooxygenase (MMO), 
then to formaldehyde (HCHO) by methanol dehydrogenase (MDH), after which formaldehyde enters carbon 
assimilation routes. However, the efficiency of this methanotrophic pathway remains limited [66], constrained by the 
low solubility and mass transfer of both oxygen and methane in aqueous systems. In contrast, conventional industrial 
methods for methane oxidation often require high temperatures and pressures or costly oxidants, while biological 
fermentation and industrial methane to methanol processes demand strict reactor control and high methane 
concentrations, making them unsuitable for converting diluted methane under real environmental conditions [67]. 

Studies have shown that the addition of an appropriate amount of MOFs can significantly improve interspecies 
electron and hydrogen transfer efficiency by constructing proton-conducting networks, while also optimizing microbial 
community structure and reinforcing methanogenic metabolic pathways. In a study by Dai et al., the introduction of Zr-
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based MOF-808 at 0.5 g/L significantly improved anaerobic digestion performance, elevating total biogas production 
by 39.82% and raising methane content by 14.28% [68]. This improvement was attributed to two key factors: (i) the 
MOF-enhanced activity of essential enzymatic cofactors and hydrogenases (Figure 9a) [69], (ii) favorable restructuring 
of methanogenic microbial consortia. Mechanistic investigations revealed that protonation of the framework –OH 
groups under anaerobic conditions forms an extended hydrogen-bonded network within the MOF channels. This 
structure enables directional proton hopping, increasing H+ conductivity by 3.2-fold, which in turn enhances interspecies 
hydrogen transfer (IHT) efficiency and intensifies methanogenic energy metabolism, leading to significantly higher 
methane yields. In a complementary study, Liao et al. synthesized MOFs to evaluate their impact on CO2 
biomethanation during anaerobic digestion [58]. The addition of MOFs at an optimal concentration of 1.0 gꞏL−1 
substantially improved CO2 to methane conversion efficiency. This enhancement was associated with three synergistic 
effects: promoted direct interspecies electron transfer, an increased abundance of hydrogenotrophic methanogens, and 
reduced hydrogen competition among bacterial populations (Figure 9b) [70]. Furthermore, MOF supplementation 
increased the abundance of key methanogenesis-related enzymes, especially those involved in the hydrogenotrophic 
pathway-while simultaneously suppressing the activity of enzymes related to competing processes like nitrate reduction. 

Beyond regulating natural microbial communities, framework materials can be integrated with biological 
components to create novel, artificial metabolic pathways that do not exist in nature. Strano et al. [71] developed a 
sustainable tandem methane oxidation system by coupling an iron-modified ZSM-5 (Fe-ZSM-5) zeolite catalyst with 
alcohol oxidase (AOX). In this system, methane is first oxidized to methanol over Fe-ZSM-5, which is subsequently 
converted by AOX into formaldehyde and hydrogen peroxide. The generated H2O2 further reacts with Fe-ZSM-5, 
promoting additional methane oxidation cycles. Under ambient temperature and pressure, the system achieves over 90% 
selectivity toward formaldehyde, comparable to the growth rates of many methanotrophic microorganisms. 

 

Figure 9. MOF-assisted regulation of anaerobic digestion for enhanced methane production: (a) Enhancing interspecies hydrogen 
transfer and (b) Promoting direct interspecies electron transfer and microbial community restructuring. 
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3.5. Artificial Enzyme Biomimetic Catalysis 

Natural enzymes exhibit remarkable biocatalytic performance but are limited by their strict dependence on mild 
reaction conditions [72]. To address this, artificial enzymes, synthetic materials mimicking enzymatic activity, have been 
developed with enhanced stability and cost efficiency [73]. Porous framework materials such as MOFs, COFs, and HOFs 
are particularly promising due to their well-defined structures, high surface areas, and tunable porosity. These properties 
enable precise functionalization, providing abundant active sites while facilitating substrate and product diffusion, making 
them ideal platforms for emulating both the active sites and microenvironments of natural enzymes [73,74]. 

Gao et al. [74,75] successfully anchored atomically dispersed iron sites into the interlayer of a photoactive triazine-
based COF (Fe-COF) membrane, creating a metalloenzyme-mimetic system (Figure 10a). This nitrogen-rich covalent 
organic framework membrane exhibited high CO2 photoreduction performance without the need for photosensitizers or 
sacrificial agents, achieving a mass-specific CO production rate of 3972 μg over 4 h with nearly 100% CO selectivity 
and excellent cycling stability. We summarized the capabilities of several catalytic systems in converting C1 (Table 2). 
The triazine-rich COF framework efficiently delivered more electrons to the iron catalytic centers, facilitating enhanced 
electron and mass transport. In another study, Sui et al. [76] immobilized iron porphyrin into UiO-66 and subsequently 
introduced saturated long-chain fatty acids to the Zr-oxo clusters via post-synthetic modification, developing 
Fe3+@UiO-66-Cn composites that mimic both the active site and the surrounding chemical microenvironment of soluble 
methane monooxygenase (sMMO, Figure 10b). As the alkyl chain length increased, the catalyst-methane interaction 
strengthened, CH4 adsorption enhanced, and the concentration of •OH radicals around Fe sites decreased. This 
suppression of methanol formation consequently improved methanol selectivity in the selective oxidation of methane. 
Similarly, inspired by the structure of particulate methane monooxygenase (pMMO), Baek et al. [77] grafted imidazole 
groups onto the MOF-808 framework and coordinated them with active copper-oxo complexes. The resulting catalyst 
demonstrated high selectivity toward methanol in methane oxidation under isothermal conditions at 150 °C (Figure 10c). 

 

Figure 10. Porous framework materials as artificial enzyme mimics for C1 conversion: (a) A triazine-based Fe-COF for CO2 to 
CO photoreduction; (b) Fe3+@UiO-66-Cn for methane-to-methanol oxidation; (c) An imidazole-grafted MOF-808 for methane-to-
methanol oxidation. 

Table 2. Different porous framework materials catalyst for other production. 

Number Materials/Strategy Key Performance Enhancement References 

1 HOF in-situ encapsulated four Enzyme cascades 
Average conversion rate of ethylene glycol: 7.15 × 
10−7 mmol CO2ꞏmin−1ꞏmg−1. 

[38] 

2 Filler-CA@Lys-HOF-1 (FCLH) composite 
Retained 85.4% of the initial activity after 10 cycles of 
reuse 

[41] 

3 FFFP@HOF-101 multi-enzyme cascade 
DHA production was 1.8 times higher than that of the 
free enzyme system 

[50] 

4 MOF encapsulated Moorella thermoacetica Reduced bacterial mortality by 5-fold under 21% O2 [62] 
5 Fe-COF membrane mimicking metalloenzymes Near 100% CO selectivity [75] 
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4. Rational Design and Selection Strategies of Porous Framework Materials 

4.1. Selection Strategy of Porous Framework Materials 

The rational design and selection of porous framework materials (MOFs [28], COFs [78], and HOFs [79]) 
constitute a multi-dimensional optimization process. At its core, it involves customized framework selection and 
structural design based on the primary objectives of the application (such as stability, mass transport efficiency, or 
electron transfer performance) and the characteristics of the target biocatalyst. 

MOFs are suitable for applications requiring high chemical stability, well-defined metal active sites, or mechanical 
strength for biocatalysts, while also considering the biocatalyst’s tolerance to metal ions [80]. COFs, with their long-
range ordered π-π stacking and chemically stable covalent linkages, exhibit advantages in photo(electro)-coupled 
systems. Compared to MOFs, their pore structures are often more amenable to functionalization and customization [81]. 
HOFs, on the other hand, are suitable for processes with high biocompatibility requirements due to their excellent 
biological compatibility and mild synthesis conditions [82]. 

In structural design, pore size matching is a crucial principle to achieve efficient encapsulation of biocatalysts and 
meet the mass transport needs of substrates and products. Larger enzymes or cells are better accommodated through 
surface immobilization or framework encapsulation strategies, while small molecular cofactors can be confined via 
precisely controlled pore sizes [83]. Furthermore, when constructing photo/electro-bio hybrid systems, it is essential to 
balance the trade-off between enzyme loading and photo/electrocatalytic efficiency through approaches such as spatial 
zoning design, sequential optimization, and the introduction of linker molecules [59]. Ultimately, through such 
systematic design strategies, synergistic enhancement can be realized, moving beyond simple immobilization to create 
integrated, multifunctional platforms for efficient and stable C1 bioconversion. 

4.2. Common Characterization Methods for Immobilized Biocatalysts Based on Porous Framework Materials 

The systematic characterization of hybrid systems comprising biocatalysts immobilized within porous frameworks 
is indispensable for establishing reliable structure-property relationships and benchmarking performance. A 
comprehensive evaluation typically follows a logical progression, as illustrated here using the example of 
FDH@NKCOF-113 [57]. First, the physicochemical properties of the porous framework after the immobilization 
process must be verified. Powder X-ray diffraction (PXRD) analysis indicates that the crystalline structure of the 
material is preserved after enzyme immobilization, with no phase transformation observed; Fourier-transform infrared 
spectroscopy (FT-IR) confirms that the main chemical bonds of the framework remain intact and may detect potential 
interactions between the enzyme and the carrier; low-temperature nitrogen adsorption tests reveal a reasonable decrease 
in specific surface area and pore volume after immobilization, while the shape of the adsorption isotherm remains similar 
to that of the original material, indicating that the porous structure is not compromised. Together, these characterizations 
verify the integrity and stability of the carrier structure during the biocatalysts immobilization process [37]. 

Subsequently, direct evidence for the successful incorporation and spatial distribution of the biocatalyst is required. 
Energy dispersive X-ray spectroscopy (EDX or EDS) can map the distribution of characteristic elements (e.g., from an 
enzyme tag or a unique framework component) within the composite. Alternatively, confocal laser scanning microscopy 
(CLSM) of fluorescently labeled enzymes (e.g., with FITC) provides visual confirmation of the biocatalyst’s location—
whether dispersed within the pores or coated on the material’s surface. 

Ultimately, the efficacy of the engineered system must be validated by its catalytic function. The composite (e.g., 
FDH@NKCOF-113) is applied in the conversion reaction of C1 substrates (e.g., CO2), followed by qualitative and 
quantitative analysis of the reaction products using techniques such as High-Performance Liquid Chromatography 
(HPLC) or Ion Chromatography (IC). This provides conclusive proof that the substrate has been successfully converted 
into the target product (e.g., formic acid) and allows for the calculation of key performance metrics such as conversion 
rate and selectivity. 

5. Conclusions and Outlook 

The integration of porous framework materials with biocatalysts presents a powerful strategy to overcome the 
inherent limitations of biological C1 conversion systems. This review has highlighted how these materials transcend 
their traditional role as mere immobilization scaffolds, acting as multifunctional platforms to enhance every aspect of 
the biocatalytic process. Looking forward, the development of this field hinges on addressing several interconnected 
challenges and opportunities across different levels of system integration. 
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At the enzyme level, the immobilization of enzymes within porous frameworks has unequivocally proven to 
enhance stability and recyclability. Future research should extend beyond the current limited repertoire of immobilized 
enzymes for C1 conversion. For instance, the exploration of novel enzymes, such as iron nitrogenase [84], which 
demonstrates superior CO2 reduction efficiency compared to its molybdenum counterpart, could be coupled with 
advanced frameworks. The parallel focus must be on the rational design of next-generation frameworks with optimized 
pore sizes, enhanced biocompatibility, and superior stability, while reducing synthesis costs. This should be coupled 
with advanced immobilization strategies, such as oriented immobilization to minimize mass transfer resistance and 
maximize enzyme activity. 

At the whole-cell and system l evel, the synergy between frameworks and microorganisms, whether native or 
engineered, opens avenues for transformative applications. Advances in synthetic biology enable the construction of 
efficient artificial catalytic systems; a prime example is engineering E. coli with the reductive glycine pathway to 
synthesize bioplastics such as PHB from CO2 or formate [85]. Framework materials can be strategically designed to 
create a supportive microenvironment for these engineered strains, for instance, by regulating metabolic fluxes, 
protecting cells from oxidative stress (as demonstrated with MOF-encapsulated Moorella thermoacetica [62]), and 
ensuring efficient substrate delivery. The critical challenge here is to achieve true synergy, which requires a deep 
understanding of the material-microbe interface and a systematic evaluation of the long-term stability and 
biocompatibility of these hybrid systems. 

At the material functionality level, the intrinsic properties of MOFs, COFs, and HOFs, such as their catalytic, 
photoactive, and electronic behaviors, are as valuable as their porosity. The future lies in designing truly multifunctional 
frameworks that seamlessly integrate capabilities for substrate enrichment, in-situ cofactor regeneration, and 
biomimetic catalysis within a single structure. While MOFs have been widely explored to mimic metalloenzymes (e.g., 
for methane to methanol conversion [76]), COFs and HOFs show immense promise in non-metallic catalysis and light-
responsive applications. A key consideration is the judicious management of mass and energy flows within these 
complex systems to prevent inefficiencies and unwanted side reactions. 

Although porous framework materials hold significant potential for C1 bioconversion, their transition from 
laboratory proof-of-concept to industrial application is hindered by several practical hurdles. First, in terms of material 
synthesis and stability, the synthesis of high-performance porous framework materials often involves high costs, harsh 
conditions, and batch-to-batch variability, necessitating the development of green and scalable preparation processes 
[37]. Additionally, MOFs may pose risks of metal leaching during long-term operation in aqueous phases, which can 
compromise structural integrity and potentially poison biocatalysts [32]. Second, regarding the preservation of 
biological function, enzyme immobilization requires a balance between binding strength and activity retention. 
Furthermore, the microenvironment within the pores and mass transfer limitations can affect long-term enzyme stability 
and reaction efficiency, requiring optimization through pore engineering and structural design. Third, system integration 
and scale-up face multifaceted challenges. Real-world gas feeds (e.g., flue gas, biogas) contain impurities (SOx, NOx, 
H2S) that can foul or poison catalysts, demanding that materials possess anti-poisoning capabilities or integrate 
effectively with pre-treatment processes. For advanced photo-/electro-bio hybrid systems, scaling up introduces 
complex engineering conflicts, such as optimizing mass transfer against light penetration, ensuring efficient electron 
flux throughout the reactor, and harmonizing disparate operational conditions (e.g., pH, temperature) for the coupled 
catalytic modules.  

In conclusion, the union of biocatalysis and porous framework materials has established a robust foundation for 
advancing C1 biotransformation. The core value of these materials lies in their ability to precisely control the reaction 
microenvironment, thereby addressing the classic bottlenecks of gas substrate solubility, biocatalyst instability, and 
cofactor dependency. As material synthesis becomes more cost-effective and scalable, and as our understanding of the 
biological-material interface deepens, these hybrid systems are poised to move from laboratory breakthroughs to 
transformative applications in carbon capture, green manufacturing, and sustainable energy cycles. 
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