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ABSTRACT

The integration of biological energy conversion into functional materials represents a key challenge in the development of
advanced catalytic systems. Here, we introduce self-assembled cell-enzyme hybrid materials that integrate cellular metabolism
with programmable enzyme networks for gas-powered biocatalysis. By harnessing the native formate hydrogenlyase machinery
of Escherichia coli, H, and CO, are converted into formate, which serves as a transient electron carrier for enzymatic
NADH regeneration by a highly stable formate dehydrogenase. Integration of a transhydrogenase further provides access
to NADPH-dependent pathways, establishing a modular redox platform that can be coupled to diverse downstream bio-
catalysts. The catalytic system is translated into ready-to-use material formats through cryogenic fabrication of lyophilized
carrier-free hybrid beads and their subsequent encapsulation into alginate composites, enabling simple “count-and-add”
operation, catalyst recycling, and robust performance under challenging reaction conditions. By exploiting H, as the
reducing substrate while recycling CO, within the formate-mediated regeneration cycle, the system avoids sacrificial organic
reduction equivalents and associated by-products, resulting in high atom economy. The integration of metabolic energy
conversion, programmable self-assembly, and materials engineering thus provides a general strategy for gas-powered redox
biocatalysis.

1 | Introduction plex implementation, or restricted compatibility with standard
production hosts [8-10].

The development of sustainable chemical processes increasingly
relies on biocatalysis, where enzymes enable highly selective

transformations under mild conditions [1-5]. However, a large

Recent advances in biocatalysis have demonstrated that cascades
of isolated enzymes enable efficient multistep transformations

fraction of industrially relevant reactions depends on reduced
nicotinamide cofactors such as NADH and NADPH, whose
continuous regeneration remains a central challenge for scal-
able implementation [6]. Conventional regeneration strategies
typically rely on sacrificial organic substrates, resulting in
reduced atom economy, accumulation of by-products, and lim-
ited process sustainability [7]. Alternative approaches based on
electrochemical or hydrogenase-driven systems offer improved
redox efficiency but often suffer from limited robustness, com-

under mild conditions, but their practical implementation is
often limited by cofactor supply, stability, and process integration.
Embedding such catalytic systems into structured materials has
emerged as a powerful strategy to overcome these limitations
by improving enzyme stability, enhancing mass transport, and
enabling cofactor retention under continuous operation [11-15].
In particular, carrier-free all-enzyme materials assembled via
genetically encoded interaction modules have emerged as a
versatile platform that combines high catalytic density with
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Gas-powered hybrid catalytic materials integrating cellular metabolism and programmable enzyme networks. (A) Concept of a self-

assembled catalytic bead in which gaseous substrates are converted by cells embedded in a carrier-free enzyme network to generate reducing equivalents

(NADH/NADPH) within a single material entity. These cofactors can be directly harnessed to drive downstream biocatalytic transformations by coupled
enzymes, exemplified here by alcohol dehydrogenases (ADH). The hybrid architecture enables spatial confinement, efficient mass transport, and
functional integration of multiple catalytic processes. (B) Droplet-based fabrication strategy combining cells with complementary enzyme building

blocks and stabilizing additives, followed by cryogenic solidification and lyophilization to yield monodisperse, ready-to-use hybrid beads.

programmable architecture [16]. Building on this concept, we
have recently introduced monodisperse all-enzyme hydrogel
beads as structurally defined, flow-compatible catalytic materials
that enable modular and continuous biocatalysis [17]. These
systems enable efficient cofactor recycling and have been suc-
cessfully implemented in continuous-flow processes. However,
their functionality is inherently limited to enzyme-only systems
and thus relies on externally supplied reducing equivalents,
preventing internal generation of reducing equivalents from
simple gaseous substrates.

Integrating metabolic energy conversion into enzyme-based
materials represents a promising yet largely unexplored strategy
to overcome this limitation. Here, we introduce gas-powered
hybrid catalytic materials that couple cellular metabolism with
programmable enzyme networks within a single carrier-free
architecture (Figure 1). In this design, metabolically active cells
function as internal energy modules that convert gaseous sub-
strates into diffusible intermediates, which are directly linked
to enzymatic cofactor regeneration and downstream transforma-
tions within the material. Here, “carrier-free” refers specifically to
the architecture formed directly from cells and enzymes without
an exogenous solid support; optional incorporation into an algi-
nate scaffold results in a carrier-containing composite material
that facilitates material recovery and recycling. The resulting
hybrid materials spatially confine cells within a percolating

enzyme network and are fabricated as monodisperse, ready-to-
use beads by a droplet-based cryogenic formulation strategy.
Functionally, these materials operate as self-assembled cat-
alytic units that generate biochemical reducing equivalents from
gaseous inputs and directly fuel NAD(P)H-dependent reactions,
enabling modular coupling to different classes of biocatalysts.
By uniting metabolic energy conversion, cofactor regeneration,
and programmable enzyme assembly within a single material
platform, this work establishes a new class of hybrid catalytic
materials for gas-driven biocatalysis.

2 | Results and Discussion
2.1 | Establishing a Gas-Driven Cofactor
Regeneration Module

To establish a gas-driven redox module compatible with hybrid
catalytic materials, we sought to harness intrinsic metabolic path-
ways of E. coli for hydrogen-driven cofactor regeneration. While
native [NiFe]-hydrogenases do not directly reduce NAD(P)*,
Hydrogenase 3, a key component of the formate hydrogenlyase
(FHL) complex, enables reversible conversion of H, and CO,
to formate [18-21]. This intrinsic pathway provides a direct link
between gaseous substrates and soluble redox carriers, thereby
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FIGURE 2 | Gas-driven cofactor regeneration as a functional module for hybrid catalytic materials. (A) Concept of the metabolism-based redox
module in which the native formate hydrogenlyase (FHL) converts H, and CO, into formate, which is subsequently oxidized by a formate dehydrogenase
(FDH) to generate NADH. Integration of a transhydrogenase enables conversion of NADH into NADPH, thereby expanding the system toward NADPH-
dependent biocatalysis. (B) Two-step enzymatic reduction of the prochiral diketone 5-nitrononane-2,8-dione (NDK) to the corresponding diol via
hydroxyketone intermediates. (C) Coupling of the FHL-FDH module to the NADH-dependent alcohol dehydrogenase SCADH enables efficient gas-
driven reduction of NDK whereas no conversion was observed either in the absence of MiFDH or in the absence of cells, highlighting the necessity of the
coupled regeneration module. (D) Coupling to the NADPH-dependent alcohol dehydrogenase Gre2p enables comparison with a glucose dehydrogenase

(GDH)-based regeneration system, demonstrating comparable catalytic performance while avoiding sacrificial substrates.

bypassing the need for heterologous hydrogenase expression or
external sacrificial substrates.

Crucially, the FHL reaction is reversible, and exposure to H,
and CO, drives formate formation in a pressure-dependent man-
ner. This behavior effectively establishes a metabolic route for
hydrogen-driven CO, reduction while avoiding the maturation
constraints associated with heterologous hydrogenase systems
[22], such as those of the soluble hydrogenase from C. necator.
In contrast to conventional formate production routes, including
methanol-based synthesis [23], this intrinsic pathway provides a
direct and sustainable route to generate soluble redox equivalents
from gaseous substrates, highlighting FHL as an underexplored
metabolic module for gas-driven cofactor regeneration.

Based on this concept, we established a closed-loop cofactor
regeneration system in which FHL generates formate from H,
and CO,, which is subsequently oxidized by a formate dehy-
drogenase (FDH) to produce NADH (Figure 2A). In this cycle,
formate acts as a transient electron carrier linking the metabolic
conversion of H,/CO, to enzymatic NADH regeneration, result-
ing in the net consumption of molecular hydrogen while CO, is
continuously recycled.

We first optimized the performance of the FHL module under
practical conditions. Formate production was quantified under
an H,/CO, atmosphere at 0.6 bar overpressure, a pressure
regime compatible with standard laboratory equipment. While
the dependence of the reaction rate on the H,/CO, ratio was not
systematically investigated in this study, the ratio might influence
catalytic performance because H, is net consumed whereas CO,
is regenerated within the formate cycle. Thus, increased H, avail-
ability may favor sustained conversion, provided that sufficient
CO, remains available for FHL-mediated formate formation.
We selected an 80:20 H,/CO, ratio to match gas compositions
commonly available in laboratories working with methanogens
and acetogens [24, 25], although a 1:1 H,/CO, ratio has also been
reported for FHL-mediated formate production [21]. Calculations
based on the ideal gas law revealed that approximately 1.2 mmol
CO, and 4.8 mmol H, were initially present in the gas phase.
Thus, relative to the 0.025 mmol substrate employed in a standard
5mL reaction, CO, availability is not expected to become limiting
under the conditions used in this study. Systematic variation of
cell density, storage conditions, and reaction parameters revealed
robust formate production across a broad range of conditions
(Figure S1). Notably, frozen cell suspensions retained full activity,
enabling convenient storage and handling. Under optimized
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conditions (ODg,, = 10, 37 °C, 200 mM Tris buffer), formate
concentrations of up to 30 mM were reached within 1 h (Figure
S2), while control experiments lacking functional FHL showed no
detectable activity, confirming the specificity of the system.

To identify a suitable enzymatic partner for efficient NADH
generation, we evaluated several FDHs differing in origin and
expected stability (for details on genetic constructs see materials
and methods and Tables S1-S3). As a reference, we included
the well-characterized PSFDH from Pseudomonas sp. 101, which
has previously been used for cofactor regeneration [26, 27]. In
addition, we investigated a thermophilic FDH from a Thermoplas-
mata archaeon (TaFDH) and a candidate from Methylacidiphilum
infernorum (MiFDH), selected based on sequence mining [28]
and predicted robustness [29]. All enzymes were obtained in
high purity, as confirmed by SDS-PAGE analysis (Figure S3).
While TaFDH exhibited only low activity in NAD" reduction
under the tested conditions, both PsSFDH and MiFDH showed
efficient catalytic performance (Figure S4). Notably, MiFDH
displayed markedly enhanced stability, retaining full activity
after prolonged incubation and at elevated temperature, whereas
PsFDH rapidly lost activity under these conditions.

Direct H,-driven NAD(P)H regeneration using soluble hydroge-
nases, such as the NAD-reducing [NiFe]-hydrogenase from C.
necator, represents an attractive alternative because H, oxidation
can be coupled directly to cofactor reduction without requir-
ing CO,/formate cycling or an additional enzyme. However,
functional production of these complex metalloenzymes requires
dedicated maturation machinery for assembly of the [NiFe]-
active site and can result in comparatively low recombinant
yields. In contrast, MiFDH can be readily expressed in E. coli with-
out additional maturation enzymes and yielded approximately
20 mg L™ culture without process optimization, approximately
fourfold higher than reported for the soluble hydrogenase from
C. necator under comparable laboratory-scale conditions [30, 31].
Thus, while direct hydrogenase-driven NAD(P)H regeneration
offers greater catalytic simplicity, the present approach pro-
vides practical advantages in terms of enzyme production and
accessibility of the biological components.

Coupling of the FHL-MiFDH module to an NADH-dependent
alcohol dehydrogenase enabled efficient reduction of the model
substrate 5-nitrononane-2,8-dione (NDK), a prochiral diketone
frequently used as a model substrate for stereoselective reductions
(Figure 2B) [32]. Using the carbonyl reductase from Streptomyces
coelicolor (ScCADH) [33], the FHL-FDH system facilitated the step-
wise conversion of NDK to the corresponding hydroxyketones
and diol products, thereby demonstrating effective integration
of gas-driven cofactor regeneration with downstream asymmet-
ric catalysis (Figure 2C). The system achieved total turnover
numbers exceeding 2,200, confirming efficient in situ NADH
supply. No conversion was observed either in the absence of
MiFDH or in the absence of cells, highlighting the necessity of
the coupled regeneration module. Product analysis confirmed
the expected stereoselectivity of SCADH (Figure S5), and the
overall atom economy reached 82%, substantially exceeding that
of glucose-dependent regeneration systems.

Because the selected formate dehydrogenase MiFDH selectively
reduces NAD* but shows negligible activity toward NADP*

(Figure S6A), an additional enzymatic module was required to
enable NADPH-dependent transformations. We therefore intro-
duced the soluble transhydrogenase SthA (TH) from E. coli,
which catalyzes hydride transfer from NADH to NADP* and
thereby links NADH-based regeneration to NADPH-dependent
enzymes. Purified TH displayed the characteristic absorption
features of its flavin cofactor FAD, confirming cofactor bind-
ing and functional integrity (Figure S7). To further improve
performance, key reaction parameters were optimized using a
machine-learning-guided approach (SyCoFinder) [34, 35], iden-
tifying conditions that enhance NDK conversion under both
formate-driven and gas-driven regimes (Figure S8, Table S4).

Under these optimized conditions, incorporation of TH enabled
efficient operation of NADPH-dependent alcohol dehydroge-
nases, including LbADH and Gre2p, thereby extending the
cofactor scope of the system (Figure 2D, Figure S8). Benchmark-
ing against a conventional glucose dehydrogenase (GDH)-based
regeneration system revealed comparable product formation
rates while eliminating the need for sacrificial organic sub-
strates (Figure 2D). Additional experiments using fermentation-
derived gas mixtures further confirmed the robustness of the
system and its compatibility with alternative gas sources (Figure
S8C). Together, these results demonstrate that the FHL-based
module provides a versatile platform for cofactor regeneration,
combining high catalytic performance with improved atom
economy and enabling both NADH- and NADPH-dependent
biocatalysis.

2.2 | Intracellular Assembly of Enzyme-Based
Hybrid Networks

To enable carrier-free organization of the catalytic enzymes
and facilitate their integration into material-based formats, we
designed the enzymatic components to self-assemble directly
inside the cell. For this purpose, we employed the Spy-
Tag/SpyCatcher (ST/SC) system, which enables spontaneous
formation of covalent isopeptide bonds between protein fusion
partners [36]. MiFDH was fused to SpyCatcher (SC), while the
transhydrogenase SthA (TH) was fused to SpyTag (ST), enabling
the formation of covalently linked enzyme networks upon co-
expression. Fusion of MiFDH to ST or SC did not impair catalytic
activity of the enzymes (Figure S6B). A modular two-plasmid
system was established to allow either expression of MiFDH-SC
alone or co-expression with TH-ST under arabinose-inducible
control. Owing to the octameric nature of TH [37], this design
was expected to promote the formation of a three-dimensional
protein network resembling an all-enzyme hydrogel (AEH)
(Figure 3A).

Intracellular expression of MiFDH-SC was confirmed by SDS-
PAGE analysis, showing comparable production levels under
different expression conditions (Figure S9A). Covalent assembly
of MiFDH-SC and TH-ST was validated both in vitro and in vivo:
incubation of purified enzymes resulted in the formation of stable
conjugates resistant to denaturation, and bands corresponding
to these conjugates were likewise observed in lysates of co-
expressing cells (Figure 3B, Figure S9B). Residual unbound
TH-ST (lane 5 in Figure 3B) suggests a stoichiometric imbalance,
consistent with higher expression levels of TH relative to MiFDH.
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FIGURE 3 | Intracellular assembly and catalytic function of enzyme-based hybrid networks. (A) Schematic representation of intracellular

production of MiFDH fused to SpyCatcher (MiFDH-SC) either alone or co-expressed with SpyTag-fused transhydrogenase (TH-ST). Covalent isopeptide
bond formation between SpyTag and SpyCatcher (zoom-in) results in the formation of intracellular all-enzyme hydrogel assemblies (AEH). (B) SDS-
PAGE analysis confirming formation of covalently linked MiFDH-TH conjugates in co-expressing cells. Lane 1: purified MiFDH-SC and TH-ST
incubated for 30 min; lane 2: purified MiFDH-SC; lane 3: purified TH-ST; lane 4: cells without plasmid; lane 5: cells expressing MiFDH/TH AEH.
M: protein marker. The arrow indicates the AEH conjugate band. (C) Dynamic light scattering analysis showing nanoscale assembly formation upon
mixing of purified MiFDH-SC and TH-ST compared to the individual enzymes. (D) Whole-cell catalysis demonstrating NADH-driven reduction of
ethyl 4-chloro-3-oxobutanoate (COBE) with in situ cofactor generation. Error bars in (C) and (D) represent the standard deviation from two independent

experiments.

Formation of nanoscale assemblies was further confirmed by
dynamic light scattering. While the individual enzymes remained
largely monodisperse, mixtures of MiFDH-SC and TH-ST exhib-
ited time-dependent growth of particles reaching hydrodynamic
diameters of approximately 75 nm (Figure 3C), consistent with
previously reported nanogel dimensions [38, 39].

SDS-PAGE densitometry further revealed intracellular concen-
trations of approximately 0.5 uM unbound MiFDH-SC and
1.0 uM MiFDH-SC/TH-ST conjugates at ODyy, = 5 (Figure
S9C,D). We next evaluated the functional consequences of
intracellular enzyme assembly by quantifying NADH forma-
tion under an H,/CO, atmosphere. Cells expressing MiFDH-SC
alone or co-expressing MiFDH-SC and TH-ST were compared
with cells supplemented with purified MiFDH-SC (Figure S10).
After incubation with 2.5 mM NAD*, cells were removed

and NADH formation in the supernatant was quantified
fluorometrically.

Supplementation with 4.4 uM MiFDH-SC resulted in nearly com-
plete reduction of the supplied NAD*, whereas supplementation
with 1 uM MiFDH-SC yielded NADH concentrations comparable
to those obtained with intracellularly expressed MiFDH-SC.
These results indicate that the lower NADH accumulation
observed for the intracellular system, in comparison to supple-
mentation with 4.4 uM MiFDH-SC, can largely be attributed to
the limited intracellular MiFDH-SC concentration rather than
an intrinsic loss of catalytic activity. Nevertheless, externally
supplemented MiFDH-SC consistently produced slightly higher
NADH levels, likely because FHL-generated formate is released
into the extracellular medium [21] and can therefore be directly
utilized by the supplemented enzyme. In addition, within the
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intracellular environment, both formate and NADH may be
consumed by native metabolic processes, thereby competing
with the introduced pathway. Co-expression with TH-ST further
decreased NADH accumulation, consistent with redistribution
of reducing equivalents toward NADPH and subsequent cellular
consumption.

Despite these limitations, the intracellularly assembled systems
enabled direct whole-cell biocatalysis without the need for
protein purification. In combination with the NADH-dependent
ScADH, MiFDH-SC-expressing cells achieved near-quantitative
conversion of NDK (Figure SI1). As expected, no product for-
mation was observed with the NADPH-dependent LbADH in
the absence of TH, whereas supplementation with TH restored
full activity. The MiFDH/TH co-expression system enabled
NADPH-dependent catalysis without external enzyme addition
and achieved moderate overall conversion, demonstrating func-
tional integration of NADH generation and NADPH-dependent
biocatalysis within a single cellular system. Importantly, covalent
assembly of MiFDH-SC and TH-ST into intracellular AEHs
did not result in a noticeable loss of catalytic performance
compared to cells co-expressing the non-interacting enzyme
variants, indicating that enzyme network formation is compatible
with efficient cofactor regeneration and downstream catalysis
(Figure S11).

Finally, we evaluated the applicability of the system using the
industrially relevant f-ketoester ethyl 4-chloro-3-oxobutanoate
(COBE), a key precursor for the synthesis of chiral pharma-
ceutical intermediates. Asymmetric reduction of COBE yields
ethyl (S)-4-chloro-3-hydroxybutanoate ((S)-CHBE), an important
building block in the synthesis of atorvastatin and related statin
drugs [33]. After pre-generation of NADH to avoid substrate
inhibition of FDH by the a-haloketone substrate, efficient con-
version was achieved, reaching yields above 80% (Figure 3D).
Increasing cell density did not further enhance product forma-
tion, consistent with a plateau in formate production at higher
cell densities (Figure S1A), indicating that formate supply limits
further turnover under these conditions. For prolonged operation
or higher substrate loadings, continuous H, supply may help
maintain catalytic performance by preventing depletion of the
reducing substrate, as decreasing gas pressure and concomi-
tantly decreasing rates of FHL-mediated formate production have
previously been observed during operation in closed reaction
vessels [21].

Together, these results demonstrate that intracellular expres-
sion of SpyTag/SpyCatcher-functionalized enzymes enables the
formation of covalently linked enzyme networks that are catalyt-
ically active and can be directly applied as whole-cell biocatalysts.
This establishes intracellular self-assembly as a viable route
toward hybrid catalytic materials.

2.3 | Cell-Enzyme Hybrid Beads as Programmable
Catalytic Materials

To translate intracellular enzyme networks into a practical and
application-ready material format, we developed lyophilized
cell-enzyme hybrid beads that integrate metabolically active

cells with programmable enzyme assemblies within a single
particle. The fabrication workflow follows the droplet-based
cryogenic formulation strategy outlined in Figure 1B. For bead
production, concentrated cell suspensions were combined with
purified MiFDH-SC and TH-ST and dispensed as defined droplets
(10 pL) into liquid nitrogen, resulting in rapid cryogenic solidi-
fication. Subsequent lyophilization yielded mechanically stable,
free-flowing beads that can be readily stored, dosed, and rehy-
drated. Macroscopically, uniform spherical beads with diameters
of approximately 1.5 mm were obtained (Figure S12A). Initial
attempts to lyophilize cell-based catalytic systems resulted in
substantial loss of activity compared to frozen controls (Figure
S12B). Incorporation of trehalose as a lyoprotectant restored
catalytic performance and enabled the formation of stable and
functional hybrid materials.

Environmental scanning electron microscopy (ESEM) provided
detailed insight into the internal architecture of the hybrid beads.
Beads composed of cells and enzyme components exhibited a
highly porous morphology in which cells were embedded within
an interconnected enzyme network (Figure 4A-C). Higher-
magnification images revealed distinct cellular structures inte-
grated within the surrounding enzyme matrix (Figure 4B,C,
red arrows). Incorporation of trehalose during bead preparation
induced pronounced structural modulation characterized by the
formation of a consolidated outer layer and locally densified
regions, suggesting the emergence of a protective matrix that
stabilizes the internal architecture (Figure 4D,E). In contrast,
control beads composed solely of cells and trehalose lacked this
hierarchical organization and instead formed compact agglom-
erates (Figure 4F), highlighting the critical structural role of the
enzyme network in establishing the self-assembled porous hybrid
architecture.

The resulting hybrid beads function as programmable catalytic
materials that can be directly applied in biotransformations. Cat-
alytic performance scaled linearly with bead number, enabling
straightforward adjustment of reaction rates by simple dosing
(Figure 4G). Using the NADPH-dependent alcohol dehydroge-
nase LbADH as a representative downstream catalyst, conver-
sions exceeding 80% were achieved with five beads, correspond-
ing to defined effective concentrations of cells and catalytic
enzymes. In this configuration, the embedded MiFDH/TH sys-
tem acts as a self-contained NADPH-generating module, while
the alcohol dehydrogenase is supplied separately. This modular
design enables straightforward coupling of the material platform
to diverse downstream biocatalysts without modification of the
bead composition.

The modular design of the hybrid beads further allows adap-
tation to different cofactor requirements and catalytic schemes.
This versatility was demonstrated using the structurally distinct
substrate ethyl 4-chloro-3-oxobutanoate (COBE) in combina-
tion with the NADH-dependent alcohol dehydrogenase SCADH
(Figure 4H). In contrast to the NADPH-driven NDK system, this
setup operates without transhydrogenase and directly utilizes
NADH generated by MiFDH. After pre-generation of NADH to
mitigate substrate inhibition, efficient conversion was achieved,
highlighting the ability to selectively engage different catalytic
pathways within the same material platform.
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FIGURE 4 | Structural organization and catalytic performance of cell-enzyme hybrid beads. (A-C) Environmental scanning electron microscopy

(ESEM) images of hybrid beads composed of cells, MiFDH-SC, and TH-ST without trehalose, revealing a highly porous architecture in which cells
are embedded within an interconnected enzyme network. (A) Macroscopic bead morphology. (B, C) Higher-magnification images showing cellular
structures integrated within the enzyme matrix (red arrows). (D, E) Beads prepared in the presence of 5% trehalose display pronounced structural
modulation characterized by the formation of a consolidated outer layer (“protective shield”) and locally densified regions (red arrows). (F) Control
beads composed solely of cells and trehalose exhibit an agglomerated, non-porous architecture, highlighting the critical structural role of the enzyme
network in establishing the observed porous network. (G) Programmable catalytic activity demonstrated by bead-dosed reduction of NDK using the
NADPH-dependent alcohol dehydrogenase LbADH. Reactions were performed in 5 mL volume; one bead corresponds to ODgy, =~ 0.4 and enzyme
concentrations of approximately 0.5 uM. (H) Modular catalytic operation demonstrated by reduction of COBE using the NADH-dependent alcohol
dehydrogenase SCADH. Cofactors were pre-incubated prior to substrate addition to circumvent substrate inhibition. Error bars in (G) and (H) represent

the standard deviation from two independent experiments.

In addition to functional versatility, the hybrid beads remained
catalytically active after more than four weeks of dry stor-
age at room temperature (Figure SI13A). While the activity
decreased by approximately threefold compared to freshly pre-
pared beads (Figure 4G), the residual conversion was comparable
to that obtained with freshly prepared trehalose-free formulations
(Figure S13B). To further assess the stability of the individual
catalytic components, FHL-mediated formate production and
MiFDH-SC activity were analyzed separately after prolonged
storage (Figure S13C,D). After one week of dry storage at
room temperature, the beads retained approximately 47% of the
initial formate production and 69% of the initial MiFDH-SC
activity. Importantly, beads from the batch previously analyzed
after >4 weeks (Figure S13A) still exhibited substantial FHL-
mediated formate production and MiFDH-SC activity after a total

storage period of five months. These observations underscore
the importance of trehalose for preserving catalytic function
during lyophilization and prolonged storage. Together, these
results establish cell-enzyme hybrid beads as robust, scalable,
and programmable catalytic materials that can be configured for
diverse redox transformations by simple adjustment of enzyme
composition and reaction conditions.

2.4 | Alginate-Encapsulated Hybrid Beads for
Enhanced Retention and Recyclability

To extend the hybrid bead concept toward reusable catalytic
materials, we introduced an additional encapsulation step using
alginate. Cell-enzyme mixtures containing alginate were first
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FIGURE 5 | Alginate encapsulation enhances retention, stability, and recyclability of hybrid catalytic beads. (A) Schematic illustration of the
encapsulation workflow. Building on the droplet-based fabrication strategy shown in Figure 1B, cell-enzyme mixtures are combined with alginate,
processed into lyophilized beads, and subsequently cross-linked in CaCl, to yield mechanically stabilized composite materials. This modular approach
enables the integration of diverse enzymatic and cellular components within the hybrid architecture. (B, C) Representative macroscopic images
illustrating the modular composition of alginate-encapsulated beads containing either (B) purified ST-eGFP-ST (yellow) or RFP-expressing E. coli (red),
and (C) catalytically active assemblies comprising MiFDH-SC, TH-ST, and FHL-expressing E. coli. (D) Enzyme retention within alginate beads comparing
constructs capable of SpyTag/SpyCatcher-mediated network formation (MiFDH-SC, TH-ST, ST-eGFP-ST) with non-interacting controls (MiFDH, TH,
eGFP). Error bars represent the standard deviation from two independent experiments. (E) Laser scanning microscopy images revealing the hierarchical
organization of alginate-encapsulated hybrid beads. The central region exhibits reduced fluorescence intensity due to increased optical path length
through the bead. Scale bar: 100 um. (F-H) ESEM micrographs illustrating the morphological impact of alginate encapsulation on hybrid beads. Despite
alginate incorporation, the porous morphology with its interconnected structures was retained.

processed via the established cryogenic droplet and lyophilization
workflow to yield hybrid beads, which were subsequently soaked
in CaCl, solution to induce cross-linking of the alginate matrix
(Figure 5A). This post-fabrication curing step produces mechani-
cally stabilized composite beads while preserving the underlying
self-assembled hybrid architecture.

To demonstrate the versatility of this modular design, beads incor-
porating different functional components were fabricated. Repre-
sentative macroscopic images confirm the successful integration
of either fluorescent reporter systems (purified ST-eGFP-ST or
RFP-expressing E. coli) or catalytically active assemblies compris-

ing MiFDH-SC, TH-ST, and FHL-expressing E. coli (Figure 5B,C).
These results illustrate that the alginate encapsulation strategy
is compatible with diverse protein and cellular components
and enables tailored compositional engineering of the hybrid
materials. Importantly, macroscopic inspection confirmed that
the beads retained their structural integrity upon cross-linking
(Figure S14A).

Because the curing step involves soaking the beads in CaCl,
solution, diffusion of soluble components into the surrounding
medium can occur and therefore represents a critical design
parameter for the encapsulation strategy. Increasing the Alginate
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FIGURE 6 | Recyclability and solvent tolerance of alginate-encapsulated hybrid beads. (A) Repeated conversion of ethyl acetoacetate catalyzed

by the commercial alcohol dehydrogenase ADH-30 (evoXX), demonstrating sustained catalytic activity and compatibility of the hybrid bead platform

with externally supplied biocatalysts. Product formation in the first cycle was normalized to 100%. (B) Stability of immobilized hybrid beads and

non-immobilized controls in biphasic ethyl acetate/buffer systems containing increasing amounts of ethyl acetate. Encapsulated materials exhibited

enhanced robustness under solvent-containing conditions. NDK conversion in the absence of ethyl acetate was normalized to 100%. Error bars represent

the standard deviation from at least two independent experiments.

concentration from 2% to 3% decreased protein diffusion into
the supernatant by approximately 35%, as quantified using flu-
orescent reporter proteins (Figure S14B). To further suppress
leakage, we investigated whether covalent network formation via
SpyTag/SpyCatcher could restrict diffusion of enzyme compo-
nents. Beads containing either non-interacting proteins (MiFDH,
TH, eGFP) or cross-linkable counterparts (MiFDH-SC, TH-ST,
ST-eGFP-ST) were compared. Fluorescence analysis of the super-
natant revealed substantial leakage (~70%) for non-cross-linked
systems, whereas pre-assembly of an AEH network reduced
leakage to below 40% (Figure 5D), demonstrating that covalent
enzyme network formation effectively enhances retention within
the alginate matrix. To assess retention stability after curing,
beads were subjected to sequential wash steps without CacCl,,
revealing only negligible release (Figure S14C).

Structural characterization of hybrid beads containing RFP-
expressing E. coli cells and eGFP-labeled enzyme networks by
confocal laser scanning microscopy (CLSM) provided insight
into the internal organization of the composite material. Three-
dimensional reconstruction of CLSM Z-stacks revealed a homo-
geneous spatial distribution of both RFP-expressing cells and
ST-eGFP-ST-tagged enzyme networks throughout the bead vol-
ume, confirming uniform incorporation of cellular and protein-
based components within the hybrid architecture (Figure 5E and
Figure S15). Ultrastructural analysis by ESEM further revealed
a hierarchical organization in which a porous enzyme net-
work is embedded within the surrounding alginate scaffold
(Figure 5SF-H). Consistent with these observations, gas adsorption
measurements confirmed the presence of accessible porosity
(Figure S14D), indicating that the composite architecture sup-
ports efficient mass transport. Finally, energy-dispersive X-ray
spectroscopy verified the expected chemical composition of the
cured beads (Table S5).

We next assessed whether encapsulation affects catalytic per-
formance. Activity assays based on NDK conversion revealed
only a moderate decrease in activity upon alginate encapsulation,
with conversion declining from approximately 60% for non-
encapsulated systems to about 45% for encapsulated beads when
normalized to enzyme content (Figure S14E). This result indi-
cates that the alginate matrix imposes only minor mass-transfer
limitations while largely preserving catalytic function. However,
alginate alone was insufficient to protect the catalytic system
during drying and rehydration, consistent with previous reports
[40]. Incorporation of 5% trehalose during bead preparation
proved essential for maintaining catalytic activity. Together, these
findings demonstrate that structural confinement and functional
stabilization can be decoupled within the material system, with
alginate providing mechanical retention and recyclability, while
trehalose preserves enzymatic activity during processing and
storage.

To assess whether the fabrication procedure preserves cellular
functionality, the viability and genetic integrity of encapsulated
cells were evaluated. Cells expressing an RFP reporter were
cryopreserved at -80 °C for two months, subsequently processed
into alginate beads, and released by dissolution of the alginate
matrix. Growth assays confirmed selective proliferation con-
sistent with the plasmid-encoded antibiotic resistance profile,
while induction with arabinose restored RFP expression, demon-
strating preserved plasmid functionality after encapsulation and
processing (Figure S16). Notably, no viable cells were recovered
from formulations lacking trehalose, confirming the critical
role of trehalose for maintaining cellular integrity during bead
fabrication.

The resulting composite beads enable efficient catalyst recovery
and reuse (Figure 6). Using a commercial alcohol dehydrogenase
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(ADH-30, evoXX) [41, 42], repeated conversion of ethyl ace-
toacetate was achieved over multiple cycles, demonstrating sus-
tained catalytic performance and compatibility with commercial
enzymes (Figure 6A). Given the known tolerance of SCADH to
organic solvents and the relevance of ethyl acetate for product
extraction [33, 43], the stability of encapsulated materials in a
biphasic ethyl acetate/buffer system was also investigated. While
non-immobilized components achieved higher NDK conversion
under solvent-free conditions (Figure S17), the immobilized beads
proved markedly more robust in the presence of ethyl acetate
(Figure 6B), confirming their suitability for demanding reaction
environments.

Together, these results establish alginate encapsulation as an
effective strategy to transform cell-enzyme hybrid beads into
reusable, structurally stabilized catalytic materials with reduced
leaching, preserved activity, and enhanced robustness. Combined
with the intrinsic modularity of the underlying enzyme network,
this approach enables the design of adaptable catalytic systems
for diverse reaction environments.

3 | Conclusions

In summary, we establish cell-enzyme hybrid materials that
integrate cellular metabolism with programmable enzyme net-
works to enable gas-powered biocatalysis. By leveraging the
native formate hydrogenlyase (FHL) machinery of E. coli, gaseous
substrates (H, and CO,) are directly converted into reducing
equivalents that fuel downstream enzymatic transformations.
Coupling to a highly stable formate dehydrogenase (MiFDH) and
a soluble transhydrogenase (TH) enables flexible access to both
NADH- and NADPH-dependent reaction pathways, providing a
modular redox platform that can be readily adapted to diverse
catalytic requirements.

A key advance of this work is the translation of these catalytic
systems into defined material formats. Lyophilized hybrid
beads and their alginate-encapsulated counterparts constitute
programmable, ready-to-use catalytic materials that combine
structural organization, cofactor regeneration, and catalytic
function within a single entity. The homogeneous spatial
organization of cells and enzyme networks within the composite
structure further suggests that diffusion pathways and catalytic
sites are distributed throughout the bead interior, enabling
efficient coupling of metabolic energy conversion and enzymatic
catalysis within the material. The resulting “count-and-add”
workflow allows straightforward implementation without
complex process control, while maintaining high catalytic
performance and enabling catalyst recycling and operation
under non-conventional conditions.

Compared to existing hydrogen-driven systems based on het-
erologous hydrogenases [31, 44], this approach circumvents
the need for complex enzyme maturation and specialized
host organisms by exploiting endogenous metabolic path-
ways. At the same time, the gas-fed regeneration strategy
offers improved atom economy and avoids accumulation of
organic by-products associated with conventional sacrificial sub-
strates, providing a conceptually simple alternative for redox
biocatalysis.

Beyond the specific reactions demonstrated here, the combi-
nation of metabolic energy conversion, programmable enzyme
assembly, and materials engineering defines a generalizable
strategy for the design of adaptive catalytic systems. By bridging
the gap between biological complexity and practical usability,
gas-powered hybrid catalytic materials provide a foundation for
scalable and user-defined biomanufacturing processes.
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