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ARTICLE INFO ABSTRACT

Carbon dioxide (CO2) is an underutilized industrial byproduct whose conversion into valuable molecules is
mainly constrained by slow gas-liquid transfer. Carbonic anhydrase (CA) efficiently accelerates CO5 hydration to
bicarbonate, increasing its availability in the liquid phase. Therefore, integrating CA into COy bioconversion
processes is a promising strategy for Carbon Capture and Utilization (CCU). This study investigates CA's role in
enhancing CO, mass transfer in a multi-enzymatic platform comprising the co-immobilized formate dehydro-
genase (FDH) for CO5 reduction to formate and glycerol dehydrogenase (GlyDH) for in situ NADH regeneration
via glycerol oxidation to dihydroxyacetone (DHA). Three microbial CA variants were screened, identifying Ba-
cillus halodurans CA (BhCA) as the best candidate due to boosted formate production, immobilization on Ni2t-
ReliZyme, and operational stability. Consequently, a novel trifunctional biocatalyst was rationally prepared from
crude cell lysates using a one-step purification / co-immobilization strategy, enabling controlled enzyme
incorporation at optimal activity ratios and yielding a streamlined, cost-effective, and industrially relevant
biocatalyst with high catalytic performance. In the reaction, BhCA significantly enhanced CO2 reduction to
formate by FDH, increasing yield by up to 1.8-fold and reaction rate by up to 4.3-fold. This synergy with FDH
arises from CA-mediated stabilization of the COx-bicarbonate interconversion, which enhances gas-liquid
transfer and promotes CO, reduction. Reusability tests showed remarkable stability with BhCA retaining 63.5 +
0.8% of its activity and achieving 80.3 + 1.9% formate yield after five cycles. Overall, CA acts as an effective
intensifier for bio-based CCU, boosting both CO, capture and its conversion into high-value products within
multi-enzymatic platforms.
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design strategies have been explored, including gas-contact membranes,
micro- and nanobubble technologies, and liquid-phase chemical adsor-
bents such as amines and carbonates. However, their broad application

1. Introduction

Carbon dioxide (CO,) is an underutilized byproduct emitted by

various industrial sources, and its accumulation in the atmosphere poses
significant risks to human health and environment [1]. Significant ef-
forts have focused on mitigating it through carbon capture and utiliza-
tion (CCU) strategies to convert it into value-added compounds.
However, these processes face major bottlenecks due to the high ther-
modynamic stability of CO; and its slow transfer across the gas-liquid
interface [2]. To address these challenges, several reactor and process

has been hindered by low selectivity and efficiency, along with high
complexity and energy requirements [3].

Within this framework, carbonic anhydrase (CA) is among the most
abundant and catalytically efficient enzymes in nature, facilitating the
rapid hydration of CO to bicarbonate (HCO3) across multiple cellular
metabolic pathways [4]. CA is a zinc-containing metalloenzyme with
turnover frequencies up to 10% s™! that lowers the activation energy for

* Correspondence to: M. Guillén, Department of Chemical, Biological and Environmental Engineering, Universitat Autonoma de Barcelona, 08193, Bellaterra,

Catalonia, Spain.

** Correspondence to: I. Antonopoulou, Department of Civil, Environmental and Natural Resources Engineering, Luled University of Technology, Lule&, Sweden.
E-mail addresses: Marina.Guillen@uab.cat (M. Guillén), io.antonopoulou@ltu.se (I. Antonopoulou).

https://doi.org/10.1016/j.cej.2026.177653

Received 9 February 2026; Received in revised form 19 May 2026; Accepted 22 May 2026

Available online 23 May 2026

1385-8947/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.34810/data2983
https://doi.org/10.34810/data2983
https://doi.org/10.34810/data2983
https://doi.org/10.34810/data2983
mailto:Marina.Guillen@uab.cat
mailto:io.antonopoulou@ltu.se
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2026.177653
https://doi.org/10.1016/j.cej.2026.177653
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2026.177653&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S.R. Rodriguez et al.

CO hydration through metal-assisted deprotonation of a water mole-
cule [5]. This high catalytic efficiency enhances the liquid's capacity to
absorb CO,, promoting its transfer from the gas to the liquid phase and
subsequent conversion into a more stable species in solution, bicar-
bonate [6]. The reaction mechanism can be summarized by the
following two equations:

GO (5 < CO2 (ag) &)

CO, (aq) + H,O < HCO;™ + H* (@3]

Due to these catalytic properties, CA stands out as an excellent tool
for deploying bio-based CCU processes, facilitating not only the initial
COy capture / solubilization stage but also the subsequent trans-
formation by biocatalytic, electrocatalytic, photocatalytic, and ther-
mocatalytic processes [2]. The role of CA has been extensively studied in
conjunction with formate dehydrogenase (FDH) for the CO5 reduction to
formate [7,8], coupled with NADH consumption. FDH is a strategically
important biocatalyst for climate change mitigation and circular bio-
economy, enabling the production of formate (or formic acid), a versa-
tile and industrially relevant product as an energy carrier and chemical
building block [9]. The synergy between CA and FDH has resulted in
significant improvements in both reaction rate and formate yields
[10-12]. In addition, this performance is strongly influenced by the pH
of the medium and the distribution of inorganic carbon species from CO,
dissolution, with CA acting as a critical mediator of COy hydration,
enhancing its availability in the liquid phase. Despite these achieve-
ments in enzyme synergy, the optimization of CA to enhance CO
gas-liquid transfer in CCU systems for formate production by FDH re-
mains largely unexplored, particularly in terms of its impact on reaction
efficiency and scalability within multi-enzymatic platforms.

To support this approach, several microbial CA variants have shown
outstanding performance in multi-step CO2 capture and fixation due to
their high thermostability and broad pH tolerance under moderate
pressure conditions [13]. Furthermore, CA immobilization on solid
supports has been demonstrated to significantly prolong lifespan,
improve reusability and recovery, and reduce overall costs [14]. This

CO;,
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strategy may enhance CA robustness under industrial conditions, mak-
ing it highly appealing for practical CCU applications [15]. However,
although several enzymatic CCU systems employing CA have been re-
ported in recent years, most studies have mainly focused on binary
CA-FDH cascades designed to enhance CO: hydration and improve
formate synthesis efficiency. In general, these systems rely on purified
enzymes, are limited to the production of a single target compound
[7,10,12], and rarely address key aspects required for industrial
implementation, such as simplified biocatalyst preparation, integrated
cofactor regeneration, operation under realistic gas compositions, and
long-term operational stability [2,16-18]. In addition, the role of CA has
predominantly been evaluated only in terms of accelerating COz hy-
dration, while its broader impact within more complex multienzyme
catalytic networks remains largely unexplored [19]. A similar limited
functional role has also been observed in other CO: conversion tech-
nologies, such as electrochemical and photocatalytic systems, where CA
is mainly used to enhance CO: availability at the reaction interface
rather than being exploited as a strategic component for reaction engi-
neering improvement [11,20-22]. Therefore, the development of
robust, sustainable and industrially relevant multienzyme platforms
capable of simultaneously integrating CO2 capture enhancement, long-
term operation, and multi-product synthesis still represents an impor-
tant challenge in enzymatic CCU technologies.

This study introduces a novel trifunctional biocatalyst that enhances
CO4 reduction to formate by integrating carbonic anhydrase (CA) into a
multi-enzymatic platform for the production of high-value compounds
(Fig. 1). The original system comprises the multi-enzymatic co-produc-
tion of formate from CO2 by formate dehydrogenase (FDH), followed by
in situ NADH cofactor regeneration through glycerol oxidation to
dihydroxyacetone (DHA) catalyzed by glycerol dehydrogenase (GlyDH)
as a recycling enzyme. In contrast to conventional cofactor regeneration
strategies, the use of GlyDH not only sustains cofactor turnover but also
enables the simultaneous production of an additional high-value in-
dustrial compound, DHA. This platform has been previously optimized
using both free enzymes [23] and co-immobilized enzymes (bifunctional
biocatalyst) on a Ni2*-ReliZyme carrier, resulting in a remarkably high

2+ : Laadm  Trifunctional

\—K/ - + Ni**- ReliZyme | " " piocatalyst
OH GlyDH Bani
T CA

Glycerol ® .g};(
carbonate (GC) OH RN 0
+
Glycerol NAD Dihydroxyacetone

(DHA)

Fig. 1. Multi-enzymatic CO, reduction system for the production of high-value compounds, assisted by carbonic anhydrase (CA). The system combines CO5 hy-
dration by CA with its subsequent reduction to formate catalyzed by formate dehydrogenase (FDH). In situ NADH regeneration is achieved through glycerol oxidation
to dihydroxyacetone (DHA) by glycerol dehydrogenase (GlyDH). Additionally, glycerol carbonate (GC) is produced as a byproduct via a metal-catalyzed reaction

between CO and glycerol.
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formate concentration enabled by optimized, reactor-engineered
continuous CO; supplementation and aligned with green metrics
[24,25]. Additionally, glycerol carbonate (GC) is formed as a byproduct
via the direct carboxylation of glycerol with CO5 (reaction mechanism in
Fig. S9 in Supplementary Information [SI]) catalyzed by the nickel
functionalized on the Ni%* -ReliZyme carrier and the zinc (Zr12+) from
the metalloenzyme glycerol dehydrogenase from Bacillus stear-
othermophilus used in this study [26]. As a result, an additional high-
value industrial compound is generated, thereby enhancing the sys-
tem's attractiveness for potential applications.

For this work, CA was incorporated via a rationally designed tri-
functional biocatalyst prepared on the same carrier, based on an initial
screening of three microbial CA variants. Importantly, the trifunctional
derivative was generated directly from crude cell lysates, enabling a
more streamlined, cost-effective, and industrially relevant preparation
of the co-immobilized system compared to conventional multistep
immobilization approaches. Accordingly, the contribution of CA-
catalyzed CO, hydration was evaluated within the multi-enzymatic
system, not only in relation to formate production but also regarding
its effect on the coupled synthesis of DHA and glycerol carbonate,
together with its operational stability and reusability over multiple re-
action cycles. This represents a clear example of an integrated co-
immobilized enzymatic platform within a CCU framework, in which
the orchestrated activity of the enzymes simultaneously improves the
reaction rate, catalytic efficiency, and product yields, driven by CA-
mediated enhancement of CO, gas-liquid transfer, thereby boosting
the efficient COy capture and valorization into high-value industrial
chemicals.

2. Experimental section
2.1. Materials

All chemical and reagents were purchased from Merck KGaA
(Darmstadt, Germany). The cofactors NADH and NAD™ were purchased
from GERBU Biotechnik GmbH (Heidelberg, Germany). ReliZyme™
EP403S resin was purchased from Resindion S.r.l. (Binasco, Italy). The
gas mixture 20% CO, and 80% Ny was purchased from Linde Gas AB
(Luled, Sweden). Alexa Fluor 610-X, 488 and 405 dyes as well as Anti-
body Conjugate Purification kit were purchased from Thermo Fisher
Scientific (Massachusetts, USA).

2.2. Engymes production and purification

FDH from Candida boidinii and GlyDH from Bacillus stear-
othermophilus were produced and purified by the ENG4BIO research
group according to the procedures reported by Rodriguez et al. [23]. The
following microbial CA variants were produced and purified: Aeribacillus
pallidus CA (ApCA, Genbank ID: KZM53878 [27]), Bacillus halodurans
CA (BhCA, Genbank ID: ALI16144 [28]) and Desulfovibrio vulgaris CA
(DvCAS8.0 [29]). Briefly, CAs variants were expressed in E. coli BL21
using a pET22b(+) vector with a 6 x His tag. Cells were grown in Lur-
ia-Bertani (LB) and auto-induction media, then lysed, filtered, freeze-
dried, and dialyzed, following the protocols detailed by De Oliveira
Maciel et al [30]. CAs were purified from clarified lysate by ultrafiltra-
tion and His-tag affinity chromatography (TALON IMAC, AKTA system),
buffer-exchanged to Tris-HCl, concentrated, and verified by SDS-PAGE
and CA activity assays, according to Antonopoulou et al [31].

2.3. Enzyme activity assays

FDH and GlyDH activities were measured by NAD" reduction to
NADH, driven by formate oxidation to CO» and glycerol oxidation to
DHA, respectively, following the protocols detailed by Rodriguez et al
[23]. For CA activity, two different activity assays were independently
employed throughout this work. Phenolphthalein assay: CA activity was
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measured spectrophotometrically by monitoring CO, release from a
bicarbonate solution using a colorimetric pH indicator (phenolphtha-
lein), according to methodology reported by Antonopoulou et al [32].
PNP-acetate assay: CA activity was determined via its esterase activity by
spectrophotometrically monitoring the hydrolysis of p-nitrophenyl ac-
etate (pNP-acetate) to p-nitrophenol (pNP), following protocols by
Murin et al [33].

2.4. Evaluation of different carbonic anhydrases (CA) in the enzymatic
CO; reduction system

The enzymatic CO3 reduction by FDH was evaluated by individually
incorporating the three previously mentioned CA variants. Initially, the
immobilization of each purified CA was performed on the Ni®*-Reli-
Zyme carrier (functionalization in protocol S2, SI) at a 1:10 carrier-to-
volume ratio. Each CA solution was prepared in phosphate buffer 100
mM -+ NaCl 100 mM (pH 7.5) and incubated with the carrier at 4 °C for
24 h under continuous agitation. The resulting biocatalysts were filtered
and washed with the same buffer. Samples were collected to measure
catalytic activity in the blank, suspension, and supernatant, and protein
content following SI protocols. The evaluation of the immobilized bio-
catalyst was based on the equations provided in the protocol S8.

For the evaluation of formate synthesis from CO,, a co-immobilized
biocatalyst with FDH and each CA was prepared with 10 mg of purified
FDH and each purified CA per g of carrier. Reactions were carried out in
phosphate buffer 100 mM (pH 7.5) containing 10 mM NADH, with
continuous gas supplementation from a 20% CO- and 80% N mixture at
0.1 vvm. Experiments were carried out in duplicate at 30 °C, 300 rpm
and for 24 h. At the end of the reaction, formate and NADH concen-
trations (protocols S4 and S5, SI), as well as residual CA activity
(phenolphthalein assay) were determined.

2.5. Design of a tri-enzymatic co-immobilized biocatalyst on Ni?*-
ReliZyme carrier

First, a bifunctional biocatalyst was prepared with GlyDH and FDH
enzymes from cell lysates as a one-step purification/co-immobilization
strategy via IMAC affinity immobilization between nickel and 6x His-
tag, following the protocol previously reported by Rodriguez et al
[24]. Briefly, GlyDH was immobilized on the Niz+—ReliZyme carrier and
coated with glutaraldehyde for stabilization (GC-GlyDH). The resulting
biocatalyst was then filtered and washed. Subsequently, FDH was added
to the GlyDH-immobilized derivative, subsequently filtered and washed.

For the trifunctional biocatalyst, a CA solution from cells lysates was
prepared in phosphate 100 mM + NaCl 100 mM buffer (pH 7.5) and
subsequently incubated with the previously bifunctional biocatalyst via
IMAC immobilization affinity. After 16 h of incubation, the biocatalyst
was filtered and washed with the previous buffer followed by a solution
containing 20 mM imidazole and 100 mM NacCl and stored at 4 °C. CA
catalytic activity was determined using the phenolphthalein assay. The
parameters evaluated in the co-immobilization were defined as follows
(equations section S8, SI):

2.5.1. Theoretical biocatalyst activity

Maximum enzymatic activity expected for the immobilized biocat-
alyst, assuming that all immobilized enzymes retains their full catalytic
activity after immobilization.

2.5.2. Observed biocatalyst activity

Experimentally measured enzymatic activity of the biocatalyst,
reflecting the actual performance, which may be limited by diffusional
or mass-transfer constraints.

2.5.3. Immobilization yield (based on activity)
Percentage of the initially offered enzymatic activity that is suc-
cessfully bound to the carrier after immobilization.
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2.5.4. Retained activity
Percentage of the immobilized enzymatic activity that remains
catalytically active after immobilization.

2.5.5. Recovery activity
Percentage of the initially offered enzymatic activity that is recov-
ered in the final biocatalyst.

2.6. Immobilization of BhCA on ReliZyme carriers with different
activation degrees

BhCA was immobilized on ReliZyme carriers after controlled hy-
drolysis of epoxy groups for different time periods. Epoxy-ReliZyme
carrier was incubated in hydrochloric acid (HCl) 1 M at a 1:10 solid-
to-liquid ratio for 1, 2 and 4 h. The carrier without acid hydrolysis
treatment was used as the control. Epoxy groups (equivalent to imino-
diacetic acid (IDA) groups at a 1:1 ratio) were quantified following the
protocol from Santiago-Arcos et al [34]. Briefly, vicinal diols generated
after acid hydrolysis were oxidized with sodium periodate (NalO4), and
the residual periodate was determined by iodometric titration with po-
tassium iodide (KI). Epoxy / IDA content was calculated from the dif-
ference in NalOs consumption between control and hydrolyzed carriers.

For subsequent immobilization, after hydrolysis, each carrier was
filtered, washed with distilled water, and functionalized with IDA and
nickel sulfate, following the protocol described in Section S2 of the SI.
BhCA immobilization was performed with 2 mg g~ of total protein,
following procedure 2.5. The retained activity in the suspension was
measured after 2 h of incubation to ensure that the total amount of
offered protein had been bound to the carrier. BhCA catalytic activity
was determined using the phenolphthalein assay.

2.7. Multi-enzymatic CO> reduction into high-value chemicals assisted by
CA

The multi-enzymatic CO5 reduction was performed by the trifunc-
tional biocatalyst, featuring in situ NADH regeneration and continuous
CO4 supply. Reactions were carried out in phosphate buffer 100 mM
(pH 7.5) as reaction medium, containing NADH 1 mM and glycerol 100
mM, with continuously gas bubbled at 0.1 vvm from the 20% CO, gas
mixture. A total of 20 g of trifunctional biocatalyst was resuspended in a
total volume of 200 mL. Experiments were conducted in duplicate at
30 °C, constant agitation at 300 rpm and during 54 and 82 h. A control
experiment in the absence of CA was performed under same conditions.
Samples were collected periodically to measure substrates, products
(protocols in SI), and enzyme activities. CA catalytic activity was
determined using the phenolphthalein assay.

2.8. Reusability of the trifunctional biocatalyst

The reusability of the trifunctional biocatalyst was tested over five
consecutive cycles under the conditions described in the previous sec-
tion. Biocatalyst concentration (100 g L) was maintained by adjusting
the reaction volume, with total loss below 7.3% after five cycles. After
each cycle, biocatalyst was washed with phosphate buffer 100 mM (pH
7.5), using the same volume as that of the reaction mixture in each cycle.
Performance metrics were calculated according to equations detailed in
the protocol S9 in SI.

3. Results and discussion

3.1. Screening purified CA for integration into the multi-enzyme CO
reduction system

First, the most suitable CA for the multi-enzymatic system was
selected based on its immobilization performance and catalytic effi-
ciency in the CO; reduction. Previously optimized conditions for this
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multi-enzymatic platform included a pH of 7.0 and temperature of 30 °C,
considering both CO; solubility and NADH cofactor stability [23]. The
CA candidates evaluated are listed in Table 1. All CAs evaluated have an
optimal pH of 7, however, their catalytic activity at 30 °C is relatively
low, as their peak activity typically occurs above 60 °C, making them
more suitable for CO, capture at elevated temperatures. BhCA showed
the highest activity, reaching 39% of its maximum at 30 °C. In general,
the evaluated CAs exhibit maximum activity at pH 6-10 and tempera-
tures above 40 °C [35,36].

As a first experimental step, purified CAs were immobilized on Ni%*-
ReliZyme at a low total protein loading (2 mg g~). Fig. S1 in SI shows
the immobilization kinetics, where complete depletion of each CA from
the supernatant occurred approximately at 60 min. Interestingly, after
90 min, all CAs retained less than 10% of their total activity in the carrier
suspension. Due to this, the incubation time was then extended to
monitor their behavior on the carrier over time. Fig. 2 shows the
immobilization kinetics based on retained activity in the suspension
over 24 h. All CAs reached maximum activity after 16 h, with BhCA
exhibiting the highest retained activity (43.7 4 1.8%). After this point, a
slight decrease in activity was observed. ApCA and DvCA8.0 reached
32.4 + 1.9% and 37.1 + 1.5% at 16 h, respectively, also showing de-
clines afterward.

A study of CA immobilization on magnetic nanoparticles showed a
similar behavior, with activity gradually increasing to a maximum
(~70%) at 24 h, followed by a slight decline [37]. This may result from
initial unfavorable enzyme conformation that later adjust or reorient on
the carrier over time, improving active site exposure [38]. Studies have
shown that immobilization can enhance CA's structural stability, but
active site mobility may be limited by the method, enzyme loading, and
support interactions, reducing access to the liquid film where CO; hy-
dration occurs [2,39]. Therefore, immobilized CA efficiency may
depend on the employed carrier.

It has been reported that immobilization of some multimeric en-
zymes on carriers with high functional group density can cause subunit
dissociation and activity loss [40]. However, over time, partial resto-
ration of the native conformation may occur, as seen with the evaluated
CAs. To further assess whether the observed activity loss was intrinsi-
cally linked to the high density of functional groups on the Ni**-func-
tionalized ReliZyme carrier, an additional set of experiments was
performed using an alternative support bearing oxirane groups instead
of Ni2" functionalities, which allowed precise control over the number
of reactive sites. Therefore, ReliZyme carriers with different epoxy / IDA
groups density were prepared, and BhCA, showing the highest retained
activity, was selected for this experiment (procedure in section S6, SI).
As shown in Table 2, BhCA activity increased with decreasing surface
epoxy / IDA group density, reaching a retained activity of 79.1 + 2.7%
after 2 h when immobilized on a carrier with only 72.4 &+ 4.7 pmol IDA
g}, representing a 57.8% reduction in functional groups relative to the
control carrier (171.4 + 3.4 pmol IDA g™1). This indicates improved
enzyme-carrier interaction and more favorable orientation, resulting in
higher observed activity. Therefore, further reducing the degree of
carrier functionalization would enable observation of the total immo-
bilized activity of this protein (100%). However, reducing the number of

Table 1
Summary of the evaluated carbonic anhydrases (CA) enzymes and their main
characterization parameters relevant to the multi-enzymatic CO, reduction
system.

Acronym Host Optimal pH Relative activity at 30 °C (%)*
ApCA Aeribacillus pallidus 21.1+7.6
BhCA Bacillus halodurans 7 39.0 +£2.3
DvCAS.0 Desulfovibrio 28.9 + 8.2
vulgaris

" Compared to its optimal temperature.
" CAs catalytic activity was determined using the pNP-acetate assay.
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Fig. 2. Time-course of the individual immobilization of three carbonic anhy-
drase (CA) onto Ni2+-ReliZyme carrier (2 mg g’l) [retained activity over time].

Table 2

Immobilization of BhCA (2 mg g~ ! of total protein) on ReliZyme carriers pre-
treated by acid hydrolysis of epoxy groups (1 M HCl, 1:10 ratio) for 1, 2, or 4
h. A non-treated carrier was used as control. BhCA catalytic activity was
determined using the phenolphthalein assay.

Sample / Retained Immobilization IDA groups content
Hydrolysis time activity (%) yield (%)* (umol g ! carrier)
Control 12.3 £ 0.9 100 + 0.7 171.4 £ 3.4
1h 30.2+26 100 £ 0.1 145.7 £ 2.9
2h 525 +3.1 98.3+1.8 118.7 £ 4.1
4h 79.1 +£ 2.7 92.1 £3.2 72.4 + 4.7

" Immobilization yield based on catalytic activity.

attachment sites slightly lowered the BhCA immobilization yield from
100% to 92.1 + 3.2%. These findings suggest that some multimeric
enzymes like BhCA, and likely ApCA and DvCA8.0, can undergo cata-
lytic site alterations on highly functionalized carriers, highlighting the
need to optimize carrier surface chemistry to preserve native confor-
mation and maximize activity.

In the literature, immobilization of CA on various carriers, such as
metal nanoparticles, metal organic frameworks (MOFs), and polymeric
membranes, has yielded recovered activities ranging from ~40% to
100% [41-43]. Thus, CA immobilization may depends on carrier
properties, as well as on the strength and nature of enzyme-—carrier in-
teractions. Despite this, the original functionalized carrier without any
chemical modification in the functional groups density will be used in
the next experiments to allow co-immobilization with GC-GlyDH and
FDH via nickel-affinity.

After evaluating CA immobilization, its catalytic contribution to COy
hydration, and the resulting enhancement of formate synthesis, was
assessed using a co-immobilized biocatalyst with purified FDH and each

_ 97 mm Formate
Z 8- EE NADH
=

O 6

©

& 4

[}

5

o 2

BhCA  DvCA8.0

Control

ApCA

Fig. 3. Formate synthesis from CO after 24 h using co-immobilized biocatalyst
with FDH and CA (10 mg g’1 each enzyme) on Ni2+—ReliZyme carrier (10
mM NADH).
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CA variant (10 mg g~ each enzyme). Fig. 3 shows formate production
and remaining NADH after 24 h. BhCA showed the highest contribution
to CO3 solubilization, resulting in highest formate yield corresponding
to 9.8 + 0.1 mM of formate production. In addition, a nearly complete
NADH consumption (97.7%) was achieved, corresponding a 2.7-fold
formate increase production over the control sample. This may be
related to the higher activity of immobilized BhCA (43.7 + 1.8%)
compared to ApCA and DvCA8.0, with recovered activity (Fig. 2).
Formate synthesis was lower with ApCA (6.0 + 0.3 mM) and DvCAS8.0
(7.9 £+ 0.2 mM) catalytic contribution; nevertheless, they still exhibited
1.7- and 2.2-fold increases in formate production compared to the
control, respectively. Likewise, all CAs showed remarkable operational
stability, with BhCA retaining 89.9 + 1.1% of its initial activity after 24
h, while ApCA and DvCA8.0 retained 85.1 + 1.4% and 90.4 + 1.3%,
respectively (Fig. S2, SI).

To elucidate the contribution of CA in this reaction, it is important to
understand the behavior of CO; in aqueous media. Gaseous CO5 can be
rapidly dissolved in water to form aqueous COj (aq) With a rate constant
of k; = 10'° s7! at 25 °C. However, the hydration of CO; (5q) to bicar-
bonate (HCO3) is considerably slower (k = 3.6 x 1072 s 1) under same
conditions [16]. Consequently, CO5 hydration is the rate-limiting step in
supplying reactive carbon species (CO2 (aq) and HCO3 in equilibrium) for
subsequent conversion to formate in aqueous environments [2]. Under
these conditions, all CAs effectively contributed to mitigating the
gas-liquid CO, transfer limitation by accelerating CO, hydration,
thereby allowing higher substrate availability in the medium, which
resulted in increased CO reduction to formate by FDH. However, the
catalytic performance of CAs is not solely determined by their intrinsic
activity but is also influenced by mass transfer phenomena within the
system. In particular, external mass transfer between the gaseous CO5
phase and the liquid medium, as well as internal diffusion limitations
within immobilized enzyme matrices, may restrict the availability of
CO., at the enzyme active site [39,44]. Furthermore, reactor hydrody-
namics, including agitation intensity, flow rate, and bubble size [45],
govern gas-liquid mass transfer and ultimately determine the extent to
which CAs can alleviate CO5 transfer limitations.

Previous studies have shown that immobilized CA can enhance FDH-
catalyzed CO4 reduction to formate, increasing productivity by 1.3-3.6-
fold [7,10,46]. This synergy may be a key strategy in CCU applications,
enabling more efficient enzymatic COy capture and conversion into
value-added products. Based on these results, including stability, cata-
lytic, and immobilization performance, BhCA was selected as the most
suitable candidate for the multi-enzymatic system and used in further
experiments.

3.2. Engineering a trifunctional biocatalyst with BhCA from cell lysates
using a one-step purification and co-immobilization approach

After selecting the optimal CA, immobilization was performed using
crude cell lysates as a one-step purification/immobilization strategy.
This approach significantly reduces the costs and time associated with
enzyme purification [47], enabling the development of more sustainable
and cost-efficient biocatalysts. The BhCA amount to be immobilized was
estimated from its expression percentage in the lysate (Fig. S3, SI).
Table S1 in the SI summarizes the immobilization parameters for both
purified and crude preparations, showing that selectivity binding was
successfully achieved using crude cell lysates through interactions be-
tween the BhCA His-tag residues and the carrier's nickel ions. This af-
finity binding offers high selectivity, reversibility, and suitability for
single-step purification and immobilization [48]. The recovered activ-
ity was quite similar in both cases, 38.8 &+ 1.7% with purified BhCA and
41.3 + 1.1% with BhCA from cell lysates.

Subsequently, to determine the maximum binding capacity of Ni?*-
ReliZyme for BhCA, different BhCA loadings were evaluated (Table S2,
SI). As in the bifunctional biocatalyst previously reported, subsequent
washing steps with imidazole and sodium chloride were performed for
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this enzyme as well, in order to minimize non-specific protein adsorp-
tion onto the carrier at high proteins loadings [24]. BhCA was fully
immobilized onto the carrier at loadings up to 10 mg (Table S2, SI).
Above this, immobilization yield based on activity slightly declined,
suggesting the carrier had reached a plateau, likely due to diffusional
limitations reducing substrate accessibility. Reports on other carriers
such as iron and titanium nanoparticles have showed maximum BhCA
loadings of 8 and 24 mg mL™! [41,49] respectively, highlighting the
excellent properties of Ni?"-ReliZyme to accommodate similar amounts
of this enzyme. Subsequently, the contribution of different BhCA con-
centrations on CO, reduction by FDH were evaluated. As a result,
reducing BhCA loading to 5 and 2 mg g ! (with 10 mg g~! FDH) led to
lower formate production, 6.1 4+ 0.3 mM and 2.4 + 0.3 mM, respectively
(Fig. S4, SI), demonstrating a concentration-dependent improvement,
considering the previous reaction with 10 mg g~* of each BhCA and FDH
(Fig. 3). It has been reported that co-immobilization of CA and FDH can
sometimes overlap or mask activity [11], however, a 1:1 enzyme ratio of
CA:FDH consistently provides high efficiency due to catalytic synchrony
[50]. Thus, 10 mg g_l BhCA concentration ensures full retention on the
carrier and high catalytic contribution for CO5 reduction by FDH.
Regarding BhCA co-immobilization with the other two enzymes, the
bifunctional biocatalyst developed in a previous work contained ~40
mg g~! GC-GlyDH and 10 mg g~ FDH from crude cells lysate [24]. Since
excellent CO, reduction to formate was observed with 10 mg g ! each of
purified FDH and BhCA (Fig. 3), three GC-GlyDH loadings were tested to
determine the optimal enzyme ratio for coordinated activity of all three
enzymes, as it is the enzyme in the highest proportion. Fig. 4 shows the
recovery activity and immobilization yield of BhCA (fixed at 10 mg g~ 1)
in biocatalysts containing FDH (fixed at 10 mg g~ 1) and three GC-GlyDH
loadings (20, 30, and 40 mg g~ 1). As observed, BhCA immobilization
yield (based on bounded proteins) showed only minor variation, con-
firming the high surface area of the Ni2™-ReliZyme carrier for accom-
modating multiple enzymes [51]. Interestingly, BhCA recovered activity
increased with higher total protein loading on the carrier (40 mg g~ * GC-
GlyDH +10 mg g~ ' FDH), reaching 50.8 + 2.1%, which exceeded the
activity observed when BhCA was immobilized alone (41.3 + 1.1%).
This suggests a more favorable enzyme—carrier interaction, likely due to
the reduced density of available functional groups after GlyDH and FDH
immobilization, as previously explained. Thus, the trifunctional bio-
catalyst was prepared by keeping the original GC-GlyDH and FDH
loadings (40 and 10 mg g™, respectively) and adding BhCA at 10 mg
g™, With this ratio, a slight decrease in recovered activity for the other
two enzymes was observed compared to the control without BhCA,
yielding 2.3 + 0.4% less for GC-GlyDH and 7.1 + 0.3% less for FDH,
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Fig. 4. Recovery activity and immobilization yield (based on bounded pro-
teins) in the co-immobilization of BhCA (10 mg g’l) onto a bifunctional bio-
catalyst containing a fixed amount of FDH (10 mg g~ ') and evaluating three
different GC-GlyDH loadings (20, 30, and 40 mg g~ 1).
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likely due to increased diffusional limitations within the carrier after
BhCA incorporation.

Finally, the trifunctional biocatalyst intended for the reaction was
prepared. Table 3 summarizes the results for each individual immobi-
lization. Sequential co-immobilization of the three enzymes was suc-
cessfully achieved with 100% immobilization yields and theoretical
activities of 130 + 1.8, 9.7 + 0.5, and 34.9 + 1.9 U g~! for GC-GlyDH,
FDH, and BhCA, respectively. As expected, diffusional limitations were
detected in the biocatalyst, particularly with GC-GlyDH, which exhibi-
ted a lower observed final activity compared to its theoretical activity. It
has been reported that GlyDH is highly susceptible to subunit dissocia-
tion and destabilization upon immobilization [52]. However, cross-
linking with glutaraldehyde has been shown to improve its stability and
increase its half-life up to twofold [17]. Nevertheless, the chemical
modification induced by glutaraldehyde can cause a significant reduc-
tion in activity, up to 50% [24]. Therefore, combined with the diffu-
sional limitations caused by the high protein loading of GlyDH (around
40 mg g~ 1), the crosslinking effect also reduces its activity but ensures
greater retention of its catalytic functions.

Previous studies have demonstrated the successful sequential co-
immobilization of multiple enzymes in multi-enzymatic platforms. Li
et al. reported a MOF-based biocatalyst incorporating CA, FDH, and
glutamate dehydrogenase (GDH) for cofactor regeneration, enabling
effective substrate channeling and enhanced CO, transfer, which
accelerated reaction rates and improved catalytic efficiency [53].
Similarly, Rouf et al. reported a multi-enzymatic platform in which CA,
FDH, and GDH were sequentially co-immobilized, resulting in signifi-
cantly enhanced catalytic efficiency and improved enzyme stability on a
hydrophobic support [54]. In addition, this approach allows precise
control of enzyme ratios [55] while enabling the use of different
immobilization techniques, such as GlyDH crosslinking in this study,
without compromising the catalytic integrity of the other enzymes.
Overall, sequential co-immobilization has proven to be an effective
strategy for orchestrating multi-enzyme systems, providing greater
control, higher activity, and improved cascade reaction rates compared
with random or simultaneous immobilization [56]. The one-step puri-
fication/co-immobilization strategy was successfully implemented,
yielding purification factors of 4.3, 2.1, and 5.5 for GC-GlyDH, FDH, and
BhCA, respectively. Overall, these results demonstrate the potential of
immobilized biocatalysts to enable multi-step reactions through the
strategic integration of multiple enzymes on a single carrier.

To further characterize the spatial distribution on the carrier of the
three co-immobilized proteins, they were labeled with distinct fluo-
rophores and analyzed by confocal microscopy (Protocol S7, SI). As
shown in Fig. 5E, the Ni*-ReliZyme carrier exhibits a spherical shape
with a slightly translucent appearance and no detectable fluorescence at
the wavelengths tested. Regarding the individual immobilizations
(Fig. 5A, B, and C), the observed fluorescence corresponds to the
localization of proteins in the pores near the particle surface, with a
similar distribution suggesting a comparable affinity for the carrier. The
trifunctional biocatalyst shows an overlap of the red, green, and blue
signals, indicating the co-localization of the three enzymes at the same
binding sites on the carrier (Fig. 5D). The spatial distribution analysis of

Table 3

Summary of the parameters evaluated in the sequential co-immobilization of
GC-GlyDH (coated with glutaraldehyde), FDH and BhCA (from cell lysates) onto
Ni*"-ReliZyme carrier.

Parameters GC-GlyDH FDH BhCA

Theoretical biocatalyst activity (U g~1) 130 + 1.8 9.7 £ 0.5 349 +1.9
Observed biocatalyst activity (U g~1) 9.5+ 0.8 7.9+ 0.5 32.6 + 0.5
Yield - Activity (%) 100 + 0.7 100 £+ 0.2 100 £+ 0.9
Retained activity (%) 11.0 + 1.3 80.2 + 2.5 48.1 + 2.7
Recovery activity (%) 3.2+03 77.7 £1.2 46.7 £ 2.3
Bounded proteins (mg g~ 1) 39.1 +£2.3 10.6 + 0.6 93+1.1

Purification factor 4.3 2.1 5.5
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Fig. 5. Compilation of confocal microscopy images of the three individually immobilized proteins and of the trifunctional biocatalyst on Ni?**-ReliZyme carrier.
Images were acquired using a Zeiss LSM 980 microscope, with GlyDH, FDH and BhCA labeled with Alexa Fluor™ 610-X, 488 and 405 respectively. Excitation/
emission parameters were 603/623 nm, 490/525 nm and 401/422 nm for Alexa Fluor™ 610-X, 488 and 405, respectively. (A) GC-GlyDH. (B) FDH. (C) BhCA. (D)
Trifunctional biocatalyst (GC-GlyDH + FDH + BhCA). (D) Nj?* -ReliZyme carrier (control).

the trifunctional biocatalyst reveals a uniform dispersion of the three
proteins from the surface into the pores, with GlyDH showing higher
intensity within the pores due to its greater loading on the carrier and
being the first enzyme immobilized (Fig. S5, SI). These results

demonstrate effective co-immobilization, similar distribution, and
minimal spatial exclusion, which is critical for multi-enzymatic cascades
[57]. The arrangement and proximity of enzymes within co-immobilized
biocatalysts play a crucial role in facilitating substrate channeling
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(including cofactors) while minimizing protein clustering on the carrier
[58]. This ensures uniform catalytic activity throughout the particle,
which has been shown to improve the performance of cascade reactions
and metabolic pathways [59].

3.3. Carbonic anhydrase-boosted multi-enzymatic CO2 conversion into
high-value chemicals

The multi-enzymatic conversion of CO3 into value-added products
was performed in a 200 mL volume using the trifunctional biocatalyst
and a gas flow rate of 0.1 vvm from a 20% CO mixture. The gas flow
rate for this system was previously optimized using a 24% CO, gas
mixture, based on pH-driven COy speciation, which led to improved
biocatalyst operational stability and maximized utilization of the
captured CO5 when operating at a low flow rate of 0.1 vvm and near-
neutral pH (7.1-7.3) [25]. Fig. 6 summarizes the main results,
including time course, pH over time, biocatalyst operational stability
and the control reaction without BhCA used to evaluate its contribution
to the system. The full time-course of this control reaction is illustrated
in Fig. S6, SI. BhCA presence markedly enhanced formate synthesis by
FDH, increasing the reaction rate from 0.54 to 2.34 mM hl, repre-
senting a 4.3-fold improvement compared to control reaction (Fig. 6 A).
This acceleration of the reaction led both to a higher formate concen-
tration (51.4 £ 1.4 mM vs. 42.2 4+ 1.1 mM in the control) and a reduced
reaction time to reach maximum formate production (from 82 to 54 h).
Likewise, the formate productivity increased from 23.2 + 1.3 to 42.9 +
0.8 mg L' h™}, representing a 1.8-fold improvement (Table S4, SI).

Some reports have documented that immobilized CA can signifi-
cantly enhance CO5 conversion by FDH. In a bio-electrochemical system,
CA increased formate production 1.3-fold with a co-immobilized FDH +
CA biocatalyst by enabling rapid CO5 dissolution [11]. On the other
hand, CA and FDH cross-linked using microbial transglutaminase (MTG)
exhibited a 3.6-fold increase in catalytic efficiency for formate produc-
tion when co-immobilized in the same proportion [50]. The synergy of
CA and FDH is a well-established strategy, as their proximity on the
carrier enables efficient CO, adsorption and higher conversion to
formate [54,60].

The synergistic mechanism between CA and FDH involves the fact
that, despite constant gas supplementation, CO; transfer from the gas
phase to the liquid medium remains a limiting factor, with pH playing a
crucial role. As shown in Fig. 6 B, the pH in the reaction without BhCA
decreases slightly from 7.5 to 7.0 due to proton (H") generation caused
by the slow CO; hydration at this low volumetric flow rate (0.1 vvm).
However, when BhCA is added, this pH drop is less pronounced (from
7.5 to 7.3), reflecting an improved interconversion between CO, and
bicarbonate species by the CO, hydration catalyzed by the BhCA.
Although formate production may be more favorable at lower pH, where
the equilibrium CO5 concentration is higher [61], the pH range observed
during this reaction indicates a predominance of bicarbonate and less
CO3 in equilibrium (as observed in Fig. S7, SI), which could be contra-
dictory. To explain this, Fig. 7 presents a scheme of the CO, capture and
utilization system using the enzymes CA and FDH, according to the
findings by Sato and Amao [7]. CA-mediated enhancement of CO,
gas-liquid mass transfer, through its hydration to bicarbonate, occurs at
neutral pH, in agreement with previous observations. Although certain
studies have reported formate production from bicarbonate by FDH
[62,63], the underlying mechanism remains ambiguous, since other
investigations have provided evidence that FDH from Candida boidinii
(CbFDH) exclusively recognizes CO; as its substrate [64,65]. Therefore,
the contribution of CA lies in maintaining optimal dissolved CO, con-
centrations by accelerating the establishment of a more efficient dy-
namic equilibrium between CO; and bicarbonate species. This
equilibrium is re-established rapidly each time COs is consumed by FDH
for formate production, resulting in a moderated pH decrease due to
CA's catalytic action [10]. This highlights CA-assisted CO capture as a
key enzymatic synergy strategy for developing more efficient
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Fig. 7. CO; capture and utilization enzymatic system using CA and CbFDH.
Schematic adapted from Sato and Amao [7].

biocatalytic CO, transformation processes.

As shown in Fig. 6 A, formate was only detected after 8 h in the
control reaction without BhCA. However, the contribution of BhCA
enabled formate production as early as 1 h due to the higher reaction
rate, effectively eliminating the initial asynchronous formation between
formate and DHA previously observed in the free-enzyme system [23].
Regarding DHA, its adsorption onto the biocatalyst has been previously
reported by the authors due to interactions between amino groups of
immobilized proteins and DHA via the Maillard reaction [17], resulting
in an adsorption capacity of 140.8 mg DHA g~ ' biocatalyst [24].
Consequently, only a fraction of the synthesized DHA is detected in the
liquid phase considering the equimolar production with formate. During
the first 8 h, DHA production followed a similar trend to formate but
later plateaued due to adsorption (Fig. 6 C). After 54 h, DHA reached
14.4 + 1.2 mM, significantly higher than in the control reaction, 4.7 +
0.4 mM (Fig. S6, SI), suggesting a possible shift in DHA adsorption
equilibrium driven by the faster co-production rate facilitated by BhCA.
However, further studies are needed to clarify how these conditions
affect DHA adsorption onto this material.

Concerning glycerol carbonate (GC), its synthesis has been previ-
ously reported in this system as a side reaction between CO3 and glycerol
catalyzed by metals [66], in this case the nickel (Ni*") from the
functionalized-ReliZyme carrier and zinc (Zn2+) from the metal-
loenzyme GlyDH from Bacillus stearothermophilus used in this study, as
previously reported by the authors [23,24]. Although BhCA is also a
zinc-containing metalloenzyme (structure in Fig. S8, SI) [28], no sig-
nificant improvement was observed for this metal-catalyzed reaction,
suggesting that the beneficial effect was more closely related to the
contribution of formate production by FDH rather than to GC synthesis
under these conditions. However, GC synthesis provides an alternative
route for COz and glycerol valorization in this system, enhancing process
sustainability through the production of another industrially relevant
product while maximizing substrate utilization. Furthermore, our pre-
vious study demonstrated that the biocatalyst prepared via an affinity-
based strategy (Ni?"—His-tag) exhibited high robustness and stability,
along with reduced substrate inhibition of GlyDH by DHA [24], making
the synthesis of GC an inherent feature of the system due to the presence
of Ni?*,

According to the biocatalyst's operational stability (Fig. 6 D), three
enzymes remained highly stable, with more pronounced inactivation
during the first 32 h, coinciding with the peak reaction rate and pro-
ductivity. After 54 h, residual activities were 75.8 + 1.1%, 86.2 + 1.2%,
and 82.6 + 1.3% for GC-GlyDH, FDH, and BhCA, respectively.
Compared to the control reaction, activity losses of 5.3% and 7.7% for
GC-GlyDH and FDH likely resulted from a higher inactivation under the
accelerated conditions with BhCA. For immobilized BhCA, some reports
have shown high operational stability in continuous COy capture and
mineralization, retaining up to 50% activity for 20 days [35,41],
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highlighting its potential for industrial use in immobilized multi-
enzymatic CCU systems. As a result, combining an appropriate CO5
supply with BhCA-assisted CO, gas-liquid mass transfer led to an
improvement in the catalytic efficiency and maintains a stable neutral
PH, essential for CO, conversion [7] and the proper functioning of FDH
and GlyDH enzymes.

3.4. Long-term operational performance of BhCA in the multi-enzymatic
CO3 conversion system

To assess BhCA's robustness and its contribution on target product
yields, the reusability of the trifunctional biocatalyst was tested over five
consecutive cycles. Fig. 8 shows the product yields and biocatalyst sta-
bility across these cycles. Notably, formate synthesis remained high at
80.3 £+ 1.9% after five cycles, corresponding to 298 h of continuous
operation (Fig. 8 A). The yield dropped sharply from 100% to 92.1% in
the second cycle, but the decline was less pronounced in subsequent
cycles, suggesting that a plateau had been reached. Remarkably, the
final formate concentration in the fifth cycle was 1.5 times higher than
in a single cycle without BhCA, highlighting the enzyme's robust and
sustained role in boosting CO5 reduction by FDH over multiple cycles. As
shown in Fig. 8 B, BhCA maintained 63.5 + 0.8% activity after five
cycles, demonstrating excellent operational stability. Inactivation was
more pronounced after the second and third cycles, but from the fourth
cycle onward, activity stabilized, suggesting a plateau had been reached.
These results suggest that the BhCA may also reach a conformational
equilibrium, adopting a stable form with functional sites that are less
susceptible to inactivation [67], as previously observed with GC-GlyDH
and FDH in the previous bifunctional biocatalyst [24].

Several studies have shown the robustness of immobilized CA in
diverse CO capture processes. During mineralization, CA immobilized
on zinc nanoparticles, as well as on biopolymer matrices retained over
85.4% and 50% of its initial activity, respectively, after at least five
consecutive cycles [6,17]. In studies on CO5 adsorption in solvent sys-
tems, CA immobilized on magnetic MOFs showed notable stability,
retaining 64% and 54.2% of its activity after six and four consecutive
cycles, respectively [68,69]. These findings highlight the high opera-
tional stability of immobilized CA, supporting its potential as a robust
biocatalyst across diverse industrial applications.

For the other two enzymes, residual activity was 68.3 & 0.6% for GC-
GlyDH and 74.9 + 1.1% for FDH after five cycles (Fig. 8 B), with a
plateau reached from the second cycle for GC-GlyDH and the fourth for
FDH, in line with the findings reported in a previous work [24]. The high
operational stability of both enzymes was expected, as they tend to be
more stable under near-neutral pH conditions with lower COz supply
(0.1 vvm), as reported previously [25].

For the other products, DHA gradually increased as the biocatalyst
became saturated over the cycles (Fig. 8 A), leading to greater
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accumulation in the liquid phase. By the fifth cycle, DHA production was
20.8 + 0.4 mM, representing the 50.4% of the total produced based on
the equimolar formate synthesis. This suggests that DHA concentration
in the liquid phase would likely increase in subsequent cycles due to
adsorbent saturation. Table S3 in the SI presents a mass balance of DHA
adsorbed over the reaction cycles, resulting in a total of 2440.2 + 2.9 mg
of adsorbed DHA and corresponding to an adsorption capacity of 126.2
mg DHA g ! biocatalyst. Compared with the estimated maximum ca-
pacity (140.8 mg DHA g™ 1), this result indicates that the biocatalyst is
close to full saturation. Moreover, this effect could be further enhanced
by the presence of a third enzyme, which may increase DHA interactions
with the amine groups in the biocatalyst.

Regarding GC, a consistent production across cycles was observed,
with yields above 94.9 + 2.3% (Fig. 8 A). These findings indicate that
enzyme inactivation has a negligible impact on the GC synthesis under
the studied conditions. Moreover, it suggests that nickel, which plays the
predominant role in driving the reaction, retains its catalytic stability
throughout the process, showing minimal degradation consistent with
previous reports [70,71].

Table S4 in the SI summarizes the performance metrics results from
the evaluated reaction cycles, including space-time yield (STY), specific
productivity, and catalyst yield. For formate production, the cumulative
STY reached 36.4 mg L™ h™!, representing a 1.6-fold improvement over
our previous study conducted under similar conditions but without
BhCA and with a higher CO; flow rate (1 vvm) [24,16] underscoring the
crucial role of immobilized BhCA in contributing to CO3 utilization ef-
ficiency within immobilized multi-enzymatic systems. For DHA and GC,
the cSTY values were 27.7 and 87 mg L' h™?, representing 1.7-fold and
1.5-fold improvements, respectively [24]. This beneficial effect was also
reflected in the catalyst yield for each product, demonstrating the
enhanced catalytic performance achieved through BhCA contribution in
the immobilized multi-enzymatic system.

The enzymatic production of these compounds has been widely
explored in the literature, reaching productivities similar to or lower
than those reported in our system. Li et al. reported a tri-enzymatic
biocatalyst in MOFs containing FDH and CA for the production of for-
mic acid with cofactor regeneration, showing high operational stability
after 10 cycles (86%); however, it exhibited a lower formate STY (~21.2
mg L' h™1) at a smaller reaction scale [53]. In contrast, Rouf et al.
reported a remarkable formate productivity in a multi-enzymatic sys-
tem, in which CA and the hydrophobic nature of MOFs synergistically
enhanced the local availability of CO, [54]. On the other hand, Zhang
et al. reported a lower formate productivity (0.025 mg L' h™1) using an
MTG-cross-linked biocatalyst based on FDH and CA aggregates [50].
Notably, other studies have also documented that CA functions as a
significant booster of FDH-mediated formate synthesis, intensifying
production rates even beyond those of electro- and photoenzymatic
hybrid systems [11,46].
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Fig. 8. Robustness of the multi-enzymatic CO, reduction assisted by BhCA, evaluated through the trifunctional biocatalyst reusability over five consecutive reaction
cycles. (A) Yield of each product in each reaction cycle. (B) Operational stability of the trifunctional biocatalyst in each reaction cycle. Yields and residual activity
from the first cycle at the initial reaction time were defined as the 100% reference values.
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For DHA, this platform achieved a productivity comparable to that
reported by Tack Oh et al., using a hydrogel bioreactor with GlyDH
immobilized on silica nanoparticles and reaching an STY of ~21 mg L™}
h~! [72]. In addition, DHA productivity in the final reaction cycle was
slightly higher than that of other GlyDH-immobilized systems using
materials such as mesoporous silica and sepharose, due to the contri-
bution of BhCA in the multi-enzymatic co-production with formate
[73,74]. For glycerol carbonate (GC), the highest productivities are
obtained under high temperature and pressure via transesterification
catalyzed by metals such as nickel and through conversion from inor-
ganic compounds, reaching STY up to 2.7 kg L™ h™! and yields above
58% [75,76]. However, synthesizing GC under mild conditions en-
hances the sustainability of this multi-enzymatic system while enabling
CO4, valorization to produce this compound.

Compared with most previously reported CCU systems employing
CA, which primarily exploit its catalytic activity to accelerate CO, hy-
dration, the present study expands its application toward an integrated
multi-enzymatic platform capable of simultaneously improving COy
utilization, coupling cofactor regeneration and multi-product synthesis,
and maintaining high long-term operational stability under industrially
relevant conditions. As a result, CA was clearly identified as a key factor
in improving the efficiency and productivity of the multi-enzymatic CO5
reduction system, driving higher reaction rates and greater product
yields through enhanced CO, gas-liquid mass transfer.

Despite these findings, larger-scale studies would be useful to
determine the industrial potential and techno-economic feasibility of
this system, including energy demand, production costs, market price of
the products and downstream requirements. This study, however, ad-
dresses key aspects such as the development of a biocatalyst from crude
cell lysates with excellent reusability over multiple reaction cycles,
potentially reducing associated costs. In addition, the system operates
under mild conditions, and the yields obtained for a portfolio of com-
pounds enable the valorization of industrial feedstocks. In our previous
work, the system demonstrated complete CO; capture and conversion
under these conditions, a low environmental impact in terms of climate
change [25], and straightforward isolation of one of the products,
formate, via liquid-liquid extraction using a green solvent [23].
Together, these bench-scale results provide a strong foundation for
further scale-up studies aiming to address the techno-economic analyses
of this bioprocess.

4. Conclusions

The contribution of CA was successfully demonstrated in the COy
reduction to formate within a multi-enzyme CCU system for the co-
production of high-value compounds. Each CAs screened showed
excellent performance, with BhCA identified as the optimal candidate
for the system based on its catalytic efficiency and immobilization.
Despite some activity loss upon immobilization on Ni2*-ReliZyme due to
its high density of functional groups, co-immobilization of BhCA with
FDH showed a strong synergy, achieving 97.7% CO, conversion on
formate (based on NADH consumption) and high BhCA operational
stability (89.6 + 0.8%). Based on these results, a trifunctional biocata-
lyst containing BhCA was rationally prepared and optimized according
to the original mass ratio of GC-GlyDH and FDH using crude cell lysates,
resulting in improved carrier interactions due to a lower density of
functional groups and enhanced BhCA activity. In the multi-enzymatic
CO; reduction system, BhCA boosted FDH-mediated formate produc-
tion, increasing productivity by 1.8-fold and accelerating the reaction
rate by 4.3-fold. This synergy led to improvements in both gas-liquid
CO, transfer and subsequent COo-bicarbonate interconversion at
neutral pH, resulting in greater CO, utilization, overall reaction effi-
ciency and products yields. BhCA also demonstrated high robustness
over five consecutive cycles, retaining 63.5 + 0.8% of its activity and
achieving a formate yield of 80.3 + 1.9%. As a result, BhCA represents a
valuable biocatalyst for the intensification of bio-based CCU processes,
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boosting efficient CO, capture and its subsequent conversion into high-
value compounds by multi-enzymatic platforms.
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