@CI EPublish
Article

Photocatalytic CO; Fixation into Formate under Visible Light by
the Photo-Enzyme Hybrid of Gold Nanocapsules and Formate
Dehydrogenase

Yaoqiang Wang ', Ming Gong %, Huawen Wang 2, Gang Xiao >*, Haijia Su >* and Jianmin Xing '

' CAS Key Laboratory of Green Process and Engineering & State Key Laboratory of Biochemical Engineering, Institute of
Process Engineering, Chinese Academy of Sciences, Beijing 100190, China; wangyq122@foxmail.com (Y.W.);
jmxing@ipe.ac.cn (J.X.)

2 Beijing Advanced Innovation Center for Soft Matter Science and Engineering (BAIC-SM), College of Life Science and
Technology, Beijing University of Chemical Technology, Beijing 100029, China; 304263715@qq.com (M.G.);
2582043237@qq.com (H.W.)

* Corresponding author. E-mail: sewicxiao@hotmail.com (G.X.); suhj@mail.buct.edu.cn (H.S.)

Received: 4 November 2024; Accepted: 25 November 2024; Available online: 27 November 2024

ABSTRACT: The photo-enzyme hybrid system presents a promising approach for the selective conversion of CO; into valuable
chemicals. However, its high dependence on the expensive coenzyme nicotinamide adenine dinucleotide reduced form (NADH),
coupled with the need for external electron mediators and highly active photocatalysts, limits its widespread application. Here, we
developed a gold nanocapsule—formate dehydrogenase (FDH) hybrid system for in sitt NADH regeneration to facilitate the light-
driven conversion of CO, to formate. The results demonstrated that gold nanocapsules (Au NCPs), in conjunction with
triethanolamine (TEOA), protected 83.67% of NADH from photodegradation. Under light-driven conditions with TEOA as the
electron donor and without external electron mediators, the Au NCPs catalyzed in situ NADH regeneration, achieving a regeneration
yield of 22.65%. This process aided FDH in reducing CO> to formate, resulting in a production rate of 67.40 umol/L/h. This research
provides valuable insights for developing photo-enzyme hybrid systems that efficiently convert CO, without the need for external
electron mediators.
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1. Introduction

The excessive reliance on fossil fuels in current human activities has resulted in excessive carbon dioxide (CO>)
emissions, leading to a range of potential ecological, physical, and health impacts [1,2]. Therefore, efficient and green
methods should be developed to achieve CO, recycling in order to address CO; pollution and attain the goal of carbon
neutrality as soon as possible. In recent years, the use of dehydrogenase cascade catalysis to convert CO; into
compounds like formate and methanol has been extensively studied [3,4]. The enzymatic conversion of CO; to formic
acid is a crucial step in these cascade reactions [3,5]. However, the high cost of dehydrogenases and the stoichiometric
consumption of cofactors make practical carbon fixation using dehydrogenases unfeasible [6]. Therefore, it is necessary
to develop efficient enzyme immobilization and cofactor regeneration systems, coupling enzymatic CO, reduction with
cofactor regeneration for efficient operation [7].

Mimicking natural photosynthesis and using unlimited renewable solar energy to produce chemical fuels and other
synthetic energy from CO; is one of the most promising solutions for high-value CO, conversion [8,9]. This artificial
photosynthesis employs photocatalysts to immobilize dehydrogenases, creating photo-enzyme hybrids. These systems
can catalyze the conversion of CO; into high-value compounds under visible light, using photo-catalytically regenerated
NAD(P)H as the “energy currency” for enzymatic catalysis [10]. This approach integrates the excellent light-absorption
properties of photocatalysts with the high activity and selectivity of enzymes [11].
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However, due to the poor photostability and high cost of NADH, to achieve continuous photocatalytic CO,
reduction through photo-enzyme hybrids, an efficient and straightforward method for NADH recycling is essential
[12,13]. Although many efficient photocatalytic NADH regeneration methods have been developed, most of these
methods rely on organic electron mediators ([Cp*Rh(bpy)H.O]*" and [Cp*RhClL],) to transfer electrons [14,15].
However, these electron mediators are expensive and can inhibit each other with FDH, significantly reducing enzyme
activity [16,17]. Therefore, developing NADH regeneration technology that does not rely on exogenous electron
mediators is particularly important for the sustainability of photo-enzyme coupling for carbon fixation. Moreover,
immobilizing photocatalysts and enzymes on a carrier to construct a photo-enzyme hybrid system can help improve
enzyme stability and the potential for reuse [18]. However, the free radical toxicity of photocatalysts makes this photo-
enzyme hybrid system less stable [19]. Utilizing photocatalysts directly as enzyme carriers can simplify the photo-
enzyme hybrid system, reduce the spatial distance between the photocatalysts and enzymes, enhance photoelectron
transfer efficiency, and, in turn, promote enzyme-catalyzed reactions. Therefore, the choice and design of photocatalysts
(enzyme carriers) are crucial for constructing photo-enzyme hybrid systems. Research indicates that gold nanocages,
which are hollow cage-like nanomaterials assembled from gold nanocapsules (Au NCPs) with full-spectrum absorption
characteristics, exhibit high photocatalytic efficiency due to their electromagnetic field enhancement effect [20]. Their
high biocompatibility and hollow structure suggest potential for serving as both photocatalysts and enzyme carriers.

In this study, we employed Au NCPs as both the photocatalysts and the carriers for formate dehydrogenase (FDH).
Initially, we investigated the protective performance of Au NCPs towards NADH under illumination and optimized
their photocatalytic activity for NADH regeneration without external electron mediators. Subsequently, we constructed
a light-enzyme hybrid system using the Au NCPs and FDH, optimizing the conditions for CO; reduction within this
hybrid system. This approach achieved efficient light-driven CO, reduction to formate using the Au NCPs-FDH hybrid
system, providing a solid foundation for developing photo-enzyme coupling hybrid systems and advancing light-driven
enzyme catalysis for efficient carbon fixation.

2. Materials and Methods

The schematic diagram of the preparation of gold nanoparticles, gold nanocapsules, and the immobilization of
formate dehydrogenase (FDH) to construct the photo-enzyme hybrid system is shown in Scheme 1.
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Scheme 1. Schematic diagram of the preparation of gold nanocapsules and the immobilization of FDH on the gold nanocapsules.

2.1. Preparation and Characterization of Gold Nanocapsules

Gold nanoparticles (Au NPs) preparation: Following the method reported by Li et al. [21], Au NPs were
synthesized via the sodium citrate reduction of chloroauric acid. The pH of the reaction solution was adjusted to 2 using
2 M hydrochloric acid. The Au NPs were then precipitated by adding isopropanol in a 1:1 volume ratio with the reaction
solution. The precipitated Au NPs were washed sequentially three times each with methanol and n-butanol. Finally, the
Au NPs were resuspended in ultrapure water and concentrated to obtain a 20 wt% suspension.

Synthesis of gold nanocapsules (Au NCPs): Following previous reports [20], a suspension of Au NPs and n-butanol
were mixed in various volume ratios to create two distinct phases with a clear oil-water interface. The aqueous phase
was emulsified in n-butanol through vortex shaking for 60 s and ultrasonication for 5 min. The resulting emulsion,
encapsulating the gold nano colloids, was left to stand for 12 h, allowing the gold particles to self-assemble into Au
NCPs at the oil-water interface. The Au NCPs were then separated by centrifugation, washed sequentially three times
with n-butanol and ethanol, freeze-dried for 24 h, and stored at 4 °C for future use.
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The morphology and cavity structure of the Au NCPs were observed using a transmission electron microscope
(JEOL JEM 2100F, Tokyo, Japan). In contrast, the external structure was observed using a scanning electron
microscope (Hitachi SU8600 SEM, Tokyo, Japan). The UV-vis spectra of both Au NPs and Au NCPs were measured
using a TECAN microplate reader.

2.2. Photocatalytic Regeneration of NADH by Au NCPs

Protective properties of Au NCPs against NADH under light: NADH is known to be less stable under light and
acidic conditions [22]. The effects of the electron donor triethanolamine (TEOA) and Au NCPs on the stability of
NADH under light were first tested. A 2 mL reaction system containing 0.50 mM NADH, Au NCPs (1.25 mg/mL), and
TEOA (100 mM) was maintained at a controlled temperature of 30 °C and irradiated with 50 mW/cm? LED white light.
Samples were taken at 0, 1, 2, 4, 6, and 8 h. The remaining concentration of NADH was calculated by measuring its
absorbance at 340 nm [23] to evaluate the protective performance of the Au NCPs on NADH under light exposure.

Photocatalytic NADH Regeneration: The multichannel photocatalytic reaction system (WATTCAS) was used to
conduct the photocatalytic NADH regeneration experiments. The photocatalytic system containing NAD" (0.50 mM),
TEOA, and Au NCPs (1.25 mg/mL) was exposed to LED white light for a certain period. The supernatant was
periodically sampled to measure the concentration of NADH, and the regeneration yield of NADH was calculated using
Equation (1).

Regeneration yield = gmﬂ x 100 (%) (1)

NADt

2.3. Immobilization of FDH on Au NCPs for the Photo-Enzymatic Hybrid System

The FDH (0.10 mg/mL) was mixed with Au NCPs (1.50 mg/mL) in a buffer solution (100 mM, pH = 7.40) and
shaken the mixture at a set temperature for a certain period. The protein concentration in the supernatant was measured
using the Bradford assay, and the immobilization yield of FDH was calculated (Equation (2)). The photo-enzyme hybrid
system was centrifuged at 8000 rpm for 5 minutes, and the precipitate was collected and washed twice with a buffer
solution. Then, freeze-dry the precipitate and store it at 4 °C for future use. The activity of FDH was assessed by
measuring the initial reduction rates of formate catalyzed by both free FDH and the photo-enzyme hybrid [9]. The free
FDH, sodium formate (1 mM), and NAD" (10 mM) were added to PBS and shaken at room temperature for 3 min, and
the absorbance at 340 nm was measured to determine free enzyme activity. The immobilized enzyme activity was
evaluated by replacing the free FDH with the photo-enzyme hybrid while maintaining all other conditions constant. The
recovery of enzyme activity was calculated according to Equation (3).

Co—C
Co

Immobilization yield = X 100 (%) )

where Cj is the initial concentration of FDH (ug/mL); C is the residual protein concentration in the supernatant after
the immobilization reaction (pg/mL).

Recovery of enzyme activity = % X 100 (%) 3)

where 4; and 4 are the absorbance at 340 nm of the immobilized and free FDH, respectively, after their reaction with
the substrate.

2.4. Light-Driven Photo-Enzyme Hybrid System for Converting CO; to Formate

The reaction solution included NAD" (0.50 mM), free FDH or Au NCPs—FDH hybrid (0.50 mg/mL) sodium
molybdate, and TEOA (300 mM) dispersed into 2 mL of PBS (100 mM, pH = 7.40), and the reaction proceeded at
30 °C. Before the reaction, the system was purged with CO; (99.99%) for 5 min, then sealed with 200 mL of CO, gas
bag, and then the reaction was carried out under the irradiation of LED white light (150 mW/cm?). The formate
concentration in the supernatant was determined by high-performance liquid chromatography (Agilent, Santa Clara,
CA, USA) with a UV detector.
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3. Results and Discussion
3.1. Morphological Structure and Light Absorption Properties of Gold Nanocapsules

Figure la shows the TEM image of the gold nanocapsules (Au NCPs), which were self-assembled from Au
nanoparticles (Au NPs). The Au NCPs are presented as spherical structures, with a small number of Au nanoparticles
at their edges, having an average particle size of 13.06 + 2.49 nm (Figure 1b,c). The HAADF-STEM image (Figure le)
and the SEM image (Figure 1f) confirm that the internal structure of the obtained Au NCPs is hollow, and a number of
boundary and stacking defects can be observed on their surfaces, the existence of which is essentially necessary for the
topological constraints on the spherical surface [20,24]. Additionally, Figure 1f shows the UV-Vis absorption spectra
of both Au NPs and Au NCPs. The red Au NPs dispersed in water (inset of Figure 1f) exhibit a characteristic LSPR
peak centered at 530 nm. In contrast, the Au NCPs (black dashed line in Figure 1f) do not display a peak at 530 nm;
instead, they show a broad near-infrared plasmon absorption band, which is attributed to the strong plasmonic coupling
between the Au NPs in the Au capsule shell [25]. As a result, the obtained Au NCPs are dark black in color and exhibit
enhanced absorption capacity for visible light.

Size=13.06+2.49 nm
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Figure 1. (a) Transmission electron microscopy (TEM) images of gold nanocapsules (Au NCPs); (b) TEM images of gold
nanoparticles (Au NPs) assembled into Au NCPs; (¢) Particle size distribution of Au NPs; (d) HAADF-STEM images of Au NCPs;
(e) Scanning electron micrographs (SEM) of Au NCPs; (f) UV-vis absorption spectra of Au NCPs and Au NPs, the inset is a
physical image of Au NPs and Au NCPs.

3.2. Photocatalytic Regeneration of NADH Performance of Au NCPs

The reduced coenzyme NADH serves as a critical cofactor for formate dehydrogenase (FDH) in catalyzing the
CO; reduction reaction [12,26]. Previous studies have demonstrated that NADH is highly unstable and readily loses its
biological activity when exposed to light [22]. Consequently, we first examined the protective properties of the electron
donor triethanolamine (TEOA) and Au NCPs against NADH degradation under light exposure. As illustrated in Figure
2a, the concentration of NADH exhibited a marked decline of 78.6% following exposure to 50 mW/cm? white light for
a period of four hours. In contrast, the concentration of NADH decreased by only 52.70% upon the addition of TEOA
and illumination for the same duration. The increased stability of NADH in the TEOA system can be attributed to the
alkaline nature of the TEOA and the higher stability of NADH molecules in alkaline environments [22,27]. Moreover,
the concentration of NADH in the light system containing both TEOA and Au NCPs decreased by only 16.33% under
identical conditions. This result indicates that NADH exhibits greater stability in the light system with Au NCPs. This
enhanced stability is likely due to the excellent full-spectrum absorption properties of the Au NCPs, which effectively
shield some of the photons from exerting detrimental effects on NADH molecules. Therefore, it can be concluded that the
combined effect of TEOA and Au NCPs prolongs the stabilization of NADH under light illumination.
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Then, using TEOA as an electron donor, we examined the performance of temperature on the photocatalytic
regeneration of NADH by Au NCPs. As shown in Figure 2b, the photocatalytic regeneration yield of NADH by Au
NCPs initially increased and then decreased with rising temperature. The highest regeneration yield of NADH was
observed at a reaction temperature of 30 °C, where the NADH regeneration rate reached 10.10%. Since we did not add
exogenous electron mediators, such as [Cp*Rh(bpy)H.O]**, which is widely used in photocatalytic coenzyme
regeneration systems, the Au NCPs regenerated NADH by directly transferring photoelectrons, which resulted in a low
regeneration yield of Au NCPs photocatalytic NADH, compared with other photocatalytic systems that relied on the
electron mediators to transfer of photoelectrons (regeneration yield = 40~100%) [23,28,29]. This is because the yield
of direct photoelectron transfer to regenerate NADH in photocatalytic systems without exogenous electron mediators
(regeneration yield = 18.09~22.5%) was generally low according to previous studies [22,28]. However, considering the
toxicity of organic electron donors to formate dehydrogenase [16,17], this direct electron transfer photoreaction system
for regenerating coenzymes is more compatible with the FDH enzyme-catalyzed reaction.

We further optimized the light intensity and electron donor concentration for the NADH regeneration reaction. As
shown in Figure 2c, under light-avoidance conditions (light intensity of 0 mW/cm?), the Au NCPs showed no
regenerative activity toward NADH. The yield of NADH regeneration through Au NCPs photocatalysis initially
increased and then decreased as the light intensity increased. The highest NADH regeneration yield was achieved at a
light intensity of 150 mW/cm?, reaching 13.56%. In addition, with the increase of TEOA concentration from 100 mM
to 300 mM, the reaction equilibrium time of Au NCPs photocatalytic regeneration of NADH was shortened from 2 h to
0.5 h, and the regeneration yield of NADH was increased to 22.65% (Figure 2d). Therefore, the optimal reaction

conditions for the photocatalytic regeneration of NADH by Au NCPs were temperature 30 °C, light intensity 150
mW/cm?, and TEOA concentration 300 mM.
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Figure 2. (a) Concentration change curve of NADH under white light illumination; (b) Regeneration yield of photocatalytic NADH
by Au NCPs at different temperatures (Au NCPs: 1.25 mg/mL, TEOA: 100 mM, light intensity: 50 mW/cm?, reaction time: four
hours); (¢) Regeneration yield of photocatalytic NADH by Au NCPs under different light intensities (Au NCPs: 1.25 mg/mL, TEOA:
100 mM, 30 °C, reaction time: four hours); (d) Photocatalytic NADH regeneration yield of Au NCPs at different electron donor
(TEOA) concentrations (Au NCPs: 1.25 mg/mL, light intensity: 150 mW/cm?, 30 °C).



Photocatalysis: Research and Potential 2024, 1, 10011 6 of 11

3.3. Conformational Characterization of Au NCPs-Immobilized Formate Dehydrogenase

Furthermore, a scanning electron microscope (SEM) was used to characterize the morphology of the formate
dehydrogenase (FDH) hybrids immobilized on Au NCPs. The morphology of the Au NCPs of immobilized FDH did
not undergo any notable alterations (Figure 3a). Energy-dispersive X-ray (EDX) mapping scans revealed a uniform
distribution of gold (Au) and molybdenum (Mo) elements in the hybrids (Figure 3b,c), with the relative mass ratio of
Au at 66.34 wt% and Mo at 1.26 wt% (Figure 3d). Given that the FDH molecule contains a Mo ion active center, as
previously reported in references [30,31], the uniform distribution of Mo provides strong evidence that the Au NCPs
have successfully loaded FDH.

T T
Mo C
Element

Figure 3. (a) SEM image of the Au NCPs hybrid with formate dehydrogenase (FDH) immobilized; the EDX mapping of gold (b)
and molybdenum (¢) in the Au NCPs hybrid with FDH immobilized; (d) the relative mass content of various elements on the surface
of the hybrids.

3.4. Optimization of Conditions for the Immobilization of FDH by the Au NCPs

Since buffer composition is a critical factor influencing enzyme stability and activity [32], we investigated the
amount of formate dehydrogenase (FDH) immobilized by Au NCPs in two different buffer systems: Tris-HCI] and PBS.
as well as the enzyme activity recovery of the immobilized FDH. As illustrated in Figure 4a, the immobilization yield
of FDH by Au NCPs in both Tris-HCI and PBS buffer systems was similar; however, the enzyme activity recovery of
the immobilized FDH in the PBS system was 14.35% higher than that observed in the Tris-HCI system. This finding
suggests that PBS may provide a more favorable microenvironment for enzyme activity, likely due to its composition,
which minimizes electrostatic interactions that could destabilize the enzyme structure. The positively charged Tris
molecules may interfere with the negatively charged enzyme, reducing its bioactivity [33,34].

After establishing PBS as the preferred buffer, we further investigated the effect of reaction time on the FDH
immobilization. As shown in Figure 4b, the immobilization of FDH by the Au NCPs reached equilibrium after 2 h; the
FDH immobilization yield was 72.74% at this time. Subsequently, we optimized the reaction temperature within the
enzyme immobilization system. The immobilization yield of FDH by the Au NCPs and the enzyme activity recovery
of the immobilized FDH initially increased and then decreased with rising reaction temperature. The highest
immobilization rate of FDH (73.39%) and enzyme activity recovery (74.57%) were observed at a reaction temperature
of 20 °C (Figure 4c). However, at a reaction temperature of 30 °C, the enzyme activity recovery of the immobilized
FDH decreased by only 3.77% compared to the 20 °C system. This indicates that the immobilized FDH maintained
high enzyme activity at 30 °C, suggesting that the catalytic temperature of the immobilized FDH is well-suited for
compatibility with the NADH regeneration system.



Photocatalysis: Research and Potential 2024, 1, 10011 7 of 11

Molybdenum is a key component of the active sites of enzymes that catalyze essential redox reactions in carbon,
nitrogen, and sulfur metabolism. Molybdenum ions are crucial for maintaining the stability and catalytic activity of
FDH [35,36]. We further investigated the effect of sodium molybdate on the immobilization of FDH by the Au NCPs
and the enzyme activity recovery of the immobilized FDH, as shown in Figure 4d, both the immobilization yield and
enzyme activity recovery of FDH initially increased and then decreased with increasing sodium molybdate
concentration. When the concentration of sodium molybdate was 1 mM, the highest immobilization yield and enzyme
activity recovery of the immobilized FDH were achieved by the Au NCPs, which were 77.19% and 80.16%, respectively.
Whereas, when the sodium molybdate concentration was increased to 2 mM, the immobilization yield and enzyme
activity recovery of FDH decreased by 37.29% and 29.06%, respectively. Therefore, the optimal conditions for FDH
immobilization in Au NCPs were determined to be 2 h using PBS as the buffer, a controlled temperature of 20 °C, and
1 mM sodium molybdate as a stabilizer.
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Figure 4. (a) Effect of immobilization of FDH by buffer (buffer: pH = 7.40, 100 mM; Au NCPs: 1.50 mg/mL; FDH: 0.10 mg/mL;
20 °C; reaction time: 2 h); (b) The immobilization yield of FDH by Au NCPs as a function of reaction time (pH = 7.40, 100 mM
PBS; Au NCPs: 1.50 mg/mL; FDH: 0.10 mg/mL; 20 °C); (¢) The effect of temperature on the immobilization of FDH (pH = 7.40,
100 mM PBS; Au NCPs: 1.50 mg/mL; FDH: 0.10 mg/mL; reaction time: 2 h); (d) The effect of sodium molybdate on the
immobilization of FDH (pH = 7.40, 100 mM PBS; Au NCPs: 1.50 mg/mL; FDH: 0.10 mg/mL; 20 °C; reaction time: 2 h).

3.5. Photocatalytic CO, Reduction with Au NCPs-FDH Hybrids

The entry of CO» into solution is the primary rate-limiting step in enzyme-catalyzed carbon fixation processes [37],
and considering that the formation of CO3*" from CO; in water is thermodynamically spontaneous (CO> — COs* (aq)),
with a standard Gibbs free-energy (AG%) of —527.8 kJ/mol [38]. Previous studies have indicated that the Na,COs can
effectively absorb CO; [39,40]. Therefore, we investigated the impact of varying Na,COs concentrations while
introducing CO» (99.99%) into the reaction system to assess the formate concentration produced by the Au NCPs-FDH
hybrid system under illuminated conditions. As illustrated in Figure 5a, the reduction of CO; by the Au NCPs-FDH
hybrid system in the absence of Na,COs yielded only 4.27 mg/L of formate. However, increasing the concentration of
Na,COs initially resulted in an increase in formate concentration, reaching a maximum of 1.13 mM Na,COs3, at which
point the formate concentration was twice that of the system with 0 mM Na,COs. This indicates that Na,COs enhances
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the reduction of CO; in the hybrid system, likely due to its capacity to absorb CO, and promote its dissolution in the
liquid phase [39]. Conversely, further increases in Na,CO3 concentration resulted in a rapid decline in formate levels to
approximately 4 mg/L, comparable to the 0 mM Na>COs condition. This decrease may be attributed to a reduction in
the bulk mass transfer coefficient of the solution at high Na,COs concentrations, which significantly lowers the CO,
diffusion coefficient [39], thereby resulting in reduced formate production.

We further investigated the performance of free FDH and the Au NCPs-FDH hybrid system in reducing CO; to
produce formate under light exposure. The Au NCPs-FDH hybrid system demonstrated a higher formate synthesis rate
(1.39 mg/L/h) compared to free FDH (0.84 mg/L/h). After 8 h of light exposure, the cumulative formate concentration
in the Au NCPs-FDH hybrid system was 1.65 times greater than that of the free FDH system (Figure 5b). These results
indicate that the Au NCPs-FDH hybrid system effectively facilitates the light-driven reduction of CO, to formate.
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Figure 5. (a) Effect of sodium carbonate on the photocatalytic reduction of CO, to formate by Au NCPs-FDH hybrid (reaction time:
2 h); (b) Comparison of the performance of immobilized enzyme and free enzyme in reducing CO, under light (Na>,CO3: 1.10 mM);
(¢) Effect of sodium molybdate on the photocatalytic reduction of CO, to formate by Au NCPs-FDH hybrid; (d) Schematic diagram
of the mechanism for the continuous conversion of CO; to formate by Au NCPs-FDH hybrid system under Visible Light.

Furthermore, the addition of the FDH stabilizer sodium molybdate to the Au NCPs-FDH hybrid system, as
illustrated in Figure 5c, revealed that as the sodium molybdate concentration increased, the formate concentration of
the hybrid system exhibited a pattern of initial increase and subsequent decrease. At a sodium molybdate concentration
of 1 mM, the hybrid system achieved the highest formate concentration after 4 h of light exposure, reaching a
concentration of 12.41 mg/L (269.61 uM). Additionally, the operation of the photo-enzyme hybrid system is illustrated
in Figure 5d. The Au NCPs act as a light absorber and charge generator. The photo-excited electrons generated by the
Au NCPs directly reduce NAD" in situ to produce NADH, which then serves as a coenzyme for FDH, driving the
conversion of CO, to formate. The released NAD" is further reduced by photoelectrons from the Au NCPs, enabling
the cyclic regeneration of NADH. . Simultaneously, TEOA light oxidation replenishes the electrons consumed in the
regeneration of NADH by the Au NCPs.

Moreover, the rate of formate production from CO; using the Au NCPs-FDH hybrid system under light exposure
was compared with findings from other studies. The current system, which does not employ organic electron mediators,
achieved a formate production rate of 67.40 pM/L/h with TEOA as the electron donor over 4 h of light exposure,
obviously higher than most of the reported values (Table 1). This further demonstrates the efficiency and rapidity of the
Au NCPs—FDH hybrid system in converting CO, to formate.
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Table 1. Comparison of the performance of the photo-enzymatic conversion of CO; to formate.

Enzyme Light E]l;()cltll:;n Electron Mediator Proggggr)it;late Ref.
(uM/L/h)
Free FDH A>420 nm (355?11‘;4) Cp(z};(l)l(r];)]}i)\i;(jl 2.61 [26]
10%In-CdS@ZIF-8&FDH A>420 nm (3{)521‘;4) C%};g(rtlal%a 11.13 [26]
FDH@ZIF-8/g-C3N4 A > 420 nm ( 55%‘\4) [Cp*Rh(bpy)(H20)]>* (3.90 mM) 15.00 [37]
CA&FDH@ZIF-8/g-CsNs %> 420 nm ( 6?5?&) [Cp*R(bpy)(H20)]2* (3.90 mM) 48.60 [37]
UV/TiO»@FDH A=365nm (oi?frﬁv{) [Cp*Rh(bpy)(H20)]2* (0.22 mM) 255.56 3]
Eosin Y/cobaloxime@FDH A>420 nm (2{)521?/[) No 35.00 [41]
GO-Co-ATPP@FDH A>420 nm ( 41;]33(1?111;4) methyl viologen (0.21 mM) 48.25 [42]
TCPP/SiO»/Rh HNPs@FDH A> 420 nm a (;TO%OHI?M) C}géﬁg(ﬁf)&)fil 20.00 [15]
CCGCMAQSP@FDH A>420 nm ( 43521?\4) Clz;il(;(ﬁﬁ\?)ﬂ 55.8 [43]
59%Ti3C2/CsNs@FDH 30% ff\g/grrrll’z (10To%orr1?M) No 33.33 [13]
I ¥ o

4. Conclusions

In conclusion, the photo-enzymatic hybrid system developed in this study, which integrates gold nanocapsule
photocatalysts with formate dehydrogenase (FDH), successfully facilitated the light-driven in situ regeneration of
NADH coenzymes for highly efficient catalytic CO> reduction to produce formate. The reaction was conducted under
irradiation with 150 mW/cm? of white light, utilizing 300 mM TEOA as the electron donor, 1.10 mM Na,CO; as a CO»
absorbent (supplemental carbon source), and 1 mM sodium molybdate as a stabilizer for FDH. Notably, this photo-
enzymatic hybrid system achieved the highest formate concentration and production rate observed in this context, with
a production rate that was 3.68 times greater than that of the free FDH-catalyzed system. This work demonstrates the
feasibility of employing photo-enzymatic coupling for the continuous synthesis of formate from CO», highlighting the
potential for sustainable CO, conversion technologies.
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