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A B S T R A C T   

Enzymatic reduction of CO2 to formic acid with the enzyme formate dehydrogenase (FDH) and a cofactor is a 
promising method for CO2 conversion and utilization. However, the natural cofactor nicotinamide adenine 
dinucleotide (NADH) shows some drawbacks such as a low reduction efficiency and forms isomers or dimers (1,6 
- NADH or NAD dimer) in the regeneration reaction. To overcome them and to improve the production of formic 
acid, in this work, the artificial cofactors, i.e., the bipyridinium-based salts of methyl viologen (MV2+), 1,1’- 
dicarboxymethyl-4,4’-bipyridinium bromine (DC2+), and 1,1’-diaminoethyl-4,4’-bipyridinium bromine (DA2+), 
were used to replace NADH, and the effect of different functional groups on the electrochemical regeneration and 
catalytic performance in the enzymatic reaction was studied systematically. Also, studies using the natural 
cofactor NADH were carried out for comparison. It was found that the cofactor with amino groups showed the 
highest catalytic efficiency (kcat/Km) of 0.161 mM-1min-1, which is 536 times higher than that of the natural 
cofactor NADH. Molecular Dynamics simulations were conducted to give further molecular insight into the 
behavior of the cofactors. Analyzing the free energy profiles of the complexes between CO2 in the FDH active site 
with different artificial cofactors indicated that the artificial cofactor with the amino groups had the highest 
affinity for CO2, being consistent with the experimental observations.   

1. Introduction 

The reduction of CO2 to value-added fuels and chemicals to both 
alleviate the greenhouse effect and promote resource utilization has 
attracted great interest from researchers 1–2. Formic acid (carbonaceous 
fuel), an important chemical feedstock and hydrogen storage material in 
industries 3, can be produced via chemical 4, photocatalytic 5, electro
chemical 6, and enzymatic 7 conversion of CO2. However, chemical 
conversion normally takes place under harsh conditions using expensive 
metal catalysts and leads regularly to high energy demand and capi
talized costs 8. Photocatalytic conversion is complex and unstable, while 
the reaction process of electrochemical conversion using a metal-based 
catalyst is difficult to control, and byproducts are often generated. 
Enzymatic conversion of CO2, in turn, is a promising method to produce 

formic acid with high selectivity and low energy usage due to the high 
specificity and activity of the enzyme under mild conditions 9–10. 

Much research has been conducted to investigate the enzymatic 
conversion of CO2 to formic acid. It is well known that, in the biological 
metabolism (i.e., Calvin cycle), formate dehydrogenase (FDH) serves as 
the catalysts to oxidize formic acid to CO2 with the redox cofactor NAD+

(i.e., the reverse reaction of Equation 1) 11. Inspired by this, FDH is used 
in CO2 reduction to formic acid (Equation 1) due to its high selectivity in 
the formic acid production and nearly without producing any byprod
ucts. For instance, Choe et al. 12 did carry out CO2 reduction studies 
using commercial FDH from Candida boidinii (CbFDH) with NADH as a 
cofactor, producing 0.13 mM formate in 120 min without any 
co-products. However, when NADH is used as the cofactor, the yield of 
formic acid is low, simply because this reaction is reversible (see 
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Equation 1) and the oxidation rate of formic acid back to CO2 is much 
faster (around 30 times) than the reduction rate of CO2 to formic acid 13. 
Moreover, the amount of the expensive NADH that is needed is equal to 
the amount of formic acid generated, impeding the potential for any 
large-scale applications 14. To address these issues, Zhang et al. 15 

investigated the electrocatalytic reduction of NAD+ to NADH and its 
coupling with enzymatic conversion of CO2, suppressing the reverse 
reaction by consuming NAD+ (thus enhancing CO2 conversion) and this 
way achieving a better NADH regeneration (also cutting down the cost). 
Similarly, Kuk et al. 16 reported the photoelectrocatalytic reduction of 
NAD+ to NADH by integrating it to the enzymatic conversion of CO2. 
However, in most developed methods for the NADH regeneration, either 
some extra byproducts are produced or NAD+ is reduced to an inactive 
NAD dimer or 1,6-NADH, which both cannot be used successfully in CO2 
conversion in comparison with NADH 15. Also the oxidation of formic 
acid could not be completely eliminated. How to increase the efficiency 
of formic acid production, overcome the drawbacks of NADH/NAD+, 
and improve the electro-recycling stability of cofactor still remains a 
major challenge for any large-scale enzymatic conversion of CO2.  

(2) 

Recently, bipyridinium (BP2+) salts have been proposed as promising 
artificial cofactors of FDH to replace NADH. It was demonstrated that 
the reduced bipyridinium radical (BP+•) plays a role of an electron 
carrier for FDH in the CO2 reduction to formic acid, while BP2+ cannot 
drive the oxidation of formic acid back to CO2 as shown in Equation 2, 
this way resulting in a high reduction efficiency 17. Also, by using the 
reduced 1,1′-Dimethyl-4,4′-bipyridinium (methyl viologen, MV+•), the 
production rate of formic acid was observed more than 20 times higher 
than that of NADH 18. 

Similar to the process with NADH, the regeneration of artificial 
cofactor is essential for sustainable product generation at a low cost. 
Different methods have also been developed for the reduction of BP2+ to 
radical BP+• to make the regeneration of artificial cofactor possible. For 
example, Secundo et al. 19 presented a visible-light-driven MV2+

reduction by the photosensitization of zinc tetraphenylporphyrin tetra
sulfonate (ZnTPPS) and electron donor triethanolamine. Miyaji et al. 20 

used chemical reagent sodium dithionite as the reducing agent of MV2+. 
However, in these two methods, additional chemicals need to be intro
duced, which may harm FDH, bringing difficulties for downstream 
product separation. By contrast, Jayathilake et al. 21 reported a 
continuous electro-enzymatic conversion of CO2 to formate by FDH with 
an electrochemical regeneration of MV+•, and the formate yield was 
found high up to 97% ± 1% over 30 hours. During the reaction, BP2+

acts as a stable organic salt in electrocatalysis, and only electrons are 
consumed. Therefore, the electrochemical method has been proposed as 
an efficient, inexpensive, and “clean” option to eliminate both photo
sensitizers and reducing agents, leading to a simple downstream product 
separation at a low cost. 

Although an electrochemically driven enzymatic reduction of CO2 to 
formic acid using FDH and the artificial cofactor BP2+/BP+• has been 
proposed as a promising method, the investigations in literature are so 
far restricted on one single bipyridinium based cofactor carrying a 
methyl group (MV2+). It is still unclear how the performance will be 
when compared with the natural cofactor. For that matter of the BP2+

salts, besides the methyl group (weak electron-donating group), also 
amino and carboxylic groups are typically electron-donating and 
electron-withdrawing to formulate additional potential artificial co
factors 22. These groups can affect the electron transfer from the pyridine 
ring to the substrate, improving the catalytic activity of FDH for CO2 
reduction. In parallel, these functional groups will also show different 
performances in the regeneration via electrochemical reduction. 
Therefore, a systematic study is needed to quantify the potential of 
artificial cofactors compared to NADH and understand the role of 
functional groups in enhancing catalytic performance. To the best of our 
knowledge, such research has not yet been published. 

To study the performance of artificial cofactors and the effect of 
functional groups on electrochemically driven enzymatic CO2 reduction 
to formic acid, the artificial cofactors based on the bipyridinium (BP2+) 
salts with three different functional groups (Fig. 1), i.e., MV2+, 1,1’- 
dicarboxyethyl-4,4’-bipyridinium bromine (DC2+), and 1,1’-dia
minoethyl-4,4’-bipyridinium bromine (DA2+), were chosen, and their 
electrochemical regeneration and catalytic performance in the enzy
matic reaction were systematically studied. Moreover, the enzymatic 

kinetics and mechanism were analyzed and discussed based on the 
experimental measurements and Molecular Dynamics (MD) simulations 
using the Umbrella sampling to gain an in-depth understanding of the 
effect of the functional groups in BP2+/BP+• on the reduction of CO2 to 
formic acid. 

2. Experimental section 

2.1. Materials 

Formate dehydrogenase (EC 1.2.1.2, homo-dimer, 76 kDa) from 
Candida boidinii (FDH), β-Nicotinamide adenine dinucleotide reduced 
form (NADH, >97 wt%), trizma base, hydrochloric acid (37%), Methyl 
viologen dichloride hydrate (MVCl2), 4,4’-bipyridine, 3-Bromopro
pionic acid, 2-Bromoethylamine hydrobromide, and acetonitrile were 
purchased from Sigma-Aldrich. CO2 (>99.5%) in a cylinder was pur
chased from AGA A/S (Sweden). MV2+ was purchased from Sigma- 
Aldrich and directly used without any further purification. 

2.2. Synthesis of bipyridine derivatives 

The bipyridine derivatives, other than that with MV2+, were syn
thesized according to the literature 23. Briefly, 1,1’-dicarboxymethyl-4, 
4’-bipyridinium bromine (DC2+) was synthesized by heating 4, 
4’-bipyridine at reflux with 2 times molar equivalent of 3-Bromopro
pionic acid in acetonitrile (200 mL) at 90 ◦C for 24 h. After the reac
tion, the solvent was removed by rotary evaporator, and the residue was 
dried under vacuum overnight at 50 ◦C. Likewise, DA2+ was synthe
sized. The structures of the synthesized DC2+ and DA2+ were identified 
by 1H NMR (Figs. S1 and S2), confirming the successful synthesis. The 
reduced form of artificial cofactors (with one radical in the pyridine 
ring) is not stable, which can easily lose one electron to generate 
oxidized form. The reduced form of artificial cofactors can only be 
formed in the electrocatalytic reaction. 

2.3. Cyclic voltammetry measurements 

The cyclic voltammogram of the bipyridine derivatives was measured 
by using a typical H-type electrochemical cell separated by a Nafion 117 

CO2 + NADH ⇄
FDH

HCOO− + NAD+ (1)   
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membrane (geometrical area: 2.27 cm2) with a three-electrode system. A 
carbon cloth (1 × 1 cm2), an Ag/AgCl electrode (2 M KCl solution), and a 
platinum electrode were used as the working, reference, and counter 
electrodes, respectively. The working and reference electrodes were 
placed in the cathode chamber (10 ml) with a 100 mM phosphate buffer 
(pH 7.0), and the counter electrode was placed in the anode chamber (10 
ml) with a 100 mM H2SO4 solution as the electrolyte. 

2.4. CO2 reduction to formic acid with FDH and cofactors 

The reduction of CO2 to formic acid was conducted in a typical H- 
type electrochemical cell described above. The sample solution in the 
cathode chamber was prepared with 1 mM cofactor and 0.1 mg/mL FDH 
(5 U/mg) in 100 mM phosphate buffer (pH 7.0). Before the experiment, 
the electrolyte in the cathode chamber was pre-bubbled with CO2 (30 
mL/min) for at least 30 min to achieve a CO2-saturated solution, and the 
reaction was then started by applying a potential. 

2.5. Measurement of enzymatic kinetics with different cofactors 

The cofactors with different concentrations were prepared in CO2- 
saturated 100 mM phosphate buffer with 0.1 mg/mL FDH, and the 
electrocatalytic conversion of CO2 to formic acid was conducted for 10 
min, whereafter the formic acid concentration was measured. Based on 
the detected results, the kinetic parameters were analyzed by Hanes- 
Woolf plots as follows: 

[S]
v

=
[S]

Vmax
+

Km

Vmax  

where [S] is the substrate concentration, Km is the Michaelis–Menten 
constant, and Vmax is the maximum reaction velocity. 

2.6. Analytical methods 

The formate concentrations were measured by the UV-Vis spectro
photometer according to the literature 24, where sodium formate dis
solved in phosphate buffer (100 mM; pH 7.0) was used for standard 
calibration. Solution A was prepared by dissolving 0.5 g of citric acid 
and 10 g of acetamide in 100 mL isopropanol, while solution B was 
prepared by dissolving 30 g of sodium acetate in 100 mL water. The 
samples (100 μL) containing formate were then mixed with 0.2 mL of 
solution A, 10 μL of solution B, and 0.7 mL of 100% acetic anhydride and 
incubated at 50 ◦C for 2 h with occasional mixing. Yellow color in so
lution was generated and measured photometrically at 515 nm. 

2.7. MD simulations 

It was expected that the lower free energy of the FDH + BP+•

cofactor, when associated with the CO2 molecule, leads to a higher 
probability for the reduction to occur, and thus the free energy of FDH +
BP+• + CO2 in water solution can be calculated as a function of the CO2 
position in order to identify which cofactor is more active. The calcu
lation of free energy was based on the MD simulations using Umbrella 
sampling. The X-ray structure of the FDH protein was downloaded from 
the protein data bank (PDB ID: 5DN9) 25. All the other molecules were 
built using the Avogadro software 26. In order to perform all-atom MD 
simulations, the Molecular Mechanical force field parameters were 
generated for each artificial cofactor using the AMBER methodology and 
GAFF2 forcefield as the basis 27: the geometry was minimized using the 
GAUSSIAN16 package 28 with the B3LYP method and the 6-31+G(d) 
Gaussian basis set 29; subsequently, atomic point charges were generated 
using an electrostatic potential (ESP) fit 30 by the GAUSSIAN16 soft
ware. The FDH protein was simulated using the AMBER force field 
ff19SB 31, CO2 was parametrized using the GAFF2 force field 27, H3O+

was simulated using the parameters developed by Baaden et al. 32, the 
ionsjc_tip3p was used for ions 33, and the TIP3P 34 model was used for 
water. The free energy of the system was calculated using the Umbrella 
sampling methodology as implemented in the GROMACS software 35. 

All-atom MD simulations were performed using the GROMACS 20.4 
software 36. Three simulations were performed, one for each artificial 
cofactor, using the below-described protocol. The cubic periodic 
boundary conditions were applied, and the equations of motion of atoms 
were integrated with a time step of 2 fs. Van der Waals energies were 
calculated within a 12 Å cutoff radius. The Particle Mesh Ewald (PME) 37 

method was used to calculate the electrostatic interactions with a grid 
spacing of 1 Å. The full electrostatic forces and non-bonded forces were 
calculated at each time step (2 fs). These simulations were performed in 
the NpT ensemble using a Parrinello-Rahman barostat for pressure 
control at 1 bar and the v-rescale for temperature control at 297 K. 
Hydrogen atom bonds were constrained to their equilibrium lengths 
using the LINCS algorithm 38. Prior to dynamics, energy minimization 
was performed on the system. Next, the solvent was allowed to get 
equilibrated as the system was heated to 297 K, while the protein, 
cofactor, H3O+, and CO2 molecules were harmonically constrained for 5 
ns, followed by a simulation with the cofactor unrestrained for 5 ns. The 
production simulations were done using the Umbrella pulling method. 
Although the protein has a mirror structure with 2 active sites, only one 
cofactor was changed to the artificial cofactor due to the limitations of 
the pulling method. The cofactor was kept inside the protein by 
restraining it in the same position as the natural cofactor in the protein 
data bank structure (PDB ID: 5DN9). The CO2 molecule was placed 
outside the protein and pulled inward. The initial position was chosen so 
that the CO2 molecule would pass by the cofactor while being pulled. 
The final position of the CO2 molecule was chosen to be one of the azide 
in the protein data bank structure. The CO2 molecule was pulled towards 
the center of protein in 40 windows at a rate of 1 Å per window. Each 

Fig. 1. (Left) schematic illustration of the bioelectrocatalytic reduction of CO2 to formic acid, and (Right) chemical structures of the studied bipyridinium-based 
artificial redox cofactors. 
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simulation window had a duration of 3 ns. The PMF graphs were ob
tained by using the Weighted Histogram Analysis Method (WHAM) 39. 

3. Results and discussion 

3.1. Electrochemical properties of cofactors 

The cyclic voltammogram (CV) of different cofactors was measured 
in 0.1 M phosphate buffer solution from -1 to 0 V vs Ag/AgCl. The 
reduction peak in the CV curve stands for the reduction of the cofactor to 
the reduced form, and the oxidation peak indicated the cofactor is 
transformed from the reduced form to oxidized form. As can be seen 
from Fig. 2, the reduction potentials of MV2+, DC2+, DA2+, and NAD+

were estimated to be -0.68, -0.66, -0.48, and -0.52 V, respectively. It 
meant that the reduction potential of cofactors was affected by the 
functional group. Of all the studied artificial cofactors, DA2+ showed the 
lowest reduction voltage, which indicated that DA2+ was easier to be 
reduced. Moreover, all these artificial cofactors presented their revers
ible redox peaks from -0.59 to -0.68 V, indicating that the bipyridinium 
salts were recyclable during the electrochemical regeneration of artifi
cial cofactors. To further identify the reduced product (radical bipyr
idinium salt) and the corresponding selectivity from bipyridinium salts, 
the UV-Vis spectrometer was used to characterize it. As shown in Fig. S3, 
the artificial cofactors had a characteristic absorption at 246 nm owing 
to the bipyridine ring. The reduced artificial cofactors displayed only a 
single characteristic absorption at 605 nm, indicating that no isomers 
were generated during the electrocatalytic reduction, and that the 
reduction was highly selective. In contrast, NAD+ showed an irreversible 
feature in the CV curve, indicating the interconversion between the 
electro-reduced products and NAD+ was infeasible, which meant that 
NAD+ could not be electro-regenerated directly by the electrode. Ac
cording to Wang et al., NAD dimers and isomer 1,6-NADH were easily 

generated with an irreversible regeneration in the electrocatalytic 
reduction of NAD+, resulting in a permanent loss of valuable cofactor 40. 
Therefore, compared to natural cofactor, artificial cofactors presented 
high selectivity of the reduced product and better recyclability under 
electrocatalysis, which are crucial for the sustainable formic acid pro
duction by electro-enzymatic conversion. 

Even though the thermodynamic parameter and the equilibrium 
constant of enzymatic conversion of CO2 with radical cofactor could not 
be used as criteria to identify the best cofactor for reaction, the differ
ence between artificial cofactors and NADH as redox cofactor could be 
rationalized considering that the artificial cofactors acted only as an 
electron donor while NADH is both electron and proton donor. There
fore, the thermodynamic feasibility of the reaction was further investi
gated and analyzed. The Gibbs free energy changes (ΔG) and 
equilibrium constant (K) of enzymatic reduction of CO2, including 
artificial cofactors and natural cofactor, were calculated according to the 
equations of ΔG = -n⋅F⋅E and ΔG◦ = -RTlnK. The detailed calculations 
can be found in supporting information. According to the results listed in 
Table 1, it was found that the functional group had a great influence on 
ΔG and K. ΔG of the enzymatic reaction with artificial cofactors was 

Fig. 2. CV curves of (A) MV2+, (B) DC2+, (C) DA2+, and (D) NAD+. Conditions: 1 mM cofactors in 100 mM phosphate buffer (pH 7.0) as electrolyte.  

Table 1 
The Reduction Potential of Cofactors, ΔG of CO2 Reduction, and Equilibrium 
Constant K.  

Cofactor Ered
a (V vs 

SHE)b 
ΔG (KJ/ 
mol) 

Equilibrium constant 
(K) 

Ratio of Kx/ 
KNAD 

NAD+ − 0.320 38.594 1.7 × 10-7 1 
MV2+ − 0.483 7.140 5.6 × 10-2 3.3 × 105 

DC2+ − 0.463 10.999 1.2 × 10-2 6.6 × 104 

DA2+ − 0.393 24.507 5.1 × 10-5 300  

a The reduction potential. 
b ESHE = EAg/AgCl + EAg/AgCl vs NHE (0.197). 
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lower than that with natural cofactor NADH, indicating that the artificial 
cofactors possessed a more favorable thermodynamic driving force. On 
the other hand, the equilibrium constant K of enzymatic reaction with 
the natural cofactor (NADH) was the lowest (1.7 × 10-7), indicating a 
low conversion of CO2 caused by the oxidation of formate. This is 
consistent with other observations; for example, as reported, to shift the 
reaction towards formate with NADH, at least two orders of magnitude 
in concentration for the substrates (NADH or CO2) were required, 
compared to the concentration of formate.21 By contrast, the artificial 
cofactors presented a much higher value of equilibrium constant K, and 
MV2+, in particular, showed the highest value of 5.6 × 10-2, which was 
expected to realize an increased conversion of CO2. Therefore, the 
artificial cofactors exhibited a better catalytic performance in terms of 
thermodynamics. 

3.2. Conversion of CO2 to formic acid with different cofactors 

To evaluate the reduction performance, the enzymatic reduction of 
CO2 to formic acid using FDH with the reduced cofactor MV+•, DC+•, or 
DA+•, was carried out in their reduction peak potential vs. Ag/AgCl for 1 
h. NADH was also studied for comparison. As shown in Fig. 3, the 
concentrations of formic acid, at 60 minutes, were 1.3, 3.5, 2.0, and 0.1 
mM, for those with MV+•, DA+•, DC+•, and NADH, respectively. In case 
of NADH, the formic acid concentration showed the lowest value, since 
NAD+ could not efficiently be reduced (around 1%) under electro
catalysis when using carbon cloth as the electrode. This result agreed 
with the CV of NAD+ in Fig. 2, where irreversible redox peaks were 
observed. Therefore, there is poor interconversion between NAD+ and 
NADH and thus poor performance on the electroreduction of NAD+ to 
NADH. Differently, the artificial cofactors presented a much better 
performance on the stability, lower request for electrode, and were 
effective on CO2 conversion. Particularly, the formic acid concentration 
for the system with DA+• was about 35 times higher than that of natural 
cofactor NADH. Moreover, compared to values of reduction potential for 
artificial cofactors listed in Table 1, the concentration of formic acid 
increased with increase of reduction potential, which meant that the 
reduction of CO2 to formic acid did depend on the functional group of 
bipyridinium salts. 

To clarify why artificial cofactors could enhance formic acid pro
duction, the formic acid oxidation to CO2 catalyzed by FDH with the 
cofactors of MV2+, DA2+, DC2+, or NAD+ was also conducted. It was 
shown that, after the reaction, no reduced form of artificial cofactors 
was detected. This observation indicated that the excellent reduction 

performance of CO2 to formic acid in the presence of artificial cofactors 
was attributed to the suppression of reversible reaction. In contrast, 
when NAD+ served as the cofactor, a quite fast oxidation rate of formic 
acid was observed. As reported in the literature 41, the oxidation rate of 
formic acid was 30 times higher than that of the CO2 reduction catalyzed 
by FDH using the natural redox cofactor NADH/NAD+. As a result, the 
formation of formic acid reached equilibrium quickly but with a very 
low concentration. According to the above results, the bipyridinium 
salts are promising cofactors for the enzymatic reduction of CO2, and 
they were further investigated from the kinetics aspect in the following 
section. 

3.3. Kinetic analysis of enzymatic reaction 

To clarify how the functional groups of bipyridinium salts influence 
the conversion of CO2, the kinetics studies of enzymatic reaction in the 
presence of different cofactors with the same concentration (0.1 mg/ml 
FDH) were carried out. Fig. 4 depicts the relationship between the 
production rate of formic acid and the concentration of artificial co
factors. A steep increase in the production rate of formic acid was 
observed with increasing the concentration of reduced cofactors up to 
nearly 10 mM, while the further increase in the cofactor concentration 
(i.e., beyond ~10 mM) only led to a slight increase in the production 
rate. The experimental data determined in this work was further 
described with the Michaelis–Menten equation, as illustrated in Fig. 4, 
showing that the experimental results followed the Michaelis-Menten 
kinetics. This indicated that the bipyridinium salts served as the coen
zyme of FDH. It has been reported that the FDH activity was inhibited 
when the concentration of NADH was higher than 0.45 mM, and the 
formic acid concentration only reached the highest value at 0.45 mM 
and decreased when the concentration of NADH was either lower or 
higher than 0.45 mM 42–43. However, such phenomenon was not 
observed, i.e., the FDH activity was not restricted by increasing the 
concentration of artificial cofactors, which was another advantage of 
using artificial cofactor for the enzymatic conversion of CO2. 

Next, the Hanes-Woolf equation 44 was used to describe the enzy
matic kinetics of CO2 reduction to formic acid, and the parameters of 
enzymatic kinetics, i.e., Michaelis constant (Km), maximum velocity 
(Vmax), catalytic constant (kcat), and catalytic efficiency (kcat/Km), were 
calculated from the determined experimental data. The obtained pa
rameters are listed in Table 2. The constant Km refers to the substrate 
concentration at which the reaction rate is half of the maximum velocity 
(Vmax), reflecting the affinity strength between the enzyme and sub
strate. As a result, the enzyme with a lower Km indicated a stronger 

Fig. 3. The concentration of formic acid as a function of time with 1 mM 
different cofactors at their corresponding reduction peak potential vs. Ag/AgCl 
in 100 mM phosphate buffer (pH 7) as electrolyte. 

Fig. 4. Relationship between the initial formic acid production rate and the 
concentration of cofactors. Symbols: experimental results; Curves: fitted to the 
Michaelis-Menten equation. 
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affinity and resulted in a higher rate and conversion of reaction. As Km 
values decreased in the order of Km(NADH) > Km(MV+•) > Km(DC+•) >
Km(DA+•), their affinity with FDH increased in the order of NADH <
MV+• < DC+• < DA+•, and the affinity between FDH and DA+• was the 
strongest. Consequently, DA+• with the strongest affinity (lowest Km) 
displayed the best catalytic performance. Likewise, catalytic constant 
kcat increased in the order of kcat(NADH) < kcat(MV+•) < kcat(DC+•) <
kcat(DA+•), being consistent with the order of affinity. Subsequently, the 
calculated catalytic efficiency (kcat/Km) increased with the same order of 
kcat but showed much bigger values, and the catalytic efficiency of DA+•

was around 536 times higher than that of NADH. Therefore, it was 
demonstrated that the performance of artificial cofactors in the reaction 
was affected by the functional groups, and DA+• with the highest affinity 
had the best catalytic efficiency. 

As the pH of the medium drives the molar ratio of CO2 to HCO3- and 
is thus sensitive to CO2 conversion, enzymatic reaction with artificial 
cofactor DA2+ was conducted in the pH ranging from 6.5 to 8.5 and the 
potential relationship between the molar ratio of CO2 to HCO3- and CO2 
conversion was explored. As shown in Fig. S4A, the conversion rate 
reaches the highest value at pH 7, which is consistent with reported 
results when using a natural cofactor 45. Meanwhile, the molar ratio of 
CO2 to HCO3- was analyzed according to the Bjerrum plot illustrated in 
Figure S4B 46. The analysis shows that, with increasing pH from 6.5 to 8, 
CO2 concentration decreases while that for HCO3- increases, indicating 
that CO2 is continuously transformed into HCO3- and achieves complete 
transformation at pH 8. Also, the highest conversion of CO2 was ob
tained at pH 7, indicating both CO2 and HCO3- might serve as substrates 
to FDH, and the FDH activity plays a decisive role on CO2 conversion 
within this pH range. While, the further increase of pH from 8 will 
decrease HCO3- concentration, i.e., HCO3- will convert to CO3

2-, 
resulting in the decrease of the substrate concentration for FDH and thus 
lowering the conversion of CO2. 

To evaluate the potential of electrochemically driven CO2 reduction 
to formic acid with FDH and the bipyridinium salt as a cofactor, the 
formation rate of formic acid obtained in this work was compared with 
the enzymatic CO2 reduction processes driven by the visible-light or 
reducing agents reported in the literature (Table 3). The comparison 
clearly revealed that the enzymatic reduction of CO2 with 
electrochemically-reduced cofactors provided a higher formic acid 
production compared with the dithionite-reduced and visible-light- 
reduced cofactors. Additionally, in the process of visible-light-reduced 
cofactor, the system typically contained photosensitizer, electron 
mediator, electron donor, enzymes, and coenzymes 16. Such a complex 
system would usually bring the problems of the downstream product 
separation. Furthermore, the enzyme activity was sensitive to temper
ature, while the system would suffer from temperature increases under 
the light irradiation in the long run, leading to a decrease in enzyme 
activity. When using dithionite for the reduction of the cofactor, the 
strong reductant was potentially harmful to the enzyme activity, and the 
addition of byproduct (reductant) to the reaction mixture is also not 
desirable for the downstream product separation. The direct electro
catalytic reduction of artificial cofactor was relatively “clean”, and only 
electrons were consumed. Therefore, electrochemically driven enzy
matic CO2 reduction is an attractive candidate for an efficient conver
sion of CO2 to formic acid, due to the excellent formic acid production 
and more simple operation. 

3.4. CO2 affinity investigation by MD simulations 

To explain the outstanding performance of artificial cofactors, the 
active site of FDH, replacing natural cofactor with artificial cofactors, 
was investigated by MD simulations. In order to verify the affinity of the 
CO2 molecule to each cofactor in the active site of enzymes, the Potential 
of Mean Force (PMF) was calculated using the protocol described in 

Table 2 
Kinetic Parameters for the Reduction of CO2 to Formic Acid with Different co
factors and FDH.  

Cofactor Km (mM) Vmax (mM∙min-1) kcat (min-1) kcat/Km (mM-1 min-1) 

DA+• 2.782 0.276 0.448 0.161 
DC+• 3.101 0.227 0.256 0.082 
MV+• 4.133 0.230 0.166 0.040 
NADH 50 0.002 0.013 0.0003  

Table 3 
Comparison of the Formic Acid Formation Rate with Other Visible-light or 
Reducing Agents Driven CO2 Reduction to Formic Acid.  

Cofactor Incubation 
time 

Formic acid 
concentration 
(mM) 

Formic acid 
formation 
rate (mM/h)i 

Ref. 

Electrochemically- 
reduced DA2+

1 h 3.5 3.5 This 
work 

Electrochemically- 
reduced DC2+

1 h 2.0 2.0 This 
work 

Electrochemically- 
reduced MV2+

1 h 1.3 1.3 This 
work 

Dithionite-reduced 
MV2+

1 h 1.9 1.9 18 

Dithionite-reduced 
MCABP2+a 

10 min 0.035 0.21 47 

Dithionite-reduced 
DCABP2+b 

10 min 0.0248 0.15 47 

Dithionite-reduced 
NEMBP2+c 

10 min 0.005 0.03 47 

Visible-light- 
reduced MV2+

1 h ~ 0.06 ~ 0.06 48 

Visible-light- 
reduced MV2+

3 h 0.105 0.035 49 

Visible-light- 
reduced CV2+d 

3 h 0.149 0.050 49 

Visible-light- 
reduced Cb MV2+e 

3 h 0.172 0.058 49 

Visible-light- 
reduced DA2+

3 h 0.120 0.040 50 

Visible-light- 
reduced AMV2+f 

3 h 0.130 0.043 50 

Visible-light- 
reduced CMV2+g 

3 h 0.085 0.028 50 

Visible-light- 
reduced DCV2+h 

3 h 0.083 0.028 50  

a MCABP2+: 1-carbamoylmethyl-1’-methyl-4,4’-bipyridinium salt. 
b DCABP2+: 1,1’-dicarbamoylmethyl-4,4’-bipyridinium salt. 
c NEMBP2+: 1-nicotinamidethyl-1’-methyl-4,4’-bipyridinium salt. 
d CV2+: 1,1’-dicarbamoylmethyl-4,4’-bipyridinium salt. 
e Cb MV2+: 1-carbamoylmethyl-1’-methyl-4,4’-bipyridinium salt. 
f AMV2+: 1-amino-1’-methyl-4,4’-bipyridinium salt. 
g CMV2+: 1-carboxyl-1’-methyl-4,4’-bipyridinium salt. 
h DCV2+: 1,1’-dicarboxyl-4,4’-bipyridinium salt. 
i Formic acid formation rate equal to formic acid concentration divided by 

incubation time. 

Fig. 5. Structure of the FDH protein with the natural cofactor replaced with the 
artificial MV+• cofactor. The protein is represented in cartoon style in teal, and 
the MV+• molecule is represented in green as VdW spheres. 
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Section 2.7. Fig. 5 depicts the structure of the protein with the NAD+

cofactor replaced with the artificial cofactor MV+•. 
Fig. 6A depicts the position of the CO2 molecule at the start of each 

Umbrella sampling window for the simulations with the MV+• cofactor. 
The CO2 molecule was pulled from the outside of the protein to the in
side at a rate of 1 Å/window. For the DA+• and CA+• cofactors, the same 
initial structure file was used for each window, i.e., only replacing the 
MV+• cofactor with the other one. Fig. 6B and C depict the trajectory of 
the CO2 molecule in window 35/40 when it is close to the MV+•

cofactor. As we can see, the Umbrella restraint allows the CO2 molecule 
to explore space around the cofactor and find the most favorable 
position. 

Using WHAM, PMF of the systems for all of the artificial cofactors 
was calculated. As it can be seen in Fig. 7, the curves are almost identical 
for all 3 cases, except in the region where the CO2 molecule is in contact 
with the cofactor that is highlighted in yellow in the figure. In this re
gion, we can see that the free energy is lower when the DA+• cofactor is 
presented. This points to a better affinity of the CO2 molecule to the 
DA+• cofactor, which could explain why this cofactor has a better rate to 
reduce CO2. 

Note that, in water, CO2 is in equilibrium with HCO3-, and the latter 
is dominant in bulk at physiological pH. However, which of these two 
forms is favored inside the active site cannot be predicted. According to 
the report, the conversion of CO2 catalyzed by FDH was enhanced by 

adding carbonic anhydrase (CA) 51, where CA has a function of accel
erating the hydration of CO2 to HCO3-. Furthermore, the authors Miyaji 
et al. 20 also suggested that HCO3- was the substrate of FDH from their 
experimental results. On the contrary, the authors Marta et al. 52 

declared that FDH reduced CO2 rather than HCO3
− as verified by the 

electrochemical analysis. In any case, the artificial cofactor DA2+/DA+•

has the highest affinity in this study, and MD shows a higher affinity of 
CO2 molecule to DA+• when this form was used as the substrate for 
reaction. Since this artificial cofactor is positively charged, we can 
expect that HCO3- as the substrate should have an even higher affinity to 
DA+•, owing to electrostatic interaction. Therefore, an enhanced affinity 
of CO2 to DA+• accounted for the improvement of product 
concentration. 

4. Conclusions 

In this work, three artificial cofactors, MV2+, DA2+, and DC2+ were 
synthesized and used for the enzymatic CO2 reduction to formic acid. All 
of the electrochemically-reduced bipyridinium salts showed a superior 
reduction performance compared with the natural cofactor NADH due 
to the suppression of reverse oxidation reaction. Among the studied 
cofactors, DA2+, i.e., the one with the amino group, exhibited the lowest 
reduction potential, highest formic acid concentration, and fastest re
action kinetics. The kcat/Km value of DA2+ was 2, 4, and 536 times 
higher than those of DC2+, MV2+, and NADH, respectively. Experimental 
results demonstrated the highest affinity between DA+• and FDH (sub
strate-FDH), and simulation results proved that CO2 affinity is the 
highest for the DA+• cofactor (substrate-substrate), which both 
explained the highest yield of product at the presence of DA+•. By 
comparing with the dithionite-reduced and visible-light-reduced artifi
cial cofactors, electrochemically-reduced cofactors showed advantages 
for enzymatic reduction, implying the high potential of electrochemi
cally driven enzymatic reduction of CO2 to formic acid. 
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Fig. 6. A) Representation of the position of the CO2 molecule at the start of 
each Umbrella sampling window. B) and C) show the movement of the CO2 
molecule in a window where it is close to the cofactor. The MV+• cofactor is 
depicted in green as VdW spheres, the protein is depicted in cartoon style in 
teal, and the CO2 molecules are depicted as a chain of VdW spheres that change 
colors from red at the beginning of the trajectory, to white and to blue at 
the end. 

Fig. 7. Plots of the changes in free energy as the CO2 molecules move from the 
outside to the inside of the protein in the presence of 3 artificial cofactors. 
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