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Abstract  

The utilisation of biocatalytic oxidations has evolved from the niche applications of the 

early 21st century to a widely recognised tool for general chemical synthesis. One of 

the major drawbacks that hinders commercialisation is the dependence on expensive 

nicotinamide adenine dinucleotide (NAD(P)+) cofactors and so their regeneration is 

essential. Here, we report the design of carbon-supported Pt catalysts that can 

regenerate NAD(P)+ by proton-driven NAD(P)H oxidation with concurrent hydrogen 

formation. The carbon support was modified to tune the electronic nature of the Pt 

nanoparticles and it was found that the best catalyst for NAD(P)+ regeneration (TOF = 

581 h-1) was electron rich Pt on carbon. Finally, the heterogeneous Pt catalyst was 

applied in the biocatalytic oxidation of a variety of alcohols catalysed by different 

alcohol dehydrogenases. The Pt catalyst exhibited good compatibility with the 

biocatalytic system. Its NAD(P)+ regeneration function successfully supported 

biocatalytic conversion from alcohols to corresponding ketone or lactone products. 

This work provides a promising strategy for chemical synthesis via NAD(P)+-

dependent pathways, utilising a cooperative inorganic-enzymatic catalytic system. 

 

Keywords: NAD(P)+ regeneration, biocatalytic oxidation, dehydrogenase, 

heterogenous Pt catalysis, hydrogen. 
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Introduction 

Enzymes are capable of performing complex biotransformations under 

environmentally benign reaction conditions with unparalleled specificity.1-4 To retain 

these advantages and combine them with the reactivity and durability of artificial 

systems, the field of cooperative catalysis has become increasingly popular.5 

Cooperative catalysis involving at least one biological enzyme has exhibited promising 

performance in asymmetric reductions, reductive aminations, dynamic kinetic 

resolution, hydrolysis and reduction.6-8 A representative cooperative system are 

enzymatic reactions that consume cofactors and are coupled to a second catalyst 

used to regenerate the cofactor. NAD(P)-dependent oxidoreductases catalyse a 

diverse range of industrially significant reactions, including the oxidation of alcohols, 

aldehydes and carboxylic acids with applications in pharmaceutical, fine and bulk 

chemical sectors.9,10 Despite their significance, the industrial application is constrained 

by the stoichiometric consumption of the expensive cofactor NAD(P)+ (prices11: $1400 

per mole NAD+ and $18000 per mole of NADP+).9 To overcome this, the in situ 

oxidation of NAD(P)H back to NAD(P)+ (i.e., NAD(P)+ regeneration, see Figure 1a) is 

essential.12 

NAD(P)+ regeneration has so far been reported utilising enzymatic (e.g., NADH 

oxidase), homogeneous (e.g., organic metal complexes), photocatalytic (e.g., 

photoexcited flavin), electrocatalytic (e.g., redox mediators) and very recently 

heterogeneous (e.g., Au/oxide) catalytic systems.13-16 The majority of the reported 

regeneration systems have taken inspiration from NADH oxidases or NADH 

dehydrogenases, which are enzymes that can oxidise NAD(P)H to NAD(P)+ using 

molecular O2 as an oxidant, forming H2O or H2O2 in the process (e.g., the Au/oxide 

system13).17-20 Another approach is inspired by (NAD(H)-linked) hydrogenases, which 
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is preferred as it is only dependent on readily available protons (coming from the 

substrate in an actual enzymatic oxidation reaction), does not require O2 or form H2O2 

(both of which enzymes are frequently intolerant to) and generates H2 as a green 

energy product that can be easily removed, shifting the equilibrium in favour of both 

regeneration and ultimately the biocatalytic reactions.21 However, it is a substantial 

chemical challenge due to the much weaker oxidising capacity of H+. Successful 

cooperative methods that have facilitated proton-driven NADH oxidation often require 

expensive and complex enzymatic systems or a supply of extra solar/electrical energy, 

as shown in Figure 1b-d.22-25 Organometallic systems (e.g., Figure 1e) are exceptions 

to this; however, due to the often observed mutual deactivation (between the catalyst 

and the enzyme), more complex downstream separation and sometimes acidic 

operational conditions, it is unlikely that these are strong candidates for scale-up.26,27 

Heterogeneous catalysis is a form of synthetic catalysis that is directly involved in the 

production of 90% of chemicals globally.28 Due to its heterogeneous nature, the 

catalyst is easily removed from liquid/gas phases, enhancing product separation and 

has the potential for catalyst recycling, reuse and ease of scale-up. In this work, we 

demonstrate that heterogeneous catalysts (Pt/C) can promote proton-driven oxidation 

of NAD(P)H for selective NAD(P)+ regeneration with concurrent H2 formation (see 

Figure 1f), functionally acting as (NAD(H)-linked) hydrogenases. The catalytic activity 

can be tuned by modifying the carbon support and altering the Pt electronic structure. 

The Pt/C catalysts are compatible with biocatalytic systems and can be used to 

support a range of biocatalytic alcohol oxidations via in situ cofactor regeneration. 

Cooperative heterogeneous-enzymatic catalysis offers significant downstream 

separation advantages and provides a general strategy for chemical synthesis by 

NAD(P)+-dependent enzymes.  
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Experimental  

Materials.  

β-Nicotinamide adenine dinucleotide reduced disodium salt hydrate (≥ 94%), β- 

nicotinamide adenine dinucleotide hydrate (≥ 96.5%), β -Nicotinamide adenine 

dinucleotide 2′-phosphate reduced tetrasodium salt hydrate (≥ 97%), β-Nicotinamide 

adenine dinucleotide phosphate hydrate (≥ 95%), potassium phosphate dibasic 

trihydrate (≥ 99%), potassium phosphate monobasic (≥ 99%), potassium hydroxide 

(90%) hexachloroplatinic acid solution (8% w/w in water), hydrogen peroxide (30% 

w/w), diphenylamine (99%), dihydroxyacetone (≥ 98%), 1-heptanol (98%), heptanal 

(>95%), (S)-(+)-2-octanol, 2-octanone (98%), (S)-(−)-1-phenylethanol, acetophenone, 

1,5-pentanediol (96%), and δ-Valerolactone were supplied by Sigma Aldrich. 

Activated charcoal (untreated, granular, 4-8 mesh), sulfuric acid (95%), acetic acid 

(99.7% w/w) and hydrochloric acid (36.5-38.0%) were purchased from Fisher 

Scientific. The nitrogen and oxygen gases of ultrahigh purity (≥ 99.99%) were supplied 

by BOC. EnzyChromTM NADH/NAD+ cycling assay kit was purchased from Universal 

Biologicals. 

The genes of alcohol dehydrogenase variant from Thermoanerobacter ethanolicus 

(TesADH, W110A/G198D, Genbank: WP_041589967.1), (S)-Specific 1-

phenylethanol dehydrogenase of the denitrifying Bacterium Strain EbN1 (AA-ADH, 

PDB: 2EW8), and alcohol dehydrogenase E chain of horse (HL-ADH, Uniport: P00327) 

were synthesized by GenScript Biotech Corp. and inserted into pET-28a plasmid with 

a N-terminal histidine tag. The gene of alcohol dehydrogenase from Geobacillus 

stearothermophilus (ADH-hT, Uniport: P42328) was synthesized by GenScript Biotech 

Corp. and inserted into pET20a plasmid with a C-terminal histidine tag. The molecular 
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weight of TesADH, AA-ADH, HL-ADH, and ADH-hT is 40kDa, 29kDa, 42kDa, and 

37kDa, respectively. 

Catalyst Preparation and Characterisation. 

Activated charcoal was used as the starting material for all carbon samples. Before 

post-treatments, the activated charcoal was washed by refluxing in H2O for 24 h, 

filtered, and dried at 383 K for 24 h. This untreated carbon carrier was referred to as 

C-1. For the liquid phase treated carbons, C-1 was refluxed in either 5 M or 10 M of 

HNO3 (referred to as C-2 and C-3, respectively) or 10 M H2O2 (C-4) for 24 h. The 

carbons were then filtered, washed with H2O until the effluent achieved a neutral pH 

then dried at 383 K for 24 h. Gas phase oxidation was achieved by heating C-1 in 10% 

O2/N2 at 10 K min-1 to 673 K for 12 h (denoted as C-5). C-5 was then heated in N2 at 

10 K min-1 to 973 K for 1 h, producing the carbon carrier referred to as C-6. Platinum 

deposition occurred via the conventional wet impregnation method, whereby the 

carbon carriers were immersed in a solution of H2PtCl6 of the required concentration 

to result in a 1% w/w loading. The solution was then heated to 353 K until a slurry 

formed (~3 h) and then dried overnight at 383 K. The samples were then calcined in 

static air at 773 K for 4 h (10 K min-1) and reduced in 10% H2/N2 at 573 K for 1 h (5 K 

min-1), resulting in the active catalysts. All characterisation was performed on the 

active catalysts, i.e., after Pt deposition, calcination and reduction. 

TPD spectra were obtained using a Micromeritics AutoChem II 2920 by heating the 

Pt/carbons (0.1 g) in a flow of He (20 mL min-1) to 1173 K at a rate of 10 K min-1. CO 

and CO2 evolution was monitored using Hiden HPR20 mass spectrometer. XPS 

analysis was performed at the EPSRC National Facility for XPS with a Kratos Axis 

Supra utilising a monochromatic Al Kα radiation source with an energy of 1486.7 eV. 

Electronic charge neutralization was achieved by using a low-energy electron flood 
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gun and magnetic immersion lens. The samples were affixed to the stage using copper 

tape and analysis took place under a vacuum of 1x10-9 Torr. All samples were 

calibrated using 284.5 eV of the C 1s peak. The percentage amount of oxygen and 

carbon was determined by integration of the peak areas and divided by the associated 

sensitivity factors (1.00 for C and 2.85 for O). Diffuse reflectance infrared Fourier 

transform spectra (DRIFTS) were obtained with a Shimadzu IRTracer-100. The 

catalyst samples were finely ground and diluted with KBr using a KBr/C mass ratio of 

100. Pt loading was determined by inductively coupled plasma optical emission 

spectroscopy (Vista-PRO, Varian Inc.) after digestion in aqua regia at 523 K for 4 h. 

Pt morphology and average particle size were determined by transmission electron 

microscopy (TEM, Fei Tecnia G2 F20) by counting over 200 particles per sample. 

Samples were prepared by dispersing the catalyst powder in high purity ethanol, 

followed by sonication for 10 mins. A drop of this suspension was then evaporated on 

a holey carbon film supported by a 300 mesh copper TEM grid. Nitrogen 

adsorption/desorption isotherms were generated using an automated Micrometrics 

Tristar II 3000 Analyser and the surface area was determined using the BET method.  

NAD(P)+ Regeneration. 

The catalytic conversion of NAD(P)H to NAD(P)+ was carried out in a Radley Ready 

Duo reactor (100 mL) at 310 K, stirred at 300 rpm and using a flow of 30 mL min-1 of 

N2. In a typical experiment, 100 mL of 0.5 mM NADH (or NADPH) in a potassium 

phosphate buffer (0.1 M, pH 7 (or 10, 4) adjusted by a KOH or HCl solution) was 

loaded into the reactor, the N2 gas was switched on and the system was heated to 310 

K. When the temperature was reached and stable, 0.1 g of the catalyst was added, 

this point marking t=0. Aliquots of the reaction mixture were removed, filtered and then 

analysed. The consumption of NAD(P)H was monitored using a Jenway 6850 UV/Vis 
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spectrophotometer at 340 nm. NAD(P)+ concentration was determined by two 

methods, the first using an enzymatic cyclic assay (explained in detail below) and the 

second using UV/Vis. Both NAD(P)H and NAD(P)+ exhibit a λmax of 260 nm due to the 

presence of the adenine moiety in both molecules but have different molar absorption 

coefficients. Hence, for any mixture of NAD(P)H and NAD(P)+, the concentration of 

NAD(P)+ can be determined if the concentration of NAD(P)H is known. Since the 

concentration of NAD(P)H can be determined by its λmax at 340 nm (confirmed solely 

due to 1,4-NAD(P)H, see below), the contribution of NAD(P)H to the total absorbance 

at 260 nm of the mixture can be calculated and subtracted, and so whatever 

absorbance that remains at 260 nm is solely due to the NAD(P)+ in the system. 

Because the inactive isomers of NAD(P)H also contain chromophores with a λmax of 

260 nm, this method of NAD+ quantification was verified by comparison of the 

concentrations of NAD+ determined by the enzymatic cyclic assay, which showed 

excellent agreement.   

As shown in Figure S1, the cyclic assay utilises two enzymes (lactate dehydrogenase 

and diaphorase) and two substrates (lactate and MTT (3-(4,5- dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide)) which are dependent on both NADH and NAD+. 

Tracking the formation of formazan (UV/Vis absorbance at 565 nm), the ultimate 

reduction product, allows for the quantification of both NADH and NAD+ in a given 

system.  

To determine the concentration of 1,4-NADH in the system and to check that the 

absorbance at 340 nm was solely due to 1,4-NADH (i.e., no tautomerisation etc.), the 

reduction half of cyclic enzymatic assay was applied. Simply, MTT and diaphorase 

were added to the sample, and again tracking the formation of formazan will 

correspond to the concentration of 1,4-NADH in the system. Details about both 
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enzymatic assays are available in our previous work.29 The conversion of NAD(P)H is 

defined by Eq. (1) and selectivity towards NAD(P)+ was calculated according to Eq. 

(2). Repeated reactions with different samples from the same batch of catalyst 

delivered raw data that were reproducible to within ±5%. 

XNAD(P)H (%)=
CNAD(P)H,initial (mM) – CNAD(P)H,left (mM)

CNAD(P)H,initial (mM)  × 100 
(1) 

YieldNAD(P)+  (%)=
CNAD(P)+  (mM)

CNAD(P)H,initial (mM)  × 100 
(2) 

Turnover frequency (TOF) was calculated using the initial rate based on NAD(P)H 

conversion and surface exposed Pt atoms. The moles of surface exposed Pt were 

estimated using Pt dispersion obtained from TEM particle size distributions, assuming 

spherical Pt nanoparticles. NADH in solution is known to undergo a first-order self-

decay reaction,30-33 with, however, a neglectable rate constant (0.0011 min-1) 

compared to our target catalytic oxidation. 

Hydrogen Production. 

The hydrogen production experiment was performed with a scaled-up concentration 

of NADH, ensuring that the volume of hydrogen formed was observable. 100 mL of 2 

mM NADH solution in a 0.1 M, pH 7 phosphate buffer was added to a 100 mL round-

bottom flask. This initial supply of NADH is equivalent to a theoretical yield of 4.8 mL 

of H2. The round-bottom flask was connected via a PTFE line to an inverted measuring 

cylinder filled with water and suspended in a water bath (see Figure S7). The reaction 

mixture was purged with 30 mL min-1 of N2 for 20 mins and stirred at 600 rpm. After 

purging, Pt/C-6 (0.4 g) was added to commence the reaction at 293 K. After 100% 

conversion of NADH was achieved (determined by the absence of adsorption at 340 

nm), the pH (remained at 7) and volume of gas produced were measured. The gas 

formed was analysed by a Shimadzu 2014C GC with a molecular sieve-13X column 
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(3.0 m × 3.2 mm) and a thermal conductivity detector (TCD). Data acquisition was 

performed using GC solution chromatography system.  

The Expression and Purification of Alcohol Dehydrogenases. 

The E. coli BL21(DE3) strains containing the protein expression plasmids of alcohol 

dehydrogenases were cultivated in the LB medium supplemented with 1.2% glycerol 

at 310 K. When A600 reached about 0.8, 500 µM isopropyl-beta-D-

thiogalactopyranoside (IPTG, a final concentration) was added and the cultivation 

temperature was decreased to 291 K for ~16 h. After induction with 500µM IPTG (final 

concentration), cells were harvested by centrifugation. The cell pellets were 

resuspended in 50 mM potassium phosphate buffer (pH 7.0), followed by sonification. 

After centrifugation, the supernatant was loaded onto the column packed with HisPur 

Ni-NTA Resin (Fisher Scientific, Pittsburgh, PA, USA) and eluted with 50 mM 

potassium phosphate buffer (pH 7.0) containing 300 mM NaCl and 250 mM imidazole. 

The purified proteins (10 µL were loaded into 12% sodium dodecyl sulphate–

polyacrylamide gel electrophoresis (SDS-PAGE) to check the quality of purification. 

Biocatalytic Alcohol Oxidations with in situ NAD+ Regeneration using the Pt/C-

6 Catalyst. 

The biocatalytic oxidative reactions catalysed by dehydrogenases with concurrent 

cofactor recycling were performed in 10 mL vials with a magnetic stir bar (10 mm × 3 

mm) at room temperature (approximately 296 K), stirred at 600 rpm. 3 mL reaction 

mixture contained 50 mM potassium phosphate buffer (pH = 7.0), 2 mM alcohol 

substrate, 2% DMSO as cosolvent, 10 mg mL-1 Pt/C-6 catalyst, 40 µM NADH, and 50 

µg mL-1 dehydrogenase. The headspace of the vials was filled with high purity N2 gas. 

After 6 h of reaction, the products of the biocatalytic oxidative reaction were extracted 
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by using ethyl acetate and quantified using gas chromatography–mass spectrometry 

(GC-MS).  

The GC-MS analysis was carried out using an Agilent 5975C GC/MSD instrument 

equipped with an Agilent DB-5MS column (30 m x 0.25 mm x 0.25 µm). The inlet 

temperature was held at 513 K with a 1.2 mL min-1 column flow rate and helium as the 

carrier gas. Reaction products were extracted with ethyl acetate containing 1 mM 

eicosane as an internal standard. 2 µL samples were manually injected onto the 

column. The oven temperature was held at 333 K for 1 min followed by a ramp to 473 

K at a rate of 20 K min-1. The integration value was recorded by GC/MSD data 

analysis. Control experiments using Pt/C-6, NADH and substrates (i.e., in the absence 

of enzymes) didn’t generate any -OH oxidation products. Further control reactions 

using enzymes, NADH and substrates (i.e., in the absence of Pt/C-6) showed no 

products either. 

Results and discussion  

Pt/C Promoted Proton-Driven NAD+ Regeneration. 

Initial experiments were undertaken with an unmodified Pt/C catalyst labelled as Pt/C-

1. The catalyst was prepared by loading platinum onto an as-supplied activated carbon 

support, as described in the Supporting Information, and characterisation of the 

catalyst is described in the following section. Figure 2a shows the temporal 

consumption of NADH and the corresponding formation of NAD+ over this catalyst. 

Two different quantification methods for the NAD cofactors were applied to assess the 

selectivity of the catalyst. Since other enzymatically inactive isomers have a UV-Vis 

absorption in the same 340 nm region as NADH (such as the 1,6-NADH isomer (345 

nm) and the (NAD)2 dimers (~340 nm)), quantification by UV-Vis spectroscopy alone 

would be inconclusive for NADH conversion and so enzymatic assays were applied 
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(Figure S1).29 It was found that after 45 mins of reaction, 100% conversion of NADH 

was achieved with a yield of 91% of NAD+. The exponential shape of NADH 

consumption throughout time indicates a first-order reaction with respect to NADH 

consumption (Figure S2). The derived rate constant was 7.4 h-1. This equates to an 

initial turnover frequency (TOF, i.e., molecules of NADH reacted per surface platinum 

active site per time) of 105 h-1. Monitoring the total concentration of NADH and NAD+ 

in the system reveals that during the initial stage of reaction, 9% of total NAD in the 

system is lost. After this period, the amount of total NAD remains constant throughout 

the course of the reaction, meaning that 100% of the NADH is being converted to 

NAD+. 

This behaviour resulted in the proposed hypothesis that the initial loss of cofactors in 

the system was due to the adsorption of NADH or NAD+ onto the catalyst surface as 

opposed to the unselective conversion of NADH. The absence of any byproduct peaks 

in the UV-Vis profiles (Figure 2b) supports this hypothesis, but to verify this, adsorption 

experiments were conducted whereby both NADH and NAD+ were separately exposed 

to the untreated carbon carrier (C-1, before Pt deposition) to remove the catalytic 

influence of Pt and to see which cofactor, if any, would undergo adsorption. Figure S3 

shows that the concentration of NADH in solution decreases at the same rate as the 

known NADH decomposition/decay30,32,34 (in the absence of C-1) under the 

experimental conditions, meaning no adsorption took place. But interestingly, there 

was a clear decrease in NAD+ concentration, revealing that the loss of selectivity 

during the course of the reaction was caused by the adsorption/immobilisation of NAD+ 

onto the carbon support. To further verify this, the same adsorption experiment was 

repeated with Pt/C-1 and NAD+ (Figure S3), which resulted in the same amount of 

NAD+ being adsorbed. In other words, all of the NADH in the regeneration reaction is 
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selectively converted to the target NAD+, part of which, however, remains on the 

catalyst via adsorption. 

The majority of NAD+-dependent enzymes have a working pH range of 7-10, and so 

the influence of proton concentration on the regeneration of NAD+ was examined. Due 

to the instability of NADH, particularly in acidic environments, blank reactions were 

initially performed and are shown in Figure S4. In agreement with the literature,35 the 

decay of NADH was heavily proton dependent with first-order rate constants of NADH 

decay of 1.59, 0.66 and 0.012 h-1 at pH 4, 7 and 10, respectively. Temporal NADH 

conversion profiles (Figure 2c) reveal reduced activity with decreasing proton 

concentration with corresponding rate constants (after removing the decay effect) of 

14.6, 7.44 and 1.92 h-1. This provides good evidence of the proton-driven reaction 

proposed in Figure 1b (H2 production will be discussed in the following section). This 

first attempt of creating a NAD(H)-dependent hydrogenase biomimetic that can also 

immobilise NAD+ and operate under the reaction conditions preferred by NAD+-

dependent enzymes via heterogeneous supported Pt catalyst has thus proven 

feasible. 

Catalyst Optimisation. 

TEM images of the Pt/C-1 catalyst (Figure 3a) show that it contains highly dispersed 

Pt nanoparticles with a mean particle size of 2.6 nm (Figure 3b). It is well known that 

the electronic character of the Pt active sites on carbon supports can be selectively 

tuned by modifying the surface chemistry of the carbon, which is particularly useful in 

oxidation reactions.36,37 We considered that if the platinum is mimicking the function of 

NAD(H)-linked hydrogenases in the natural system by promoting the reduction of 

protons to hydrogen, this may be enhanced with higher electron density on the 

platinum.38 In fact, hydrogenases contain iron-sulfur clusters that act as an electron 
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reservoir to promote proton reduction, therefore it would be reasonable to assume that 

creating an electron reservoir in the Pt active sites would enhance the rate of reaction 

in our system.39 We therefore prepared a series of platinum catalysts of the same 

loading on modified carbon supports with the aim of enhancing the activity for NAD+ 

regeneration. In brief, liquid phase oxidation treatments of the carbon employed either 

HNO3 (5 M: Pt/C-2, 10 M: Pt/C-3) or H2O2 (Pt/C-4), while gas phase oxidation used 

O2 (Pt/C-5) followed by heating in nitrogen at 973 K prior to platinum deposition (Pt/C-

6).  

Figure 4a,b shows the CO2 and CO TPD spectra of the Pt/C catalysts with the 

activated carbon before (Pt/C-1) and after various liquid and gas-phase oxidative 

treatments (Pt/C-2-6). Liquid-phase treatments of the carbon with 5 (Pt/C-2) and 10 M 

HNO3 (Pt/C-3) cause an increase in CO2 evolution at lower temperatures (473-873 K 

at a maximum of ~573 K) characteristic of carboxylic acid groups being formed. H2O2 

treatment (Pt/C-4) resulted in CO2 evolution at both low and high temperatures, with 

maximums of about 573 and 1010 K. The CO2 profiles for the gas phase oxidised 

samples are dominated by high temperature peaks characteristic of lactone or 

anhydride groups.40 The CO desorption profiles are quite similar for all of the carbons. 

Deconvolution of the O 1s peak (Figure 4c) at 531.4, 532.3, 533.2 and 534.3 eV 

indicates the type of functionalities that contribute to these peaks, whereby a binding 

energy of 531.4 eV corresponds to quinone type carbonyls, 532.3 eV for carbonyl 

oxygen atoms in anhydrides and lactones and oxygen atoms in phenolic and ether 

groups, 533.2 eV for ether oxygen atoms in lactones and anhydrides and 534.3 eV 

which corresponds to oxygen groups in carboxylic acids.41 The most noticeable 

difference in the O 1s profiles are in the growth of a higher binding energy component 

at 534.4 eV characteristic of carboxylic acid groups, but this component is 
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conspicuously absent from the gas-phase oxidised carbons. The O 1s profiles for Pt/C-

5 and Pt/C-6 closely resemble those of Pt/C-1. Figure 4d shows the DRIFTS spectra 

recorded before and after different oxidative treatments. As with the XPS O1s spectra, 

the most obvious differences are seen for the liquid-phase oxidised samples (Pt/C-2-

4), which show enhanced bands above 1600 cm-1 characteristic of carboxylic acid 

groups. Gas phase oxidation in O2 (Pt/C-5) is known to incorporate hydroxyl and 

carbonyl surface groups (e.g., phenolic, lactonic and anhydride functionalities).40 The 

subsequent thermal treatment at 973 K in N2 of Pt/C-6 will result in the decomposition 

of the surface groups that are unstable below this temperature, which is evidenced by 

the lack of any significant peaks in the CO2 TPD spectra of Pt/C-6 (Figure 4a).  

TEM images showed that all of the platinum loaded catalysts contained highly 

dispersed platinum nanoparticles (Figure 3 and Figure S5) although some differences 

in mean particle size and size distribution were noted (Table 1). Clear differences in 

the Pt 4f XPS binding energies with support pre-treatment were seen (Figure 5a). 

Liquid phase oxidative treatments (Pt/C-2,3,4) increased the binding energy relative 

to Pt/C-1, whereas the gas phase oxidation of the support decreased the binding 

energy below that of Pt/C-1. Binding energies of supported platinum and other metal 

clusters are influenced both by cluster size effects (decreasing cluster size increases 

binding energies) and support interactions.42 O 1s XPS spectra, DRIFTS and CO/CO2 

TPD measurements (Figure 4) show that the liquid phase oxidative treatments of the 

carbon supports produces carboxylate surface groups, and it may be argued that the 

interaction of these electron withdrawing groups with the Pt clusters lowers the 

electron density on the platinum, increasing the Pt 4f binding energy. On the other 

hand, the two gas-phase treated samples, likely due to the overall electron-donating 
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effects of the groups present and the increased Pt size (in the case of Pt/C-6, Table 

1), exhibited a decrease in the Pt 4f binding energy.  

The higher electron density on the Pt clusters in Pt/C-5 and Pt/C-6 does result in a 

higher activity for NAD+ regeneration than Pt/C-1. This is seen in the conversion 

versus time plots in Figure 5b. On the other hand, the catalysts with lower Pt electron 

density (Pt/C-2,3,4) are less active than Pt/C-1. These differences become more 

apparent when initial turnover frequencies (TOF = NADH molecules converted per 

surface exposed Pt atom per unit time) are plotted against the Pt 4f7/2 binding energy 

in Figure 5c. There is a clear correlation: higher electron density on the Pt results in 

higher TOF, and the most active catalyst, Pt/C-6, has an initial TOF ~6 times higher 

than Pt/C-1 and ~8 times higher than the reported Au/Nb2O513 (73.4 h-1 using O2 but 

inactive using protons). 

To further confirm the role of electron-rich Pt in promoting the reduction of protons to 

hydrogen we measured the hydrogen produced in a NAD+ regeneration reaction using 

Pt/C-6. Under the reaction conditions employed 4.6 mL of H2 was produced from a 

theoretical yield of 4.8 mL (see Figure S6). This provides clear evidence of 

stoichiometric H2 production (within the accuracy range expected for the experiment) 

in the proton-driven NADH oxidation (i.e., NADH + H+ = NAD+ + H2). It should be noted 

here that this is for the first time the above chemical reaction is catalysed by a 

heterogeneous supported metal catalyst. The other important oxidized nicotinamide 

cofactor is its phosphorylated form, i.e., NADP+. The Pt/C-6 catalyst was subsequently 

examined in the NADPH dehydrogenation for NADP+ regeneration (Figure S7), where 

a very similar catalytic response (to that of NAD+) was obtained, with a TOF of 560 h-

1. The optimised Pt/C-6 catalyst was then employed in all of the subsequent 

experiments described below. 
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Biocatalytic Alcohol Oxidations with in situ NAD+ Regeneration using the Pt/C-

6 Catalyst.  

Cooperative catalysis requires chemo-enzymatic systems to be mutually compatible, 

which is often difficult to obtain.43 When applied independently, the inorganic and 

enzymatic catalysts typically operate under different reaction conditions (temperature, 

pH, solvent etc.) and are also known to cause mutual deactivation.44-47 Although we 

have proved the regeneration capability of supported Pt catalysts, the inorganic 

catalyst must successfully work in conjunction with the enzyme to demonstrate the 

feasibility of this cooperative system for sustainable chemical production. In order to 

illustrate the NAD+ regeneration ability of Pt/C-6 to support biocatalytic oxidations, the 

oxidation of alcohols catalysed by different alcohol dehydrogenases was studied as a 

model system. As shown in Table 2, four different alcohols were selected as model 

substrates and included primary and secondary aliphatic alcohols, an aliphatic diol 

and an aromatic secondary alcohol, showing the versatility of the cooperative system.  

The oxidation of the four alcohol substrates were catalysed by four alcohol 

dehydrogenases from different microorganisms (TesADH: alcohol dehydrogenase 

from Thermoanerobacter ethanolicus; ADH-hT: alcohol dehydrogenase from 

Geobacillus stearothermophilus; AA-ADH: (S)-Specific 1-phenylethanol 

dehydrogenase of the denitrifying Bacterium Strain EbN1; HL-ADH: alcohol 

dehydrogenase E chain of horse, Figure S8) and was integrated with the NAD+ 

regeneration system based on the Pt/C-6 catalyst, respectively. After 6 h of reaction 

starting with NADH (which would be inactive in the absence of regeneration), all four 

alcohol substrates were converted to corresponding ketone and lactone products. On 

the contrary, for the reaction system without Pt/C-6 catalyst, the products were not 
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detectable. This result clearly demonstrated that the Pt/C-6 catalyst possessed the 

compatibility with biocatalytic systems, which could be utilised to realise NAD+ 

regeneration and support biocatalytic alcohol oxidation. The conversion of different 

substrates showed a significant difference. The conversion of (S)-(+)-2-octanol 

achieved 58%, meanwhile the conversion of 1-heptanol was only 6.5%. This difference 

is caused by the difference in the specific activity of enzymes to different substrates. 

In general, the application of heterogeneous catalysts to perform effective cofactor 

regeneration and further drive the enzymatic conversion, even multi-enzyme cascade 

conversion, provides a promising strategy to realise the industrial application of 

biocatalysis. In addition to reducing the cost of using cofactor, the heterogeneous 

catalyst offers significant downstream separation advantages and can be recycled in 

comparison with homogeneous catalysts. The Pt/C-6 catalyst developed in this study 

further has the advantage of being robust and convenient to use. Without the input of 

external photo or electrical energy and the construction of an additional reaction 

system (e.g., reactor compartmentation), the Pt/C-6 catalyst simply promotes 

oxidation of NADH using protons and is compatible with the enzymatic oxidations 

which in turn produce the required protons.  

Conclusions  

In summary, a heterogeneous catalyst formulation was designed to promote proton-

driven oxidation of NAD(P)H to NAD(P)+ with concurrent hydrogen formation. The 

resulting Pt/C-6 catalyst with the highest degree of electron donation from carbon 

generated the highest TOF (581 h-1 for NADH consumption; 560 h-1 for NADPH 

consumption): a result of electron-rich Pt promoted electron transfer to protons. The 

Pt/C-6 exhibited good compatibility with biocatalytic systems and support the oxidation 
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of different alcohols catalysed by alcohol dehydrogenases from different 

microorganisms. This work provides a promising strategy for chemical synthesis via 

NAD(P)+-dependent pathways, utilising a cooperative inorganic-enzymatic catalytic 

system. 
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Figures 

 

 
Figure 1: a, Schematic showing a general enzymatic oxidation with the concurrent consumption of NAD+, coupled to the regeneration of NAD+ 
via a proton-driven regeneration catalyst. b-e, Existing methods of proton-driven NAD+ regeneration. b shows a biocatalytic example that utilises 
two enzymes supported on pyrolytic graphite, whereby the enzyme HoxFU catalyses the conversion of NADH to NAD+. The electrons produced 
from this reaction are transferred via the support to the hydrogenase enzyme that converts protons to hydrogen. c uses the photosensitiser Eosin 
Y to convert NADH to NAD+ and the electron formed are utilised by platinum nanoparticles to convert protons to hydrogen. d uses a photoanode 
to convert NADH to NAD+ and a platinum cathode is used to transfer the electrons to protons to form hydrogen. e uses an iridium organometallic 
complex to convert NADH to NAD+ and transfer the electrons to protons, forming hydrogen. f, Proton-driven NAD+ regeneration using supported 
Pt (this work). 
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Figure 2: a, Temporal consumption of NADH and concurrent formation of NAD+ over Pt/C-1. Determination of the concentration of NADH and 
NAD+ by UV-Vis (black line with symbols) and enzymatic assays (red symbols). Total concentration of NADH and NAD+ determined by enzymatic 
assays (open diamonds). b, Corresponding UV-Vis spectra at 0, 5 and 45 mins of reaction. c, Temporal conversion of NADH at various pH. 
Reaction conditions: 0.5 mM of NADH in 100 mL of phosphate buffer (0.1 M, pH 7 for a,b), 0.1 g of Pt/C-1, 30 mL min-1 of N2 and at 310 K. 
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Figure 3: Representative TEM images at different resolutions with the corresponding particle 
size histograms for Pt/C-1 (a, b) and Pt/C-6 (c, d), respectively. 
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Figure 4: Characterisation of the Pt/C catalysts showing a, CO2 TPD profiles, b, CO TPD 
profiles, c, O1s XPS spectra with deconvolution at 531.4, 532.3, 533.2 and 534.3 eV (circle: 
raw data) and d, DRIFTS spectra. 
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Figure 5: a, Pt 4f spectra of the Pt/C catalysts. Circles: experimental data; red lines: fitting of 
raw data; dashed lines: original Pt 4f peak position of the doublet observed in Pt/C-1. b, 
Comparison of the activities of Pt/C catalysts. c, Relationship between the TOF and Pt 4f B.E. 
for Pt/C catalysts. Reaction conditions: 0.5 mM of NADH in 100 mL of phosphate buffer (0.1 
M, pH 7), 0.1 g of catalyst, 30 mL min-1 of N2 and at 310 K. 
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Tables 
Table 1. Summary of the physicochemical properties of the Pt/C catalysts.  

Catalyst Pt loading 
(% w/w) 

SBET 
(m2 g-1) 

 Possible main contributing 
surface groups 

Pt particle size range  
(nm) 

Mean Pt particle size 
(nm) 

Pt/C-1 0.85 344  Quinone type carbonyls 1.1-4.3 2.6 

Pt/C-2 0.87 478  Carboxylic acids 1.3-4.7 3.2 

Pt/C-3 1.07 426  Carboxylic acids 0.8-5.1 2.3 

Pt/C-4 0.87 390  Anhydrides, lactones 0.9-7.5 3.9 

Pt/C-5 0.66 376  Phenols, anhydrides, lactones 0.7-7.4 2.8 

Pt/C-6 0.73 474  Phenolic groups 1.4-9.6 4.6 
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Table 2. Biocatalytic Alcohol Oxidation with in situ NAD+ Regeneration using Pt/C-6 Catalyst. a 
 

[a] All values correspond to the mean (n=3). Errors correspond to one standard deviation. The reaction system comprised 2 mM substrate, 10 
mg mL-1 Pt/C-6 catalyst, 40 µM NADH and 50 µg mL-1 enzyme; reaction time: 6 h; except the listed products, no by-products were detected. 
[b] Not detectable. 

Substrate Product Enzyme 
Product 

concentration 
with Pt/C-6 

catalyst (mM) 

Conversion  
(%) 

Product 
concentration 
without Pt/C-6 
catalyst (mM) 

Product 
concentration 

without enzyme 
catalyst (mM) 

 
OH  

1-Heptanol 

 
O  

Heptanal 

 

TesADH 

 

0.13 ± 0.01 

 

6.5 
 
 

 

ND b 

 

ND b 

OH  

(S)-(+)-2-Octanol 

O  
2-Octanone 

ADH-hT 
 

1.16 ± 0.05 
 

58 ND b 
 

ND b 

 

OH

 

(S)-(−)-1-
Phenylethanol 

O

 
Acetophenone 

 

AA-ADH 

 

0.35 ± 0.06 

 

18 

 

ND b 

 

ND b 
 

 
 

HO OH  

1,5-Pentanediol 

O

O

 
δ-Valerolactone 

 
HL-ADH 

 
0.22 ± 0.02 

 

 
11 

 
ND b 

 
ND b 
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S2 
 

Amino Acid Sequences of the Alcohol Dehydrogenases Used in This Study 

Alcohol dehydrogenase variant from Thermoanerobacter ethanolicus (TesADH, 

W110A/G198D, Genbank: WP_041589967.1) with a His-tag. The His-tag sequence 

was underlined.  

MGSSHHHHHHSSGLVPRGSHMKGFAMLSIGKVGWIEKEKPAPGPFDAIVRPLAVA

PCTSDIHTVFEGAIGERHNMILGHEAVGEVVEVGSEVKDFKPGDRVVVPAITPDWR

TSEVQRGYHQHSGGMLAGAKFSNVKDGVFGEFFHVNDADMNLAHLPKEIPLEAAV

MIPDMMTTGFHGAELADIELGATVAVLGIGPVGLMAVAGAKLRGAGRIIAVDSRPVC

VDAAKYYGATDIVNYKDGPIESQIMNLTEGKGVDAAIIAGGNADIMATAVKIVKPGGT

IANVNYFGEGEVLPVPRLEWGCGMAHKTIKGGLCPGGRLRMERLIDLVFYKRVDPS

KLVTHVFRGFDNIEKAFMLMKDKPKDLIKPVVILA 

Alcohol dehydrogenase from Geobacillus stearothermophilus (ADH-hT, Uniport: 

P42328) with a His-tag. The His-tag sequence was underlined.  

MKAAVVEQFKEPLKIKEVEKPTISYGEVLVRIKACGVCHTDLHAAHGDWPVKPKLPL

IPGHEGVGIVEEVGPGVTHLKVGDRVGIPWLYSACGHCDYCLSGQETLCEHQKNA

GYSVDGGYAEYCRAAADYVVKIPDNLSFEEAAPIFCAGVTTYKALKVTGAKPGEWV

AIYGIGGLGHVAVQYAKAMGLNVVAVDIGDEKLELAKELGADLVVNPLKEDAAKFM

KEKVGGVHAAVVTAVSKPAFQSAYNSIRRGGACVLVGLPPEEMPIPIFDTVLNGIKII

GSIVGTRKDLQEALQFAAEGKVKTIIEVQPLEKINEVFDRMLKGQINGRVVLTLEDKH

HHHHH 

(S)-Specific 1-phenylethanol dehydrogenase of the denitrifying Bacterium Strain EbN1 

(AA-ADH, PDB: 2EW8) with a His-tag. The His-tag sequence was underlined. 

MGSSHHHHHHSSGLVPRGSHMTQRLKDKLAVITGGANGIGRAIAERFAVEGADIAI

ADLVPAPEAEAAIRNLGRRVLTVKCDVSQPGDVEAFGKQVISTFGRCDILVNNAGIY

PLIPFDELTFEQWKKTFEINVDSGFLMAKAFVPGMKRNGWGRIINLTSTTYWLKIEA



S3 
 

YTHYISTKAANIGFTRALASDLGKDGITVNAIAPSLVRTATTEASALSAMFDVLPNML

QAIPRLQVPLDLTGAAAFLASDDASFITGQTLAVDGGMVRH 

Alcohol dehydrogenase E chain of horse (HL-ADH, Uniport: P00327) with a His-tag. 

The His-tag sequence was underlined. 

MGSSHHHHHHSSGLVPRGSHMSTAGKVIKCKAAVLWEEKKPFSIEEVEVAPPKAH

EVRIKMVATGICRSDDHVVSGTLVTPLPVIAGHEAAGIVESIGEGVTTVRPGDKVIPL

FTPQCGKCRVCKHPEGNFCLKNDLSMPRGTMQDGTSRFTCRGKPIHHFLGTSTFS

QYTVVDEISVAKIDAASPLEKVCLIGCGFSTGYGSAVKVAKVTQGSTCAVFGLGGV

GLSVIMGCKAAGAARIIGVDINKDKFAKAKEVGATECVNPQDYKKPIQEVLTEMSNG

GVDFSFEVIGRLDTMVTALSCCQEAYGVSVIVGVPPDSQNLSMNPMLLLSGRTWK

GAIFGGFKSKDSVPKLVADFMAKKFALDPLITHVLPFEKINEGFDLLRSGESIRTILTF 
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Figures  

 

 

Figure S1. Schematic of the cyclic enzymatic assay used to determine the 
concentration of NADH and total concentration of NADH and NAD+. 
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Figure S2: First order plot of NADH consumption over Pt/C-1 (black squares) and 
decay of NADH under the reaction conditions (red circles). Reaction conditions: 0.5 
mM of NADH in 100 mL of phosphate buffer (0.1 M, pH 7), 0.1 g of Pt/C-1, 30 mL min-

1 of N2 and at 310 K. 
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Figure S3: NADH and NAD+ adsorption on C-1 and Pt/C-1. Reaction conditions: 0.5 
mM of NAD+ or NADH in 100 mL of phosphate buffer (0.1 M, pH 7), C-1 (0.1 g) or 
Pt/C-1 (0.1 or 0.02 g), 30 mL min-1 of N2 and at 310 K. 
 
As shown in Figure S3, the experiment of NADH with bare C-1 support presents little 

decrease in concentration, which is equivalent to the non-catalyzed NADH decay. This 

confirms that no adsorption or catalysis of the reactant NADH takes place over carbon 

support alone and Pt is essential for reactions. Significant adsorption of NAD+ on 0.1 

g C-1 was observed, independent of the presence of Pt. The amount of NAD+ 

adsorbed was largely proportional to the mass of catalyst used (0.02 and 0.1 g). 

Therefore, the amount of NAD cofactor lost in catalysis (i.e., NAD+ yield was close to 

but never reached 100%, see Figure 2a) was due the adsorption NAD+ on catalyst as 

opposed to the generation of any by-product.  
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Figure S4: Decay of NADH at different pH. Reaction conditions: 0.5 mM of NADH in 
100 mL of phosphate buffer (0.1 M, pH 4, 7 or 10), 30 mL min-1 of N2 and at 310 K. 
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Figure S5: TEM images at different resolutions (left and middle) and the 
corresponding Pt particle size histograms (right column): (a) Pt/C-2, (b) Pt/C-3, (c) 
Pt/C-4 and (d) Pt/C-5 catalysts, respectively. 
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Figure S6: a, Hydrogen production experimental setup involving a round bottom flask 
containing NADH and Pt/C-6 connected to an inverted measuring cylinder suspended 
in a water bath. b, The level of water in the measuring cylinder at the start of the 
experiment and c, the level of water at the end of the experiment. 
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Figure S7: Temporal reaction profile of NADP+ regeneration. Reaction conditions: 0.5 
mM of NADPH in 100 mL of phosphate buffer (0.1 M, pH 7), 0.1 g of Pt/C-6, 30 mL 
min-1 of N2 and at 310 K. 
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Figure S8: SDS-PAGE analysis of purified enzymes used for biocatalytic alcohol 
oxidations. Lane 1: TesADH; Lane 2: ADH-hT; Lane 3: AA-ADH; Lane 4: HL-ADH, 
and Lane M: marker 
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