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Abstract 

Upgrading glycerol, an abundant bio-based platform chemical, into high-value oxygenates is a 

cornerstone of integrated biorefineries. While chemo-catalytic routes typically lack selectivity, 

enzymatic approaches are often limited in productivity and robustness. Glycerol dehydrogenase 

(GDH) catalyzes the selective oxidation of glycerol, into the valuable compound 

dihydroxyacetone (DHA). However, this biocatalytic reaction is hampered by strong product 

inhibition of the enzyme and by the requirement for the costly cofactor NAD+. The enzyme is 

also inhibited by the formed NADH. To overcome these limitations, we designed a biocatalytic 

cascade system. In this approach, fructose-6-phosphate aldolase (FSAA129S) rapidly converts 

DHA, thereby preventing inhibition and funneling the reaction toward the formation of L-

erythrulose, a stable, non-inhibitory, and more valuable product. In addition, an optimized 

cofactor regeneration system based on NADH oxidase and catalase is incorporated, so that only 

a catalytic amount of NAD+ is required. All four enzymes are co-immobilized on a resin to 

create a multifunctional heterogeneous biocatalyst. Using this system, L-erythrulose is 

produced at concentrations up to 120 mM with complete selectivity. 
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1. Introduction 

In recent years, the chemical industry has increasingly shifted from petroleum-based raw 

materials to biomass-derived resources, aiming for a more sustainable and long-term approach. 

Among the numerous bio-based molecules available in large quantities from biorefineries, 

glycerol (1,2,3-propane triol) stands out as a crucial bio-based platform chemical [1,2]. 

Currently, glycerol is cheaply available as a byproduct of biodiesel production through oil 

transesterification [3,4]. This versatile molecule is renewable, non-toxic, biodegradable, 

inexpensive, edible, and highly functionalized, making it amenable to further upgrading. It can 

be converted into numerous valuable chemicals such as polymers [5,6], ethers [7,8], carbonates 

[9–11], and various fine chemicals, which are valuable for the cosmetics, pharmaceuticals, 

chemicals, and food industries [12].  

Glycerol oxidation is one of the most interesting valorization pathways, leading to valuable 

chemicals such as glyceraldehyde or dihydroxyacetone (DHA). DHA finds numerous 

applications in the chemical industry [13]. The production of DHA from glycerol oxidation can 

be achieved through chemo-catalytic methods, using noble metal based catalyst (Au, Ag, Pd 

and Pt) and molecular oxygen as the oxidant [14–17]. However, in such oxidation processes, 

side products are classically formed via overoxidation reactions [17] so that activity inevitable 

comes at the expense of selectivity. This makes DHA a difficult target for chemo-catalysis.  

The utilization of enzymes for this type of reaction is particularly advantageous owing to their 

intrinsically high selectivity. Glycerol dehydrogenase (GDH) is known to efficiently catalyze 

the oxidation of glycerol to DHA [18]. Like many oxidoreductases, this enzyme requires a 

nicotinamide cofactor (i.e. NAD(P)+) to operate. Noteworthily, GDH is inhibited by the formed 

NADH, meaning that NAD+ cannot be added in large excess or even in stoichiometric quantities 

(which anyway would not be economically viable) and instead must be used in catalytic 
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amounts and continuously recycled. Various cofactor regeneration systems have been reported 

in the literature [19,20]. NADPH oxidase (NOX) is a well-documented enzyme, which has 

already been exploited in combination with GDH [21–23]. During the regeneration of NAD+ 

by NOX, H2O2 is produced. To prevent potential oxidative damage and side reactions caused 

by H2O2, catalase is classically added to the system. Catalase swiftly catalyzes the 

decomposition of H2O2 into H2O and O2, thereby preventing enzyme degradation [24]. 

However, GDH encounters another crucial limitation: inhibition by its own product, DHA. It is 

reported that GDH loses 50% of activity in the presence of only 0.42 mM DHA [18]. With these 

constraints, GDH is arguably underexploited, and the few reports on the GDH-catalyzed 

oxidation of glycerol show final concentrations of DHA never exceeding the millimolar range 

(~9 mM at best) [21,22,25]. 

Here, we propose to further convert DHA (132 $/kg [17]) into an even more valuable product 

that does not inhibit GDH: L-erythrulose (Figure 1). This ketose is classified as a “rare sugar” 

and has a high market value (262$/kg BIOSYNTH®). It is primarily used as a tanning agent in 

the cosmetics industry due to its reactivity with amino acids in the upper skin layers [26]. 

Additionally, it serves as a source of chiral ethyl ketones in aldol reaction organic synthesis 

(e.g. in the synthesis of thioesters [27] or polyether antibiotics [28]). The alpha carbonyl group 

serves as a key site for the attachment of additional carbon fragments through nucleophilic 

addition [29]. L-erythrulose can be effectively synthesized through the aldolization of 

formaldehyde and DHA through a biocatalytic route using the D-fructose-6-phosphate aldolase 

(FSAA129S) [30]. The FSAA129S mutant from Escherichia coli has been reported as highly active 

and robust, making it a suitable catalyst for this organic synthesis cascade [31].  
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Figure 1: Multi enzymatic cascade reaction for the enantioselective synthesis of L-erythrulose 

from glycerol, using a GDH/FSAA129S/NOX/Catalase system. 

 

It should be noted that several reports showed enzymatic cascade reactions aiming at the 

valorization of glycerol into rare sugars [32–36]. However, to the best of our knowledge, these 

cascades necessarily involve a phosphorylation step and the use of dihydroxyacetone phosphate 

(DHAP) aldolase, which increases the overall number of steps and complicates the process. In 

contrast, our objective is to employ well-characterized and easily producible enzymes to 

directly synthesize the rare sugar L-erythrulose without requiring phosphorylation, and in a one-

pot concurrent cascade reaction.  

Here, in the process of glycerol upgrading, the incorporation of FSAA129S “kills two birds with 

one stone”: (i) it provides direct access to a more valuable end-product than DHA and (ii) it 

mitigates the GDH inhibition. Moving further in the direction of a sustainable chemical 

synthesis process [37], we also show that the reaction can pushed to high L-erythrulose titer and 

can be catalyzed in a heterogenous fashion, by using immobilized enzymes. 
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2. Results and Discussion 

2.1 L-erythrulose synthesis by a multi-enzyme cascade reaction 

(GDH/FSAA129S/NOX/Catalase) 

The complete cascade reaction was tested starting from 50 mM glycerol, 50 mM formaldehyde, 

0.5 mM NAD+, 0.5 mM NADH in PPi buffer pH 9 at 25°C (Table 1, entry a). The reaction was 

carried out at pH 9 because NOX and FSAA129S operate optimally under slightly alkaline 

conditions (8-8.5) [31,38]. Catalase remains highly active over a broad pH range (4–10) [39], 

while GDH exhibits optimal activity around pH 9 [40]. Since GDH is the rate-limiting enzyme 

in the system, the reaction pH was set to favor its activity. Under these conditions, 24% glycerol 

is converted with 100% selectivity, yielding a final L-erythrulose concentration of 12 mM 

(which is higher than the reported final concentration of DHA for the GDH-catalyzed oxidation 

of GLY [21,22,25]). The progress of the reaction was monitored by proton NMR, as is 

commonly reported in the literature [41–43]. No DHA was detected (see ESI, Figure S8), which 

is consistent with the fact that FSAA129S is very active and drives the rapid conversion of this 

intermediate towards the final product.  

To demonstrate the importance of each enzyme in the system, we repeated this experiment by 

removing one enzyme at a time (Table 1b, c, d and e). As expected, in the absence of GDH 

(entry b), no consumption of glycerol was observed and, consequently, no production of L-

erythrulose. When NOX was missing (entry c), only a small production of L-erythrulose was 

noticed, which exactly corresponds to the initial amount of NAD+ in the solution (0.5 mM). 

This shows that the cofactor regeneration enzyme is essential. In the absence of FSAA129S (entry 

d) no L-erythrulose was produced and the conversion of glycerol was markedly reduced as 

compared to the complete cascade (entry a). This confirms a strong inhibition of GDH by DHA, 

as described in the literature [18]. Finally, without catalase (entry e), the production of L-

erythrulose decreased by 50% in comparison with the standard test (entry a), demonstrating the 
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importance of this enzyme to rapidly decompose H2O2 and avoid its deleterious effects on the 

other enzymes at work [44].  

Introducing NAD+ only (instead of an equimolar concentration of NAD+ and NADH) had only 

a minor effect on glycerol conversion (entry f). Increasing the NAD+ concentration to 1 mM 

and 1.5 mM (entries g and h) resulted in a decrease in final L-erythrulose concentration. This 

effect is most likely caused by the inhibition of an enzyme within the cascade by NAD+. 

In attempts to boost the final L-erythrulose concentration, enzyme loadings were systematically 

varied. As anticipated, a lower concentration of GDH (0.25 mg/mL, entry i) correlated with a 

reduced glycerol conversion. However, at 2 mg/mL (entry j), no further increment in production 

was observed as compared to the starting conditions (1 mg/mL, entry a), hinting to a kinetic 

bottleneck elsewhere in the enzymatic cascade. In contrast, increasing the concentration of 

NOX (entry k) resulted in a product yield that surpassed that of the standard conditions (entry 

a). Thus, the standard conditions revealed a deficiency in NADH recycling which elucidates 

the absence of enhancement when GDH concentrations were escalated. A further increase in 

NOX loading from 1.5 mg/mL to 2.25 mg/mL (entry l) did not yield a corresponding rise in L-

erythrulose production, suggesting that beyond 1.5 mg/mL, NAD+ consumption by GDH 

becomes limiting. Reducing the FSAA129S loading from 5 mg/mL to 1 mg/mL decreased the 

final L-erythrulose concentration only marginally (entry m), in good agreement with the high 

efficiency of this enzyme [30]. Notwithstanding, to prevent any possible inhibition of GDH by 

DHA by ensuring a fast consumption of the intermediate, a concentration of 5 mg of FSAA129S 

was retained for subsequent assays. Doubling the amount of catalase revealed no significant 

change in the results (entry n), which aligns with expectations given the high activity of this 

enzyme (30,000 U/mg); further increase in catalase concentration is deemed unnecessary. 

Ultimately, building on prior findings, both GDH and NOX concentrations were elevated 

concurrently (entry o), leading to a notable 19 mM L-erythrulose production.  
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Table 1: Glycerol conversion and L-erythrulose concentrations synthesized by the multi-

enzymatic cascade as a function of reaction conditions. Reactions conditions: 25°C, 100 mM 

PPi at pH 9, after 24h, 50 mM glycerol, 50 mM formaldehyde.  

 

Entry 
GDH 

[mg/mL] 

NOX 

[mg/mL] 

FSAA129S 

[mg/mL] 

Catalase 

[mg/mL] 

NAD+ 

[mM] 

NADH  

[mM] 

Glycerol 

conversion 

[%]b 

L-erythrulose 

concentration  

[mM]b 

(a)a 
1 0.75 5 1 0.5 0.5 24 12  

(b) 0 0.75 5 1 0.5 0.5 0 0 

(c) 1 0 5 1 0.5 0.5 1 0.5 

(d) 1 0.75 0 1 0.5 0.5 2 0 

(e) 1 0.75 5 0 0.5 0.5 12 6 

(f) 1 0.75 5 1 0.5 0 19 9.5 

(g) 1 0.75 5 1 1 0 15 7.5 

(h) 1 0.75 5 1 1.5 0 0 0 

(i) 0.25 0.75 5 1 0.5 0 18 9.5 

(j) 2 0.75 5 1 0.5 0 26 13 

(k) 1 1.5 5 1 0.5 0 29 14 

(l) 1 2.25 5 1 0.5 0 30 15 

(m) 1 0.75 1 1 0.5 0 19 9.5 

(n) 1 0.75 5 2 0.5 0 24 12 

(o)a 
2 1.5 5 1 0.5 0 38 19 

 

a Experiments performed in triplicate to test repeatability. Entry (a) gave a glycerol conversion 

of 24 ± 1.5 % and a final L-erythrulose concentration of 12 ± 0.7 mM. Entry (o) gave a glycerol 

conversion of 38 ± 1.2 % and a final L-erythrulose concentration of 19.3 ± 0.6 mM. 
b Quantified by NMR 

 

To better characterize the enzymatic cascade, inhibition assays were conducted on individual 

enzymes (see ESI, Section 6). The inhibition of GDH by DHA is well-documented [18]. L-

erythrulose did not provoke GDH deactivation (Table S4). On the contrary, inhibition tests with 

formaldehyde (Table S2) showed GDH was progressively deactivated when increasing the 

aldehyde concentration. However, incubating the enzyme for 3 h with formaldehyde and then 

testing it in the regular reaction conditions led to complete deactivation (Table S2). Deactivation 

by formaldehyde is a well-known phenomenon affecting many enzymes [34]. However, 

FSAA129S was previously shown to tolerate formaldehyde concentrations exceeding 100 mM 

[45]. NOX was found to be deactivated by formaldehyde (whether simply added during reaction 

or incubated for 3 h prior reaction) (Table S1). Inhibition tests with DHA also showed 

significant NOX inactivation (Table S3), further supporting the relevance of cascading GDH 
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with FSAA129S to ensure rapid conversion of this intermediate. L-erythrulose concentration did 

not affect NOX activity (Table S4).  

Considering the significant inhibitory effect of formaldehyde, a fed-batch strategy was 

imagined for the addition of formaldehyde to enhance the L-erythrulose yield. The cascade 

reaction was performed with a lower initial concentration of formaldehyde (10 mM). After 1, 

2, 4, and 6 h, 0.75 µL of formaldehyde (10mM) were added to the solution. The resulting 

kinetics are shown in Figure 2. The L-erythrulose yield for the “Free enzymes with fed-batch” 

approach was higher at every time point, reaching 23 mM of L-erythrulose after 24h, which 

represents an increase of nearly 20%. 

 
Figure 2: Evolution of L-erythrulose yield and concentration as the function of reaction time. 

Blue arrows illustrate the additions of formaldehyde (10 mM each). Initial reactions conditions: 

25°C, 100 mM PPi pH 9, 50 mM glycerol, 50 mM formaldehyde or 0.75 µL (10 mM) for the 

fed-batch, 0.5 mM NAD+, 2 mg/mL GDH, 1.5 mg/mL NOX, 5 mg/mL FSAA129S and 1 mg/mL 

catalase. 
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2.2 L-erythrulose synthesis by an immobilized multi-enzyme cascade reaction 

(GDH/FSAA129S/NOX/Catalase) 

Enzyme immobilization is the go-to strategy in the perspective of industrial application, as it 

facilitates enzyme recycling and reuse, and is known to often enhance enzyme stability and 

robustness [46–48]. Here, a commercial support, RelizymeTM enzyme carriers HFA112/S, 

functionalized with amino-epoxy groups [49–52], was utilized. The enzymes were put in 

solution in concentrations that correspond to the optimum identified earlier with free enzymes 

(2 mg/mL GDH, 1.5 mg/mL NOX, 5 mg/mL FSAA129S, and 1 mg/mL catalase) and then mixed 

with the resin for 16 h at 25°C. The resin was subsequently separated by sedimentation and is 

denoted “Co-immobilized enzymes” (see ESI, Section 8). A Bradford assay was performed on 

the remaining solution to estimate the enzymes loading. No proteins were detected, 

demonstrating quantitative immobilization of the four enzymes. The kinetics of the cascade 

reaction catalyzed by the co-immobilized enzymes is shown in Figure 3. The four enzymes 

were also immobilized separately, and a cascade reaction was run by adding the four solids, 

keeping the same overall enzyme loading and ratios (see “Separated immobilized enzymes” in 

Figure 3). The co-immobilized enzymes exhibited a higher yield at all time points, probably 

hinting to a beneficial proximity effect between the enzymes. However, after 24 hours, the L-

erythrulose yields of both systems became comparable. Enzyme immobilization also appeared 

to contribute to protecting the enzymes against formaldehyde inhibition, since the final yield 

obtained in this case (48%) was higher than with the free enzymes (38%), when using 50 mM 

initial formaldehyde concentration. 
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Figure 3: Evolution of L-erythrulose yield and concentration as the function of reaction time. 

Initial reactions conditions: 25°C, 100 mM PPi pH 9, 50 mM glycerol, 50 mM formaldehyde, 

0.5 mM NAD+, 2 mg/mL GDH, 1.5 mg/mL NOX, 5 mg/mL FSAA129S and 1 mg/mL catalase. 

 

In a separate experiment (Figure 4, “Immobilized enzyme with hot filtration test”), the resin 

with co-immobilized enzymes was removed from the reaction medium after 6 hours. At this 

point, the L-erythrulose yield had reached 30%; this concentration did not increase further after 

24 hours, confirming that the enzymatic activity was solely associated with the solid phase. 

Furthermore, a Bradford assay performed on the liquid reaction medium verified the absence 

of enzyme leaching; no protein was detected. Together, these two tests confirmed the effective 

heterogenization of the catalyst without enzyme leaching. 

As with the free enzymes, fed-batch addition of formaldehyde increased the overall yield 

obtained with the co-immobilized enzymes (Figure 4, “Immobilized enzymes with fed-batch”). 

Both the activity and the final sugar yield (59%) increased owing to the lower formaldehyde 

concentration in the medium, which helped prevent enzymes deactivation.  
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Figure 4: Evolution of L-erythrulose yield and concentration as the function of reaction time. 

Reactions conditions: 25°C, 100 mM PPi pH 9, 50 mM glycerol, 50 mM formaldehyde (except 

for the experiment labelled “Immobilized enzymes with fed-batch, where the initial 

formaldehyde concentration was 10 mM and the blue arrows indicate further additions of 0.75 

µL representing 10 mM of formaldehyde), 0.5 mM NAD+, 2 mg/mL GDH, 1.5 mg/mL NOX, 

5 mg/mL FSAA129S and 1 mg/mL catalase.  

 

However, extending the reaction time to 5 days resulted in only a marginal increase in the final 

L-erythrulose yield: the system appears constrained to a maximum yield of approximately 50%. 

To investigate this, the initial activity of each individual enzyme (GDH, NOX, and FSAA129S) 

was tested in dedicated enzymatic assays (see ESI Section 2) and the same assays were done 

after 24h incubation in respective reaction media (Figure 5). These tests were not done for 

catalase considering its high activity. At t₀, the immobilized GDH, NOX and FSAA129S all 

exhibited slightly higher specific activities than their free counterparts. After 24 h in the reaction 

media, the activity of FSAA129S and GDH was slightly decreased for the free enzymes but 

remained relatively stable for the immobilized enzymes, highlighting the improved operational 

stability conferred by immobilization. In contrast, NOX activity dropped to nearly undetectable 

levels after 24 h for both free and immobilized forms. This result confirms NOX deactivation 
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in operating conditions as the culprit for the apparent limit in L-erythrulose yield; it is indeed 

well-established, that this enzyme NOX is prone to deactivation by oxygen [53,54].  

 

 
Figure 5: Enzymatic activity of free and immobilized enzymes at the initial time (t₀) and after 

24 h in solution. Activities of FSAA129S, NOX, and GDH were measured and expressed as U/mg. 

 

To complete the study, recyclability tests were carried out. In the first case, the resin containing 

the four co-immobilized enzymes was used for a 1-hour test, and then the resin was recovered, 

washed with PPi buffer, and directly reused. This procedure was repeated five times, and the 

results are presented in Figure 6 (left). The L-erythrulose yield decreased progressively with 



14 

 

each cycle. In contrast, when only GDH, FSAA129S, and catalase were co-immobilized while 

fresh free NOX was supplied at each cycle in Figure 6 (right), the L-erythrulose concentration 

remained constant. These results confirm that NOX deactivation is the key limiting factor in 

the process. With this knowledge, the cascade reaction with the co-immobilized enzyme was 

repeated but this time, fresh NOX was added to the reaction medium after 24h. This addition 

led to the resumption of L-erythrulose production, reaching 35 mM after 48 h, corresponding to 

a glycerol conversion of 70%.  

 

 
Figure 6: L-erythrulose concentration measured over five reaction cycles after 1 hour: (left) 

co-immobilization of the four enzymes; (right) co-immobilization of three enzymes with fresh 

free NOX addition at each cycle. Reactions conditions: 25°C, 100 mM PPi pH 9, 50 mM 

glycerol, 50 mM formaldehyde, 0.5 mM NAD+, 2 mg/mL GDH, 1.5 mg/mL NOX, 5 mg/mL 

FSAA129S and 1 mg/mL catalase.  

 

Optimal conditions for maximizing L-erythrulose production were established by performing a 

fed-batch addition of both formaldehyde and immobilized NOX. To further increase 

productivity, the reaction was initiated with 150 mM glycerol, while maintaining the same 

immobilized enzymes loading and the same low NAD+ concentration (0.5 mM). The initial 

formaldehyde concentration was 10 mM. Fresh additions of formaldehyde and NOX 

(immobilized separately on a fresh resin) were carried out at regular intervals during the 
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reaction (Figure 7). In this configuration, the enzyme inhibition by formaldehyde was 

minimized, and the deactivated NOX (see ESI, Section 14) was regularly replaced. Under these 

conditions, the reaction reached a yield of 80% after 108 hours, corresponding to a final 

concentration of 120 mM of L-erythrulose.  

 
Figure 7: Evolution of L-erythrulose yield and concentration as the function of reaction time 

by co-immobilized multi-enzyme cascade with multi additions of NOX and formaldehyde. Blue 

arrows illustrate the additions of formaldehyde (10 mM each) and the orange arrows illustrate 

the additions of 6 mg of immobilized NOX (medium concentration 1.5 mg/mL). Initial reactions 

conditions: 20°C, 100 mM PPi pH 9, 150 mM glycerol, 3 µL formaldehyde (10 mM), 0.5 mM 

NAD+, 2 mg/mL GDH, 1.5 mg/mL NOX, 5 mg/mL FSAA129S and 1 mg/mL catalase. Note: the 

experiment had to be stopped after 110h due to operational constraint, but the fact that no sign 

of deactivation was detected suggests the reaction can proceed to higher titers.  

 

An important aspect in the synthesis of rare sugars is the configuration of the desired product. 

In the case of aldolases [30,55,56], and FSA in particular, on the nucleophile side, there is no 

ambiguity regarding stereochemistry, since DHA is confined within the active site and can only 

present one of its faces (the generated enamine) to the aldehydic electrophile. To confirm that 

stereoselectivity is not altered by immobilization, a retro aldolisation assay of L-erythrulose and 

D-erythrulose was carried out (see ESI, Section 13). If the retroaldolisation reaction occurs, 
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DHA and formaldehyde are formed. Concentration of DHA can be measured by using GDH as 

auxiliary enzyme, reducing it to glycerol and monitoring the NADH consumption by UV-Vis 

spectrophotometry (340 nm). In the presence of L-erythrulose (Figure S10), NADH was 

consumed; in the presence of D-erythrulose, NADH concentration remained untouched (Figure 

S12), this confirms the strict specificity of immobilized FSAA129S. Then, the same enzymatic 

assay was conducted on a reaction mixture collected after running the cascade reaction as 

described above (Figure S14). Here, the erythrulose formed via the cascade reaction was 

quantitatively retroaldolized by FSAA129S, confirming that it was exclusively the L-isomer.  

The cascade approach developed in this study, coupling glycerol oxidation and aldol 

condensation, solved instability or inhibition issues. Figure 8 illustrates the final L-erythrulose 

concentrations obtained from DHA or the final DHA concentrations obtained from glycerol (i.e. 

the two separate parts of the cascade) as reported in previous studies with various (bio)catalytic 

approaches. When comparing the results of this study with existing literature, it is evident that 

glycerol conversion is markedly increased. If the cascade reaction were conducted in two 

separate steps — first the blue box (DHA production), followed by the orange box (L-

erythrulose yield) the overall yield would be lower. Here, the integration of both reactions in a 

one-pot concurrent system leads to substantially improved productivity. Furthermore, 

immobilization enhanced the productivity of the 4-enzymes cascade process. Finally, the 

addition of fresh immobilized NOX and formaldehyde in a fed-batch mode allowed to further 

boost the final L-erythrulose concentration. 
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Figure 8: Comparison of DHA production from glycerol (light blue), L-erythrulose production 

from DHA (orange) in the literature [21,25,25,31] and our work on the direct production of L-

erythrulose from glycerol (green). A: free enzymes (Table 1, entry o). B: free enzymes with fed-

batch additions of formaldehyde (see Figure 2). C: immobilized enzymes (see Figure 4). D: 

immobilized enzymes with fed-batch addition of formaldehyde (Figure 4). E: immobilized 

enzymes with fed-batch addition of fresh NOX and formaldehyde (see Figure 7). 

 

3. Conclusion 

We developed a multi-enzymatic cascade based on four enzymes (GDH, NOX, FSA, and 

catalase) for the direct synthesis of rare sugar L-erythrulose from low-value glycerol. This 

upgrading scheme is more relevant than the one targeting DHA: the combination of 

FSAA129S and NOX effectively prevented GDH inhibition by DHA and funneled the process 

towards the production of more valuable L-erythrulose with 100% selectivity. Cofactor 

recycling using NOX and H2O2 decomposition via catalase ensured that the reaction can be 

maintained even with a low input of NAD+. In this 4-enzymes system, FSAA129S and catalase 

exhibited high robustness; optimizing the tandem action of GDH and NOX was needed to 

boost productivity. The four-enzyme system was successfully co-immobilized on a 

commercial resin without enzyme leaching into the solution. However, NOX and 

formaldehyde were identified as the limiting factors: the former suffers from relatively rapid 
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turnover deactivation, and the second has a marked inhibition effect on several enzymes. 

This constrained the system to a L-erythrulose concentration of ~19 mM. To push the 

production further, a fed-batch reaction mode was proposed, involving the addition of fresh 

NOX and small aliquots of formaldehyde, leading to a sustained production of L-

erythrulose; final concentration as high as 120 mM was demonstrated.  
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