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Abstract: Acetoin, a four-carbon hydroxyl-keto compound, is used in the food, pharmaceutical,
and chemical industries. The cascade enzymatic production is considered a promising and efficient
method to produce acetoin. However, the stability and compatibility of the enzymes under the same
catalytic conditions are challenges that need to be resolved. In this work, alcohol dehydrogenase,
acetaldehyde lyase, and NADH oxidase were selected to work at the same conditions to efficiently
convert ethanol into acetoin. These three enzymes were immobilized on epoxy-modified magnetic
nanomaterials to obtain highly stable biocatalysts. The stability and the immobilization conditions,
including temperature, pH, enzyme–carrier ratio, and immobilization time, were optimized to obtain
the immobilized enzymes with a high catalytic activity. The cascade reactions catalyzed by the
immobilized enzymes yielded a high conversion of 90%, suggesting that the use of immobilized
enzymes is a promising way to produce acetoin.

Keywords: immobilization; NADH oxidase; acetaldehyde lyase; alcohol dehydrogenase; acetoin;
cascade enzymatic reactions

1. Introduction

Due to their large specific surface area, superparamagentism, easy preparation, and
so on, Fe3O4 nanoparticles show great potential for biomedical applications [1–3]. For
example, they are widely used as a carrier for the immobilization of protein molecules [4].
However, magnetic nanoparticles are prone to aggregation and have few reactive groups on
the surface. The surface modification of magnetic materials could largely avoid the above
problems and achieve more efficient immobilization of protein molecules [1]. Epoxy groups
react with large molecules such as enzymes, proteins, and nucleic acids due to their high re-
activity. In addition, epoxy groups show a lower loss of enzyme activity compared to amino
and cyano [2]. Therefore, epoxy group modified magnetic nanoparticles are considered as
good immobilization carriers and are widely used for enzyme immobilization [4].

Acetoin (3-hydroxy-2-butanone), as an important compound, has various applications
in food [5], pharmaceutical industries [6], and chemical synthesis [7]. It could be used
for beer fermentation as a flavor enhancer [8], for the synthesis of an essential active al-
kaloid ligustrazine as a precursor [9], and for the stabilization of alkoxide as a stabilizer
reagent [10]. In addition, acetoin is recognized as a flavor and aroma agent by the US Food
and Drug Administration, owing to improving the taste and safety of food. Although ace-
toin exists in fruits and vegetables, the production could not meet the market demand [11].
At present, it is mainly produced by diacetyl chemical reduction, the selective oxidation
of butanedione, alkaline hydrolysis, and the hydrogenation of acetaldehyde. However,
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these methods suffer difficulties including active metals reduction, concentrated sulfuric
acid oxidation, and equipment corrosion caused by aldehydes [11]. Furthermore, chemical
production undoubtedly increases the burden of environmental pollution and the difficulty
of product separation [12].

As energy consumption and environmental pollution are increasingly concerned, the
biotransformation production of acetoin has attracted extensive attention [13]. The wild and
engineered strains, including Enterobacter, Klebsiella, Serratia, Corynebacterium glutamicum,
Saccharomyces cerevisiae, and Bacillus, have been investigated for the fermentative production
of acetoin [14–18]. However, acetoin is an intermediate in the 2, 3-butanediol metabolic
pathway, which means that the main product of most bacterial strains is 2, 3-butanediol.
Thus, different metabolic engineering strategies are required to redistribute the carbon flux
to acetoin [19]. For example, acetoin production increased to 0.63 g/g with crude glycerol
as the carbon source by regulating metabolic pathways [20]. Although a high titer of acetoin
has been achieved in fermentative production, the various nutrients and raw materials
used for strain growth during fermentation make separating the product a challenge.

Recently, several pieces of research about the enzymatic production of acetoin have
been published, including the biosynthetic pathways of acetoin and the relevant key
enzymes, various strategies for biological production of acetoin, and the advantages and
disadvantages of the different approaches [20]. The purified enzymes used to convert
ethanol to high-value acetoin seem to be a better choice because the enzymatic method
can effectively overcome the difficulties in the methods mentioned above for acetoin
production. Zhang et al. reported the use of purified enzymes for the conversion of ethanol
to acetoin [21]. However, there are still a few issues that need to be addressed urgently. The
toxic effect of the substrate acetaldehyde leading to a significant loss of enzyme activity
occurred when the conversion of acetylene was catalyzed by acetaldehyde lyase (FLS). The
compatibility and catalytic efficiency of these enzymes under the same catalytic conditions
are also a challenge that need to be addressed. Meanwhile, the application of the purified
enzymes is also hampered by the operational stability and the reuse of the enzymes.
Immobilization is considered as an effective strategy to improve enzyme stability and
multi-enzyme cascades compatibility.

In fact, previous researchers have attempted to catalyze the specific conversion of
lactic acid to the value-added compound ethylene coupling via a three-step process in
a four-enzyme cascade reaction [22]. Immobilization is the method to immobilize the
soluble enzyme and make it an insoluble form and could be used and recycled in many
industrial productions. The enzyme stability under the reaction conditions could be notably
improved by fixing onto a specific carrier [23]. The immobilized enzymes can be recovered
and reused, and often maintain a high activity for a considerable operation time. Likewise,
using enzymes in a heterogeneous form brings advantages, such as simplified downstream
processing or continuous processing operations. The immobilized enzymes display a wide
working-pH and temperature range, increasing the compatibility of the multi-enzymes [24].

In this work, three well-compatible enzymes were selected and immobilized to syn-
thesize acetoin. The alcohol dehydrogenase (ADH) was used to convert ethanol into
acetaldehyde, thus reducing the damage due to the high initial concentration of acetalde-
hyde to the enzyme. The NADH oxidase (NOX) is designed to decrease the consumption of
the expensive cofactors and to avoid the product inhibition caused by NADH accumulation.
The FLS for the conversion of acetoin was aimed to avoid the loss of catalytic activity be-
cause of the amassment of acetaldehyde. Immobilization was further employed to improve
the compatibility as well as the stability of these three enzymes. Finally, the immobilized
enzyme system was able to efficiently convert ethanol to acetoin with a conversion of 90%.

2. Materials and Methods
2.1. Materials

Escherichia coli (BL21) was from Sangon (Shanghai, China). Reduced nicotinamide
adenine dinucleotide, β-nicotinamide adenine dinucleotide (NAD+), dithiothreitol, flavin
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adenine dinucleotide disodium salt hydrate, 2-[4-(2-hydroxyethyl) piperazin-1-yl] ethane
sulfonic acid (HEPES), γ-glycidoxypropyl trimethoxy silane (GPS), and bovine serum albu-
min were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ferric chloride hexahydrate
(FeCl3·6H2O), ferrous sulfate heptahydrate (FeSO4·7H2O), sodium silicate (Na2SiO3·9H2O),
tetraethyl orthosilicate (TEOS), and NaOH, ethanol, acetaldehyde were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Ni-NTA chromatographic
columns were bought from Sangon Biotech (Shanghai, China). Acetoin, isopropyl-β-D-
thiogalactopyranoside (IPTG), yeast extract, and kanamycin were purchased from Aladdin
Biotechnology Co., Ltd. (Shanghai, China). Unless otherwise noted, all reagents and
chemicals were analytic or biological grade.

2.2. The Enzyme Assays

ADH activity: The specific activity of ADH was determined by spectrophotometry
with ethanol as the substrate [25]. The reaction mixture consisting of 50 mM Tris-HCl
(pH 9.0), 5 mM Mg2+, 3 mM NAD+,10 mM ethanol, and 50 µg·mL−1 was carried out at
25 ◦C for 5 min. The absorbance of the solution at 340 nm was measured, and NADH
concentration was calculated. One unit of ADH is defined as the amount of enzyme
required to produce 1 µmol of NADH per minute.

NOX activity: The specific activity of NOX was determined by spectrophotometry
according to previous research [26]. The reaction solution for determining the activity of
NOX contained 10 µM FAD, 100 µM NADH, 1 mM dithiothreitol (DTT), 50 mM phosphate
buffer (pH 7.0), and 10 µg·mL−1 Nox. After 1 min of enzymatic reaction at 25 ◦C, the
NADH concentration was calculated using the relationship between the absorbance at
340 nm and NADH concentration. One unit of NOX is defined as the quantity of enzyme
needed to reduce 1 µmol NADH per minute.

FLS activity: The reaction mixture consisting of 50 mM HEPES (pH 8.0) buffer, 1mM
Mg2+, 0.1 mM thiamine pyrophosphate (TPP), 10 mM acetaldehyde, and 10 mg·ml−1 FLS
was carried out at 25 ◦C for 30 min. The reaction solution was immediately transferred
into the boiling water for 5 min to quench the reaction, and the acetoin concentration in
the solution was determined by the Voges–Proskauer reaction [27]. The 0.1 mL resulting
solution, 0.3 mL creatine (0.5%, w/v), 0.3 mL 1-naphthol (5%, w/v), and 0.3 mL sodium
hydroxide (5%, w/v) were added to a 4 mL test tube and bathed in water at 30 ◦C for 30 min.
The absorbance of the solution at 520 nm was measured, and the acetoin concentration was
calculated according to the corresponding relationship between the absorbance and acetoin
concentration. One unit of FLS activity was defined as the amount of enzyme required to
produce 1 µmol acetoin per minute.

The immobilized enzyme activity: the amount of free enzyme is converted into an
equivalent amount of immobilized enzyme, and the immobilized enzyme activity was
determined according to the free enzyme assay method.

2.3. Synthesis of Fe3O4@SiO2-Epoxy Nanoparticles

Epoxy-modified magnetic Fe3O4 materials were synthesized according to previous
studies [25]. Briefly, 0.08 mol FeCl3·6H2O and 0.04 mol FeCl2·4H2O were dissolved in
aqueous, then NaOH aqueous solution (1.5 M) was added dropwise, and the mixture was
stirred for 2 h under a nitrogen flow (20 mL/min). Fe3O4 nanoparticles were collected
using a magnetic field and washed 5 times with deionized water. The Fe3O4 nanoparticles
were dried at 60 ◦C under vacuum.

The solution containing 1 g Fe3O4 and 300 mL ethanol (80%, v/v) was dispersed by
ultrasound for 10 min. Then, 20 mL ammonia water was added under a nitrogen flow
at room temperature, followed by 3 mL TEOS (ethyl orthosilicate), and the mixture was
stirred vigorously for 5 h. The Fe3O4 nanoparticles coated with silica were washed several
times with ethanol and water, and vacuum-dried at 60 ◦C.

The solution containing 2 g Fe3O4@SiO2 and 98 mL toluene was sonicated for 30 min,
and 0.3 mL Et3N and 2 mL GPS were added into the system. The modification of epoxy
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groups was carried out at reflux and stirred at 115 ◦C in N2 atmosphere for 3 h. The
resulting epoxy functionalized nanoparticles were washed several times with acetone and
dried in a vacuum at 60 ◦C.

2.4. Expression and Purification of Recombinant Enzymes

The gene of ADH, FLS, and NOX was cloned into plasmid pET28a, respectively [26–28].
The three recombinant plasmids were introduced into E. coli and incubated in Luria-Bertani
(LB) broth with 50 µg·mL−1 of kanamycin at 37 ◦C. When the OD600 of the medium reached
at a certain value (ADH and NOX for 0.8, FLS for 1.0), different concentrations of isopropyl-
β-D-thiogalactopyranoside (IPTG) were added to the medium (ADH and NOX for 1.0,
FLS for 0.1). The FLS was induced at 20 ◦C for 24 h. The ADH and NOX were induced
at 15 ◦C for 8 h, respectively. The cells were harvested by centrifugation at 3156× g for
15 min at 4 ◦C. Then cells were resuspended in buffer and disrupted by ultrasonication
in an ice-water bath. To remove the cell debris, the cell lysate was centrifuged at 6134× g
for 10 min, and the soluble fraction was then purified with the Ni-NTA resin to obtain the
purified enzymes.

2.5. Immobilization of Enzymes

ADH immobilization: the mixture containing 100 µg of enzyme and 10 mg of epoxy-
modified magnetic nanomaterial was gently shaken to immobilize enzymes in pH 8.0
HEPES buffer (50 mM) at 25 ◦C for 1 h.

FLS immobilization: the mixture comprising 100 µg of enzyme and 10 mg of epoxy-
modified magnetic nanomaterial was gently shaken to immobilize enzymes in pH 7.0
phosphate buffer (50 mM) at 20 ◦C for 2 h.

NOX immobilization: the mixture including 100 µg of enzyme and 10 mg of epoxy-
modified magnetic nanomaterial was gently shaken to immobilize enzymes in pH 8.0
HEPES buffer (50 mM) at 15 ◦C for 2 h.

The immobilization conditions were investigated: temperature (4–40 ◦C), pH (6–11),
time (0.5–8 h), and the ratio of protein to carrier (5–40 mg·g−1). The collected particles were
washed with 1mL pH 8.0 HEPES buffer 3 times. The protein concentration of the solution
was measured with the Bradford method using bovine serum albumin as standard [29].
The immobilization yield (Y) and efficiency (E) were calculated according to Equation (1)
and Equation (2).

Y = (A0 − A1)/A0 (1)

E = (B0 − B1)/B0 (2)

A0: the amount of initial protein; A1: the amount of protein in supernatant; B0: total
enzyme activity; B1 = the enzyme activity of the supernatant.

2.6. The Synthesis of Acetoin with Immobilized Enzymes

Acetoin production was carried out in the reaction mixture containing 50 mM HEPES
buffer (pH 8.0), 1 mM NAD+, immobilized enzymes (0.1 mg·mL−1 ADH, 0.2 mg·mL−1 FLS,
and 0.1 mg·mL−1 NOX), 0.1 mM TPP, 1 mM Mg2+, 1 mM DTT, and 10 mM ethanol. The
reaction was conducted at 35 ◦C. Aliquots of the reaction solution were drawn at regular
intervals and the acetoin concentration was determined by the Voges–Proskauer reaction.

2.7. The Reusability of Immobilized Cascade Enzymes

The reusability of the immobilized cascade enzymes was assessed by using them
repeatedly. The immobilized enzymes were reacted 6 times at 50 mM HEPES buffer
(pH 8.0) and 35 ◦C. The activity of the cascade enzymes in the first cycle was assumed to
be 100% and the remaining activity of each enzyme was calculated.
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3. Results and Discussion
3.1. The Selection of Cascade Enzymes and the Enzyme Assays

The most important aspect of cascade reactions is the catalytic efficiency of multiple
enzymes under the same catalytic conditions [30–33]. The use of enzymes in cascade
reactions is completely different from the non-simultaneous use of enzymes. The latter can
be used with maximum catalytic efficiency under the most favorable conditions. Under
different catalytic conditions, enzymes have various abilities to catalyze and can even
produce opposite reactions. For example, ADH achieves the conversion of alcohols to
aldehydes under alkaline conditions, and vice versa under acidic conditions. Therefore, it
is important to select enzymes that are compatible with each other for the cascade reaction.
Based on their kinetic parameters, optimal pH, and temperature, three enzymes with good
compatibility and high catalytic activity were selected [26–28]. As summarized in Table 1,
these three enzymes have a similar optimal pH and temperature, as well as a high catalytic
activity. Notably, the kinetic parameters of aldehyde ligases were difficult to measure due
to the dramatic loss of enzyme activity from high concentrations of aldehyde-containing
substrates. This is also an important reason why we constructed the cascade enzyme
reactions. After enzyme expression and purification, the free enzyme activities of ADH,
FLS, and NOX under the respective catalytic conditions were 5.3, 1.4, and 124 U·mg−1.

Table 1. Biochemical and kinetic properties of NOX, ADH, and FLS from various organisms.

Enzyme Organism Vmax (U·mg−1) Km (µM) Topt (◦C) pHopt Reference

NOX

Lactobacillus Rhamnosus 263 5.8 50 5.5 [34]
Lactobacillus rhamnosus NA 24 40 6.0 [35]

Clostridium Aminovalericum 119 19.2 40 6.0 [36]
Streptococcus Mutans 154.3 57.7 35 7.0 [26]

Streptococcus Pyogenes 344 27.0 55 7.0 [33]
Thermococcus Kodakaraensis 83.1 24.2 75 8.0 [31]

ADH

Euglena Gracilis 11.7 3.2 NA 7.0 [32]
NA 10.64 0.37 25 8.0 [27]

Lignocellulosic 4.33 3.15 30 6.0 [37]
Candida Parapsilosis NA NA 35 4.5 [38]

Natronomonas pharaonis 0.36 3.4 × 105 70 9.0 [39]
Haloarcula Marismortui 1.6 5.1 60 NA [40]

FLS
Pseudomonas fluorescens NA NA NA 9.5 [41]
Pseudomonas fluorescens NA NA 35 NA [9]
Pseudomonas fluorescens NA NA NA 8.0 [28]

3.2. The Effects of Temperature and pH on the Immobilization

The linkage between the enzyme and the substrate relies mainly on the ring-opening
of the epoxide group, which forms a covalent bond with the amino group on the amino acid
side chain on the protein. The epoxide group would also react with the carboxyl groups
or other groups on the amino acid side chains on the protein. However, it accounted for
a small proportion and required acidic or other specific conditions [42]. The increase in
temperature improved the reaction activity and even raised the stability of the enzyme,
forming a multiple site immobilization. However, the rise in temperature also led to a
loss of enzyme activity due to the denaturation and inactivation of the protein. Therefore,
the effect of temperature on enzyme immobilization has been investigated to retain the
maximum enzyme activity (Figure 1). As the temperature increased, the immobilization
yields of ADH and NOX increased, while the immobilization efficiency decreased. This was
consistent with the theory described in the previous section. In contrast, the immobilization
efficiency of FLS had almost no obvious change, which may be related to its own higher
thermal stability [41]. Notably, compared with FLS, the immobilization efficiency of ADH
and NOX was lower. It may be caused by two main reasons, including an increased
resistance to substrate transfer due to the immobilization of the enzyme on the surface of
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the carrier, and a loss of activity owing to the bonding of the amino group to the carrier
near the active pocket. Considering the immobilization efficiency and immobilization yield,
the respective appropriate temperatures (ADH for 15 ◦C, NOX for 25 ◦C, FLS for 20 ◦C)
were finally chosen to maintain the enzyme activity. Correspondingly, the immobilization
efficiency of FLS, ADH, and NOX is 78.2, 42.3, and 13.9%, respectively.
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Figure 1. The effect of temperature on the immobilization of enzymes (blue rectangle: immobilization
yield, yellow sphere: immobilization efficiency, (a) FLS, (b) ADH, and (c) NOX).

The enzymes are composed of numerous amino acid residues, many of which have
acidic or basic side chains. The ionization state of the side chains of enzymes varies at
different pH values, and the curve of enzyme activity versus pH is usually shown as a
single or double ionization curve [43]. There are two main reasons for this: altering the
charged state of the substrate molecule and the enzyme molecule, thus affecting the binding
of the enzyme to the substrate; and that a higher or lower pH can affect the stability of the
enzyme, which could be irreversibly damaged [44]. In the immobilization step, the pH of
the solution would alter the reactivity of the epoxy group on the carrier and the amino acid
side chain groups (amino and carboxyl) on the protein [42]. Consequently, we investigated
the effect of pH on the immobilization process (Figure 2). The immobilization yields of the
three enzymes fluctuated slightly at pH 6–11, and the immobilization yields 75~95% could
be obtained. This was mainly attributed to the high reactivity of the epoxide group with
the protein side chain moiety [42]. In contrast, the immobilization efficiencies of the three
enzymes differed significantly (71% for FLS at pH 7, 41% for ADH at pH 8, and 22% for
NOX at pH 9). Notably, ADH lost its catalytic activity at pH 10–11, which may be related
to the stability of the enzyme itself. Finally, we chose the pH that obtained the maximum
immobilization efficiency as one of the conditions for immobilization.
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Figure 2. The effect of pH on immobilization (blue rectangle: immobilization yield, yellow sphere:
immobilization efficiency, (a) FLS, (b) ADH, and (c) NOX).

3.3. The Effects of the Immobilization Time and the Enzyme Carrier Ratio on the Immobilization

With increasing time, the immobilization yields of ADH and NOX increases, yet
the immobilization efficiency declines. This is because the linkage between the enzyme
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molecules and epoxy-based modified carriers was facilitated by the increased immobiliza-
tion time. At the same time, the increase in the immobilization time reinforced the loss of
enzyme activity as well [45]. Unlike the previous two enzymes, FLS did not present the
expected descent in immobilization yield. This might be related to two causes, the pos-
session of side-chain amino groups with a higher reactivity than FLS and the consistently
high apparent immobilization yield due to the adsorption of FLS on the carrier. Physically
adsorbed proteins were difficult to count because of their low concentration in the washing
solution. Therefore, the immobilization yields for 1 h were significantly lower than the
others (Figure 3). Ultimately, 2, 1, and 2 h were determined as the immobilization time for
FLS, ADH, and NOX, respectively.
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Figure 3. The effect of the immobilization time on the immobilization of enzymes (blue rectangle:
immobilization yield, yellow sphere: immobilization efficiency, (a) FLS, (b) ADH, (c) NOX).

The carrier was expected to be able to load as many enzymes as possible for the
catalytic reaction, but an excess of enzyme can lead to a thick enzyme shell. This produced
severe mass transfer resistance, which caused a loss of enzyme activity [46]. Therefore, the
ratio of enzyme to the carrier was also evaluated for a higher immobilization efficiency
(Figure 4). The immobilization yields of ADH and NOX increased, yet the efficiency of the
immobilization decreased as the amount of enzyme increased. When the ratio of enzyme
to carrier exceeded 15, there was a tendency for both the immobilization efficiency and
the yield to decrease as the carrier reached its maximum loading capacity. Ultimately,
20, 10, and 10 mg·g−1 were selected as the enzyme carrier ratio of FLS, ADH, and NOX,
respectively (Figure 4).
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Figure 4. The effect of the ratio of enzymes and carrier on the immobilization of enzymes (blue
rectangle: immobilization yield, yellow sphere: immobilization efficiency, (a) FLS, (b) ADH, and
(c) NOX).

3.4. The Synthesis of Acetoin with Immobilized Cascade Enzymes and Free Cascade Enzymes

The immobilized enzymes were used to conduct the reaction from ethanol to acetoin
under optimized reaction conditions. Figure 5 shows that the conversion of immobilized
enzymes was higher than that of free enzymes (59% of conversion), reaching 90% in 45 h
with 50 mM ethanol. Under the condition of the same enzyme activity, the immobilized
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enzyme with a higher stability than the free enzyme can maintain a higher activity and
achieve a higher conversion. In the initial stage of the cascade reaction, the low concentra-
tion of the intermediate product acetaldehyde resulted in a slow synthesis rate of acetoin.
At this time, it was in the stage of the rapid consumption of ethanol. With the accumulation
of acetaldehyde, the synthesis rate of acetoin increases, and finally the three re-reached an
equilibrium in the reaction, which was consistent with the results of previous studies [21].
Generally, engineered E. coli, S. cerevisiae, and Corynebacterium glutamicum have been applied
for acetoin production with promising results [13–16]. For example, the engineered Sac-
charomyces cerevisiae produced 100.1 g/L acetoin with a yield of 0.44 g/g glucose [17]. The
engineered Corynebacterium glutamicum produced a titer of 102.45 g/L acetoin with a yield
of 0.419 g/g glucose [18]. In addition, there were also studies on the efficient conversion of
acetoin by an enzyme cascade or coupling reactions [47,48]. For example, under optimized
conditions, α-Acetolactate synthetase (ALS) and α-acetolactate decarboxylase were selected
for the synthesis of acetoin using pyruvate [47]. Compared with the production of acetoin
by the above methods, the immobilized cascade enzyme has a higher conversion and better
operational stability, which indicates its potential in the industrial production of acetoin.
This may be mainly attributed to the enhanced enzymatic rigidity of the epoxy-modified
magnetic nanomaterials. Magnetic nanomaterials have been applied for the immobilization
of various enzymes due to their high activity and low loss for enzyme activity. Likewise,
the material can be applied to other synthetic routes of acetoin. The 90% conversion of
acetoin has been achieved by immobilizing the cascade enzyme system. However, further
optimization of the catalytic conditions and scale-up of the immobilized cascade enzymes
at higher substrate concentrations are the next stages of the desired task. In this enzymatic
cascade reactions, FLS is the rate-limiting enzyme with the lowest catalytic efficiency. Using
rational design or directed evolution to improve the catalytic performance of FLS is urgent
research in future work.
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Figure 5. The synthesis of acetoin from ethanol with the immobilized cascade enzymes.

3.5. The Reusability of Immobilized Cascade Enzymes

The economics of industrial and continuous production are related to the reusability
of the biocatalysts. Thus, the reusability of the immobilized cascade enzymes was explored
through six cycles of reaction (Figure 6). The results showed that the immobilized enzyme
exhibited excellent reusability under catalytic conditions when the enzymatic activity of
the simultaneously added FLS was higher than that of ADH dehydrogenase. After six
reaction batches, the enzyme retained 86.3% of its initial activity. This indicates that the
loss of enzyme activity by the intermediate product acetaldehyde can be well reduced by
decreasing the substrate concentration and adjusting the enzyme ratio.
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4. Conclusions

In this work, three well-compatible enzymes (ADH, FLS, and NOX) were screened
and immobilized to construct a viable cascade system to transform acetoin. The ADH is
used in the conversion of ethanol to acetaldehyde, thus reducing the damage to the enzyme
due to the high initial concentration of acetaldehyde. The NOX is designed to reduce the
consumption of expensive cofactors and to avoid product inhibition caused by NADH
accumulation. The FLS for the conversion of acetaldehyde to acetoin was aimed to avoid
the loss of enzyme activity due to the accumulation of acetaldehyde. Immobilization was
used to improve the tolerance of the three enzymes to acetaldehyde as well as the stability
and reusability of the enzymes. With these results, the immobilized cascade enzymes were
able to efficiently convert ethanol to acetoin with a conversion of 90%, indicating that a
bioconversion pathway for ethanol upgrading with the potential industrial application has
been developed.
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Abbreviations

ADH Alcohol dehydrogenase
DTT Dithiothreitol
FLS Acetaldehyde lyase
IPTG Isopropyl-β-D-thiogalactopyranoside
NADH/NAD+ Reduced nicotinamide adenine dinucleotide
NOX NADH oxidase
TEOS Tetraethyl orthosilicate
TPP Thiamine pyrophosphate
Tris Tris(hydroxymethyl)methyl aminomethane
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