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Abstract

Enzymatic alcohol oxidation (EAO) is highly attractive thanks to its efficiency, selectivity, and sustainability
benefits, but it is often neglected as a catalytic tool for practical production due to the instability and non-
reusability of enzymes. Herein, a non-enantioselective alcohol dehydrogenase engineered from Candida parapsilosis
(CpsADH) and a laccase from Trametes versicolor was immobilized on mesoporous silica nanoflowers (MSNs),
fabricating CorsADH@MSNs (41 U/g,,....) and laccase@MSNs (67 U/g, . ...) for EAO, respectively. The structural
and functional properties of the MSNs endowed the immobilized enzymes with higher stability than free enzymes,
and the relative activity of the immobilized enzyme was 52% and 63%, respectively, after being reused five times.
The immobilized enzymes exhibited high activity, selectivity, and complementary substrate specificity in alcohol
oxidation. The optimized EAQ, as a versatile cascade module, was coupled with several other enzymatic
transformations for multi-enzymatic synthesis of high value-added chemicals. The chiral alcohols and amines were
produced with 99% ee and 84% to 98% ee, respectively, and (R)-benzoin and 2-furoic acid were prepared with
91% vyield, 99% ee and 86% yield, respectively, demonstrating the synthetic utility of the immobilized enzymes.

Keywords: Alcohol oxidation, asymmetric synthesis, enzyme immobilization, multienzyme cascades, mesoporous
silica nanoflowers
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INTRODUCTION

Selective oxidation of alcohols to corresponding carbonyl compounds, such as aldehydes, ketones, and
carboxylic acids, has become one of the most important chemical transformations in organic chemistry and
chemical industries". Various approaches have been developed for this fundamental reaction. Conventional
methods typically required stoichiometric toxic oxidants such as sodium hypochlorite, potassium
permanganate, potassium dichromate, and organic peroxides”™, resulting in high cost and environmental
problems"””. Nowadays, catalytic oxidation approaches enable the utilization of environmentally more
acceptable oxidants such as molecular oxygen (O,). Among them, metal-catalyzed aerobic oxidation of
alcohols has attracted considerable attention®*. Particularly, the heterogeneous catalysis is more preferred
by industrial production due to its advantages of high recyclability, low toxicity, and simple protocol™***.

Although significant improvements have been made, the metal-catalyzed systems usually suffer from harsh
reaction conditions (high temperatures and volatile organic solvents), metal residues, and low selectivity. In
addition, O, cannot be used on a large scale due to the tendency to form explosive mixtures. Therefore, it is
still a critical task to develop metal-free catalytic systems for the green, mild, selective, and safe oxidation of
alcohols.

From an environmental and safety perspective, enzymatic alcohol oxidation (EAO) is more attractive due to
its mild reaction conditions, high selectivity, and eco-friendliness"”. Various enzymes are capable of
supporting this task, for instance, the most widely used alcohol dehydrogenases (ADHs), which utilize the
oxidized nicotinamide cofactor [NAD(P)’] as a hydride acceptor"®. Although the complete oxidation of
primary alcohols to aldehydes by ADHs has been extensively explored"?, the similar transformation from
racemic secondary alcohols towards prochiral ketones is generally problematic because only one of the
enantiomers can be oxidized. To solve this issue, two enantiocomplementary ADHs are usually applied”,

albeit with a more complicated reaction scheme. Non-enantioselective ADHs are ideal biocatalysts for the
complete oxidation of racemic alcohols but remain highly scarce. Recently, a non-enantioselective ADH
engineered from Candida parapsilosis (CpsADH) with high specificity toward secondary benzyl alcohols has
been reported™. Besides ADHs, complete oxidation of racemic sec-alcohols (e.g., activated benzylic, allylic,
and propargylic alcohols) by laccase has also been reported, where the organocatalyst 2,2°,6,6’-
tetramethylpiperidine-N-oxyl (TEMPO) is commonly used as the oxidant™ ", although it is generally
reported to selectively oxidize primary alcohols. In addition, EAO has proven to be a versatile cascade
module that can be coupled with a broad of enzymatic transformations for multi-enzymatic production of
high-value chemicals™'. Despite this, enzymes are often neglected as catalytic tools for practical production
due to their instability and non-reusability***".

Immobilization of enzymes on suitable support has been proven to be effective in improving their stability,
reusability, and even activity***’. The nature of the support materials has a significant influence on the
catalytic performance of enzymes. Mesoporous silica materials have emerged as an attractive
immobilization platform due to their distinct structural and functional properties, including high surface
area, high stability, high pore accessibility, high permeability, high biocompatibility, and easily
functionalized groups”"*?. Particularly, mesoporous silica nanoflowers (MSNs) have demonstrated
superiority in immobilizing various enzymes such as lipases”***, transaminases”, and ene-reductases”**”.

However, to the best of our knowledge, MSN-based immobilized enzymes for alcohol oxidation have not
been reported yet. Herein, we have fabricated two MSN-based immobilized enzymes, i.e., the non-
enantioselective CpsADH (CpsADH@MSNSs) and laccase (laccase@MSNs), for the efficient and complete
oxidation of racemic alcohols. Compared to free enzymes, MSN-based biocatalysts achieved significant
improvements in pH, thermal, mechanical, and storage stability. The CpsADH@MSNs exhibited high
activity and specificity toward sec-alcohols, while the laccase@MSNs showed high catalytic performance in
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the full oxidation of both prim- and sec-alcohols. The synthetic utility of the immobilized enzymes and the
EAO was demonstrated in several multienzyme cascades for the synthesis of high value-added synthons.

EXPERIMENTAL

Materials

Tetraethyl orthosilicate (TEOS), sodium acetate, ethanol, glutaraldehyde (GA), cyclohexane, n-butyl
alcohol, and urea of analytical grade were purchased from Tianjin Chemical. Additionally,
2,2"-Azinobis-(3-ethylbenzthiazoline-6-sulphonate) (ABTS) and CTAB (cetyltrimethylammonium bromide)
were purchased from Aldrich-sigma. Laccase from Trametes versicolor was also obtained from Sigma-
Aldrich. Moreover, (3-aminopropyl) triethoxysilane (APTES) was purchased from Alfa Aesar Chemical Co.,
Ltd (Tianjin, China). Furthermore, 1-Phenylethanol and benzyl alcohol were purchased from Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). All chemicals were used as received without further
purification.

Preparation of CpsADH@MSNs and laccase@MSNs

For CpsADH immobilization, 50 mg of MSNs activated under different conditions were uniformly
dispersed in 5 mL PBS (50 mM, pH = 8.5) by ultrasound for 30 min. Then, 5 mL of CpsADH solution
(1.2-11.5 mg,,,;,,/mL) was added, and the mixture was shaken at 170 rpm for different times to explore the
optimum GA concentration, covalent bonding time, immobilized time, and CpsADH concentration. The
immobilized CpsADH (CpsADH@MSNs) was washed with PBS (50 mM, pH = 8.5) three times to ensure
the covalent binding of CpsADH on MSNs. The protein content was determined by the Bradford method.

For laccase immobilization, 50 mg of MSNs activated under different conditions were uniformly dispersed
in 5 mL acetate buffer solution (pH = 4.5, 0.1 M) by ultrasound for 30 min. Then, 5 mL of laccase solution
(2-16 Mg, me powder/ ML) Was added, and the mixture was shaken at 170 rpm for different times to explore the
optimum GA concentration, covalent bonding time immobilized time, and laccase concentration.

Oxidation of alcohols by CpsADH@MSNs or laccase@MSNs

The oxidation of alcohols (20 mM) by CpsADH@MSNs (10 mg) was performed in 1 mL PBS buffer (50
mM, pH = 8.5) containing NAD" (0.2 mM) and acetone (200 mM). After the reaction at 40 °C and 180 rpm
for 6 h, the catalyst was separated by centrifugation; the reaction product was extracted by ethyl acetate, and
the organic phase was dried with anhydrous Na,SO,. The solvent was concentrated in a vacuum to obtain
crude products. The product was purified by column chromatography (petroleum ether/ethyl acetate = 8/1,
v/v).

The oxidation of alcohols (20 mM) by laccase@ MSNs (10 mg) was performed with laccase@ MSNs in 1 mL
acetate buffer solution (100 mM, pH = 4.5) containing TEMPO (12 mM). After the reaction at 40 °C and
180 rpm for 24 h, the catalyst was separated by centrifugation, the reaction product was extracted by ethyl
acetate, and the organic phase was dried with anhydrous Na,SO,. The solvent was concentrated in a vacuum
to obtain crude products. The product was purified by column chromatography (petroleum ether/ethyl
acetate = 8/1, v/v).

Bienzymatic deracemization of alcohols

The substrate (20 mM) was oxidized with CpsADH@MSNs (10 mg) in 1 mL PBS buffer (50 mM, pH = 8.5)
containing NAD" (0.2 mM) and acetone (200 mM). After the reaction at 40 °C and 180 rpm for 12 h, the
catalyst was separated by centrifugation. The acetone was removed by heating at 60 °C, and the pH was
adjusted to 9.5. Then 1 mL ADH-A (from Rhodococcus ruber)®™ solution and isopropanol (30% v/v) were
added. After the reaction at 30 °C for 24 h, the reaction solution was extracted by ethyl acetatethe reaction
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solution was extracted by ethyl acetate. The yields and ee values were calculated by gas chromatography.

Bienzymatic hydrogen-borrowing alcohol amination

The substrate (20 mM), NAD* (0.2 mM), CpsADH@MSNs (10 mg) were added to the 5 mL round-
bottomed flask containing 1 mL NH,CI/NH,OH buffer (2 M, pH = 9.0) and 10 pL. DMSO. Subsequently, 1
mL Ja-AmDH (from Jeotgalicoccus aerolatus)® crude enzyme solution was added. The mixture was stirred
at 30 °C for 48 h. After the reaction was complete, the catalyst was separated by centrifugation. The product
was extracted with diethyl ether (5 mL), and the organic phase was dried with anhydrous Na,SO,. The
solvent was concentrated in a vacuum to obtain a crude product. The product was purified by column
chromatography (ethyl acetate/methanol = 99/1, v/v).

Bienzymatic carboligation

Benzyl alcohol (20 mM) was oxidized with laccase@MSNs (10 mg) in 1 mL sodium acetate buffer (100 mM,
pH = 4.5) containing TEMPO (12 mM). After the reaction at 40 °C and 180 rpm for 24 h, the catalyst was
separated by centrifugation. Then, pH was adjusted to 7.5 with hydrochloric acid, and MgSO, (2.5 mM),
ThDP (0.15 mM), and 1 mL of benzaldehyde lyase (BAL) (from Pseudomonas fluorescens Biovar I)!*’
solution were added. After the reaction at 30 °C for 24 h, the reaction solution was extracted by ethyl
acetate, and the organic phase was dried with anhydrous Na,SO,. The solvent was concentrated in a vacuum
to obtain a crude product. The product was purified by column chromatography (petroleum ether/ethyl
acetate = 5/1, v/v).

Biocatalytic relay oxidation

Furfuryl alcohol (20 mM) was oxidized with laccase@MSNs (10 mg) in 1 mL sodium acetate buffer (100
mM, pH = 4.5) containing TEMPO (12 mM). After the reaction at 40 °C and 180 rpm for 24 h, the catalyst
was separated by centrifugation, and the pH of the reaction solution was adjusted to 7. Then, 14 mg of
whole cell catalysts (dry weight) over-expressing horse liver ADH (HLADH) (from Equus caballus)*" were
added. After the reaction at 30 °C for 96 h, the reaction solution was extracted by ethyl acetate, and the
organic phase was dried with anhydrous Na,SO,. The solvent was concentrated in a vacuum to obtain a
crude product. The product was purified by column chromatography (petroleum ether/ethyl acetate = 2/1,
v/v).

RESULTS AND DISCUSSION

Preparation and characterization of the immobilized enzymes

Wrinkled MSNs were prepared by a modified reverse microemulsion method” and then functionalized
with an amino (-NH,) group, providing reaction sites for covalent immobilization of enzymes. The
morphology and pore structures of the MSNs were characterized by SEM and TEM. As shown in
Supplementary Figure 1A, the MSNs were flower-like nanospheres with an average diameter of 390 nm, and
they have a large specific surface area due to their small size and surface folds. The TEM images of the
MSNs demonstrated the distinctive fibrous center-radial channels [Supplementary Figure 1B], which can
facilitate the mass transfer. The specific surface area and pore diameter were calculated based on N,
adsorption-desorption isotherms and pore size distributions [Supplementary Figure 2], which are
543.08 m’/g and 14.58 nm, respectively, corresponding to the results of electron microscopy. The large
specific surface area of MSN's supplies enough sites for the enzymes to covalently bond, and the mesoporous
channels ensure smooth entering of the enzymes, and they synergistically enhance the immobilization
efficiency of the enzyme.
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Although the enzymes for complete oxidation of sec-alcohols, especially benzyl alcohols to ketones, are
highly constrained, non-enantioselective CpsADH and laccase have been reported to achieve this goal and
were, therefore, chosen as the model enzymes. The enzymes were covalently bound to the MSNs using GA
as a crosslinking agent. Immobilized enzymes were prepared using FITC-labeled CpsADH and Rhodamine
B-labeled laccase for the confocal laser scanning microscope (CLSM) analysis. The green fluorescence of
immobilized CpsADH [Figure 1A] and the red fluorescence of immobilized laccase [Figure 1B] can be
clearly observed, evidencing the successful immobilization of the enzymes. In FT-IR spectra, a strong band
at 1,630 cm™' appeared, which was attributed to the presence of the C=N bond formed between GA and
enzymes [Figure 1C]. In addition, the absorption peaks at 1,394 and 1,540 cm™ were assigned to the
stretching vibration of C-N bonds and N-H bending vibration, respectively*. These results further
confirmed the successful enzyme immobilization.

The effectiveness of enzyme immobilization was dependent on the GA concentration, covalent bonding
time, enzyme concentration, and immobilization time. The relationship between the relative enzyme
activity and GA concentration was shown in Figure 2A and B. With the increase of GA concentration, the
relative activities of CpsADH@MSNs and laccase@MSNs increased gradually due to the greater
immobilization of enzyme molecules on the support by formation of Schiff bases between GA and
enzymes'**’. However, too high GA concentrations also caused decreased relative enzyme activity because
the excess GA caused enzyme conformation change and enzyme self-crosslinking, which led to a steric
hindrance effect on enzyme immobilization**. The maximum relative activity of CpsADH@MSNs and
laccase@MSNs were obtained with the use of 3 wt% and 5 wt% GA, respectively.

The crosslinking time of GA and MSNs also has a significant effect on immobilization efficiency. As
depicted in Figure 2C and D, the optimal activity of CpsADH@MSNs and laccase@ MSNs were obtained
after crosslinking for 3 h and 4 h, respectively. With the increase of covalent bonding time, the enzyme
attachment sites on the nanoparticles increased, resulting in an increase in the amount of protein fixation
and the activity of immobilized enzymes. The spatial grid structure of the support increased over time,
restricting the access of more enzyme molecules™. Hence, an appropriate covalent bonding time was
essential to maintain high enzyme activity. The effects of immobilization time and enzyme concentration on
the relative activity of immobilized enzymes were shown in Figure 3A-D. With the increase of fixation time
and enzyme concentration, the specific enzyme activity and protein load of the fixed enzyme tended to be
stable. As shown in Supplementary Figure 3A, the immobilization yield and enzyme activity recovery of Cps
ADH@MSNs were measured. The enzyme activity recovery of CpsADH@MSN s decreased gradually with
the increase of protein concentration, and the immobilization yield reached the maximum of 47.9% at 3 mg/
mL. However, since the protein content of the laccase powder used was too low to accurately measure the
immobilization yield, only the recovery of enzyme activity from laccase immobilization was tested. The
enzyme activity recovery of laccase@ MSNs peaked at 27.8% at 6 mg/mL [Supplementary Figure 3B]. With
the immobilization time increasing to a certain extent, the activity of immobilized enzymes increases slowly,
which may be due to the nearing saturation of enzyme immobilization or the insufficient enzyme
concentration to support the enzyme immobilization. The value of the protein fixation amount and the
immobilized enzyme activity kept rising with the increasing enzyme concentration until reaching supporter
saturation””.

Enzymatic properties of free and immobilized enzymes

A series of parameters, such as temperature, pH, storage time, and numbers for recycling, were studied to
evaluate the stability of the immobilized enzymes. Both the free CpsADH and CpsADH@MSNs showed the
optimal activity at 30 °C [Figure 4A]. The activity of free CpsADH decreased significantly no matter
whether the temperature was below nor above 30 °C, while the CpsADH@MSNss exhibited high stability in a
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Figure 1. CLSM images of CpsADH@MSNSs (A) and laccase@MSNs (B); Fourier transform infrared spectroscopy (FT-IR) spectra of
MSNs-GA, CpsADH@MSNSs, and laccase@MSNs (C).
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Figure 2. Effects of GA concentration on the relative activity (RA) of immobilized enzyme and adsorption capacity (AC) of MSNs: Cps
ADH@MSNSs (A); laccase@MSNs (B); Effects of covalent bonding time on the relative activity (RA) of immobilized enzyme and
adsorption capacity (AC) of MSNs: CpsADH@MSNs (C); laccase@MSNs (D).
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Figure 3. Effects of immobilization time on the specific activity (SA) and relative activity (RA) of immobilized enzyme and adsorption
capacity (AC) of MSNs: CpsADH@MSNs (A); laccase@MSNs (B); Effects of protein concentration on the specific activity (SA) and
relative activity (RA) of immobilized enzyme and adsorption capacity (AC) of MSNs: CpsADH@MSNs (C); laccase@MSNs (D).

wide temperature range. Free CpsADH and CpsADH@MSNs showed the highest activity at pH = 8.5
[Figure 4B]. When the pH value was below or above 8.5, the activity of free CpsADH decreased significantly,
while the CpsADH@MSNs showed high stability in a wide pH range. The optimum temperature and pH of
free and immobilized laccase were confirmed to be 45 °C and 4.5, respectively. Similarly, the laccase@ MSNs
also exhibited higher stability than the free laccase [Figure 4C and D].
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Figure 4. Optimal temperature of free CpsADH and CpsADH@MSNs (A); and free laccase and laccase@MSNs (C); Optimal pH of free
CpsADH and CpsADH@MSNSs (B); and free laccase and laccase@MSNs (D).

We also investigated the activity variation of free and immobilized enzymes after the incubation at 30 °C
[Figure 5A and B] and 50 °C [Figure 5C and D] for a period of time. After four days of incubation at 30 °C,
the relative enzyme activity of the CpsSADH@MSNs remained at 46%, while only < 10% for the free Cps
ADH. After incubation at 50 °C for 100 min, the relative activity of the CpsADH@MSNs and free CpsADH
were 54% and 35%, respectively. The relative enzyme activity of laccase@MSNs was > 70% after one week of
heat preservation at 30 °C, and its relative enzyme activity was 58% after 5 h of heat preservation at 50 °C,
which was higher than that of the free laccase. To investigate the pH stability of immobilized enzymes, free
CpsADH and CpsADH@MSNs were incubated in citrate buffer solution (0.1 M, pH = 4) and phosphate
buffer solution (50 mM, pH = 9.5) for 3.5 h, and the relative activity of CpsADH@MSNs was 61% and 68%,
respectively [Figure 6A]. The free laccase and laccase@ MSNs were incubated for 10 h in a 50 mM phosphate
buffer solution with pH = 2 and 9, and the relative activity of laccase@MSNs was 85% and 72%, respectively
[Figure 6B]. These results confirmed the high pH stability of the immobilized enzymes. However, the free
CpsADH and free laccase are more sensitive to extreme pH conditions. As shown in [Figure 6C and D], the
CpsADH@MSNSs and laccase@MSNs also have higher long-term storage stability (stored at 4 °C) than the
free enzymes. The better stability of the immobilized enzyme may be due to the multi-point interaction
between the enzyme and the nanoparticle, which stabilizes the weak force within the molecule and prevents
the enzyme from denaturation or inactivation*>*".

Catalytic performance of the immobilized enzymes

Having obtained and characterized the CpsADH@MSNs and laccase@MSNs, we turned our attention to
investigating their catalytic performance using 1-phenylethanol as a model substrate. After the optimization
of reaction conditions, pH = 8.5 and 40 °C were selected to be the optimal condition for CpsADH@MSNs
[Supplementary Table 1], and pH = 4.5 and 40 °C were optimal for laccase@MSNs [Supplementary Table 2].
The appropriate temperature and pH are important components of the reaction. At lower temperatures, the
structure of the enzymes is affected. When the temperature is lower, the reaction rate of the enzyme will
also slow down because the low temperature will reduce the transfer rate of the enzyme molecules and the
substrates. When the temperature is too high, the enzyme will be denatured and deactivated due to
structural changes. Similarly, various pH values will also change the molecular structures of the enzymes,
which further affects their activity™*.

In a CpsADH@MSN catalytic system, a co-substrate method was applied to achieve cofactor regeneration,
which is important for improving economic benefit. Using acetone as a co-substrate, the dosage of the
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Figure 5. Thermal stability of the free enzyme and immobilized enzyme at 30 °C: CpsADH@MSNs (A); laccase@MSNs (B); Thermal
stability of the free enzyme and immobilized enzyme at 50 °C: CpsADH@MSNs (C); laccase@MSNs (D).
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Figure 6. The stability of free and immobilized enzymes at pH = 2 and pH = 9: CpsADH@MSNs (A); laccase@MSNs (B); long-term
storage stability of free and immobilized enzymes: CpsADH@MSNs (C); laccase@MSNs (D).

cofactor (NAD") could be reduced to 0.01 equivalent, and the reaction conversion was still up to 99%, albeit
with increased reaction time [Supplementary Table 1, Entries 6-9]. According to the literature™, the
catalytic mechanism of laccase/TEMPO systems was proposed. First, laccase oxidizes the stable oxyl-radical
form of TEMPO to the oxoammonium ion (the actual oxidant species), which can oxidize the alcohol to
ketone (or aldehyde) through a hydrogen abstraction process while generating hydroxylamine (TEMP-OH).
The generated TEMP-OH was then re-oxidized to TEMPO radical. Theoretically, only a catalytic amount of
TEMPO can support this transformation, which was confirmed by experimental results. However, a low
amount of TEMPO led to an extremely low reaction rate. For example, only 24% conversion was obtained
after reacting 24 h if only using 0.2 equivalent of TEMPO. Increasing to TEMPO equivalent to 0.6, the
conversion increased to 99% during the same reaction time [Supplementary Table 2, Entries 1-3]. Higher
substrate concentrations were also tested for these two immobilized enzymes. The complete conversion can
still be obtained by CpsADH@MSNSs after reacting 36 h with a 100 mM scale, and laccase@ MSNs gave 91%
conversion after reacting four days with a 200 mM scale. We then examined the operational stability of the
CpsADH@MSN s and laccase@MSNs using the catalytic oxidation of 1-phenylethanol as the model reaction.
As shown in Supplementary Figure 4, CosADN@MSNSs still have good catalytic performance with relative
activity of 52% after five cycles, and laccase@ MSNs maintained 63% relative activity after five cycles. These
results highlighted the potential of the immobilized enzymes for practical applications. Due to the fact that
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only negligible enzyme leakage (0.5% for CpsADH@MSNs) was detected after five reuse cycles
[Supplementary Figure 5], the decreased activity of the immobilized enzymes was presumed to be an
enzyme inactivation during the reaction process.

To demonstrate the general applicability of the immobilized enzymes, we explored their substrate scope
under the optimized reaction conditions. As shown in Scheme 1, the substrate portfolio could be expanded
to both electron-deficient and electron-rich secondary alcohols, and all gave high yields (91%-99%). In a Cps
ADH@MSNSs catalytic system, a substituent effect of substrates on reaction rates was observed, but this
phenomenon was not found for laccase@MSNs. Generally, the reaction rates of the ortho-, meta-, and the
para-substituted substrates increased in turn. For example, the complete oxidation of ortho-, meta-, and the
para-substituted alcohols required 24, 12, and 6 h, respectively. Both the CpsADH@MSNs and
laccase@MSNs showed high activity and selectivity toward (hetero)aryl-alkyl alcohols (1-19b) and alkyl-
alkyl alcohol (20b), except for laccase@MSNs towards 18b and 19b. No obvious substrate/product
inhibition was found, and other reasons for the low activity of laccase@ MSNs towards these two
compounds are not clear. Laccase@MSNs also exhibited high activity in the oxidation of aryl alcohols
(21-27b), while CpsADH@MSNSs displayed only low activity toward aryl alcohols. Similarly, a substituent
effect of substrates on yield was also observed. The yields of the ortho-substituted substrates were lower than
those of the para-substituted substrates. An obvious decrease in enzyme activity toward aryl heteroaryl
alcohol (28b) was also found. In addition, the laccase@ MSN's exhibited high catalytic activity toward
primary aromatic alcohols (29-40b) but low activity toward primary aliphatic alcohols (41-43b). The Cps
ADH®@MSNs not only failed to oxidize primary aromatic alcohols but also exhibited low activity toward
primary aliphatic alcohols due to their high substrate specificity. Notably, no overoxidized by-products were
observed for both the immobilized enzymes, demonstrating high chemo-selectivity. To demonstrate the
synthetic application of the immobilized enzymes, gram-scale reactions were also performed using 1-
phenylethanol as a model substrate. The CpsADH@MSNs and laccase@MSNs could convert 1.06 g
substrates (350 mM, 25 mL) to the desired ketone in 94% [Supplementary Table 1, Entry 16] and 89% yield
[Supplementary Table 2, Entry 14], respectively. Although the alcohol oxidation has been extensively
studied, the existing methods generally required strong oxidizing agents and metal catalysts and suffered
from harsh reaction conditions, including high reaction temperatures and organic solvents [Supplementary
Table 3]. In contrast, the immobilized enzymes enable the alcohol oxidation under mild conditions through
metal-free catalytic systems without the use of strong oxidizing agents, making it a green, mild, and safe
approach. However, from the point of view of industrial applications, more efforts should be made to
shorten the reaction time and increase the substrate loading.

To further demonstrate the synthetic utility of the EAO, we investigated its application in multienzyme
cascades for the enantioselective synthesis of high value-added synthons, such as chiral alcohols and
amines"”. The conversion of racemic alcohols to enantiopure alcohols and amines is of great importance in
pharmaceutical manufacturing™ because racemic alcohols are commercially available and easily accessible,
and these enantiopure compounds are often useful and valuable pharmaceutical intermediates. Coupling
non-enantioselective alcohol oxidation with highly enantioselective ketone reduction, an oxidation-
reduction cascade can be successfully constructed to achieve deracemization of alcohols, converting racemic
alcohols to their enantiopure counterparts®*”. By combining CpsADH@MSNs with ADH-A, a series of
enantiopure a-benzyl alcohols were obtained in 91%-97% yields and 98%-99% ee from racemic alcohols
[Scheme 2A]. The redox-neutral hydrogen-borrowing cascade catalyzed by ADHs and amine
dehydrogenases (AmDHs) has become an elegant approach for synthesizing chiral amines from racemic
alcohols, in which the ADH-catalyzed alcohol oxidation is accompanied by the consumption of NADH and
generation of NAD', while the AmDH-catalyzed ketone reductive amination leads to the conversion of
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Scheme 1. The enzymatic oxidation of alcohol by the CpsADH@MSNs and laccase@MSNs.

NAD" to NADH, creating a cofactor self-regeneration system"”**. Combining CpsADH@MSNs with an
engineered Ja-AmDH, two pharmaceutically relevant chiral a-aryl primary amines were synthesized in high
yields and enantioselectivity [Scheme 2B].

Enantioselective C-C bond-forming reactions have become a powerful tool for the synthesis of enantiopure
compounds from readily available non-chiral substrates, such as the benzoin reaction. In this regard, a
bienzymatic cascade combing laccase@MSNs and BAL was developed for the enantioselective synthesis of
(R)-benzoin from benzyl alcohol in 91% yield and 99% ee via C-C bond formation [Scheme 2C]. Upgrading
turfur alcohols to furancarboxylic acids is of great significance for biomass conversion and high value-added
downstream chemical synthesis. A biocatalytic relay oxidation approach was developed for oxidizing
furfuryl alcohol to furoic acids, a versatile raw material used for producing various pharmaceutical,
agricultural, and industrial chemicals. Furfuryl alcohol was first oxidized to furanaldehyde by
laccase@MSNs and then further oxidized to furoic acid by recombinant whole-cells overexpressing
HLADH™, with an overall yield of 86% [Scheme 2D]. The alcohol oxidation of immobilized enzyme
developed in this work, as a general module of multienzyme cascade reaction, successfully prepared a
variety of high value-added chiral compounds with multienzyme cascade, proving the feasibility of this
general module. Because of the wide range of applicable substrates and the diversity of multienzyme
cascades, this module has a broad application prospect.
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Scheme 2. Multienzyme cascades for the synthesis of high value-added compounds.

CONCLUSIONS

In conclusion, the immobilization of CpsADH and laccase on MSNs was achieved for EAO. The specific
enzyme activities of the optimized CpsADH@MSNs and laccase@MSNs were 41 and 67 U/g,.00
respectively. The immobilized enzymes showed higher stability than the free enzymes and exhibited high
catalytic activity and selectivity in oxidation of various alcohols under mild conditions. As a versatile
cascade module, the EAO was coupled with several other enzymatic transformations, achieving
multienzyme cascades for alcohol deracemization, hydrogen-borrowing alcohol amination, enantioselective
C-C bond formation, and relay oxidation of biomass-derived furfuryl alcohol. This work highlighted the
application potential of the immobilized enzymes and EAO in synthetic chemistry.
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