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Abstract: The use of immobilized alcohol dehydrogenases (ADHs) offers numerous advantages,
especially in the reaction conditions required by industrial applications. Looking for more efficient
and cost-effective methods of ADH immobilization, in this study we explored silica-based supports as
an alternative to the use of functionalized polymeric resins. Three commercially available ADHs were
immobilized by adsorption and covalent bond formation. The obtained supported biocatalysts were
applied for the bioreduction of acetophenone and some derivatives with good yields and excellent
enantioselectivity. The important intermediate (S)-1-[3,5-bis(trifluoromethyl)phenyl]ethanol was
obtained with a high enantiomeric excess (>99%) by using the highest performing immobilized ADH
sample. The reusability of this biocatalyst was investigated in a flow system for five consecutive
runs; the experiments showed that the biocatalyst could be recycled without a loss of activity and
enantioselectivity. Finally, cross-linking with the glutaraldehyde of the supported biocatalyst was
also carried out to prevent the leaching of the enzyme during the catalytic reactions.

Keywords: alcohol dehydrogenase; immobilization; silica-based support; enantioselective biocatalytic
reduction; chiral alcohol

1. Introduction

In recent decades, biocatalysis has been established as a green and sustainable technol-
ogy widely applied in industry, thanks in particular to the biocompatible and biodegradable
nature of the enzymes. Aiming at an economic return from the process subjected to sus-
tainable optimization, biocatalysts should be stable over time under different reaction
conditions and easily recoverable so as not to add expensive product purification steps
from catalyst traces to the process [1]. Enzymatic reactions are commonly performed in
mild reaction conditions, but several biocatalysts have shown stability under more ex-
treme conditions, especially in their immobilized form, without evident losses in efficiency
and selectivity [2–5]. Biocatalytic processes have therefore become a green alternative
to traditional asymmetric catalysis based on metal, with the aim of obtaining the syn-
thesis of compounds and/or intermediates through cost-effective strategies with a lower
environmental impact [6]. Therefore, enzymes have found applications in several fields,
ranging from the formulation of detergents and polymeric materials to the paper and
cellulose production chains, the textile industry, and the synthesis of basic chemicals and
pharmaceutical intermediates. Research in this area has shifted towards the optimization
of existing processes following the principles of green chemistry and to the development of
new strategies [7,8].

Redox reactions represent one of the most studied classes among enzymatic trans-
formations [9,10]. Biocatalysts capable of catalyzing both the reduction of carbonyl com-
pounds and the oxidation of alcohols can be identified in the alcohol dehydrogenase
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(ADH) subclass [11]. These enzymes are naturally available or expressed by common host
microorganisms and suitable for engineering the proteins that constitute their structure [12].

The catalytic mechanism of ADH-catalyzed reductions involves, at first, the formation
of a substrate–cofactor intermediate and, subsequently, the transfer of a hydride from the
cofactor to the substrate [12,13]. Commercial nicotinamide cofactors, either phosphorylated
or non-phosphorylated, are rather expensive and therefore used in catalytic amounts and
regenerated in situ. The recycling of cofactors is possible through using the coupled-
enzyme approach or the coupled-substrate approach [9]. In the latter method, an oxidizable
co-substrate, such as 2-propanol (IPA), is added, thus allowing the shift of the reversible
main reaction towards the formation of the product.

The enantioselective reduction of prochiral ketones catalyzed by ADHs produces
chiral alcohols that can be employed as key synthetic intermediates in the fragrance and
pharmaceutical industries [14–16] by transforming the hydroxyl groups into different
functional groups [17].

The application of ADHs can also be expanded by using immobilization techniques
that allow the obtaining of more stable and better performing biocatalysts [5,9,18,19].
Several immobilization methods are already available in the literature for this class of
enzyme [20–27], involving various types of supports and thus different physical as well as
chemical interactions with the enzyme.

Among the available supports, inorganic materials such as silica gels have several
advantages, such as thermal as well as mechanical stability and a competitive cost com-
pared to other commercial carriers, which make them particularly suitable for scale-up
processes [5,28]. In addition, their surfaces can be easily modified with different func-
tional groups.

Mesoporous materials are highly suitable for enzymatic immobilization, offering pores
with suitable sizes and high surface areas [29,30]. To date, different studies have reported
the use of various mesoporous silica for ADH immobilization via physical adsorption or
covalent binding [31–37]. Physical adsorption is characterized by simple protocols not
requiring the previous functionalization of the carrier. Covalent immobilization is usu-
ally achieved through the formation of more stable bonds between the reactive groups of
chemically modified silica supports and the enzyme. In most cases, good activities and sta-
bilities of the immobilized biocatalysts were observed; however, only a few applications of
silica-supported ADHs for the preparation of enantiopure alcohols were described [34,36].

A major benefit of using immobilized enzymes for biocatalysis is the possibility of
using the catalyst in a flow system. Biotransformations in flow conditions offer considerable
advantages compared to batch reactions, such as reduced enzyme inhibition, easy product
recovery, and simple evaluation of the biocatalyst reusability. To the best of the author’s
knowledge, silica-supported isolated ADHs have never been used in flow.

In this work, the immobilization of three commercially available ADHs onto silica-
based supports was studied for application in the enantioselective reduction of prochiral
ketones. Two immobilization techniques were investigated: enzyme adsorption on a com-
mercial non-functionalized silica gel (SiO2) and covalent binding on a commercial amino-
functionalized silica gel (SiO2-NH2). The immobilization parameters were investigated to
evaluate the effect of the different methods on the activity of the immobilized biocatalysts.

The immobilized ADH samples were applied in the enantioselective reduction of
three different substrates following the substrate-to-product conversion as a function of
the reaction time and comparing the results with those obtained with the corresponding
soluble ADHs. The enantioselectivity of the reactions was evaluated: the obtained chiral
alcohols are of interest because they can be used as intermediates for the synthesis of fine
chemicals. The best performing supported biocatalyst was also employed in recyclability
tests in flow conditions. Finally, a post-immobilization cross-linking step was performed on
the supported enzyme to prevent the leaching of the enzyme during the biotransformation.
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2. Results and Discussion
2.1. Immobilization of ADHs

The immobilization of ADHs on silica-based supports was performed using two
different strategies: (i) adsorption of the enzyme on the support and (ii) the formation of
covalent bonds between the amino groups of the enzyme and the activated groups of a
functionalized support.

A non-functionalized SiO2 was used as a carrier for physical adsorption (Scheme 1).
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Scheme 1. Enzyme immobilization by adsorption on silica gel.

Immobilization through covalent bonds was performed by using 3-aminopropyl-
functionalized silica gel. To provide a suitable linker, the support needs to be activated
with glutaraldehyde. The aldehyde groups subsequently react with the amino groups of
the enzyme, resulting in the formation of Schiff bases (Scheme 2) [28,38].
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Scheme 2. Glutaraldehyde activation of functionalized silica gel and immobilization via covalent
bond formation.

The immobilization processes were evaluated by the determination of the immobi-
lization parameters (Table 1). The total activity of all samples was calculated in a standard
assay (see Section 3), and the best results are highlighted in bold.

Table 1. Specific activity, binding efficiency, and activity recovery of soluble and immobilized ADHs
on solid supports.

ADHs Support
Specific Activity of

Immobilized Enzyme a

(U/g Support)

Binding
Efficiency b

(%)

Activity
Recovery c

(%)

EMIN001
SiO2 3.1 ± 0.3 98 36

SiO2-NH2 0.3 ± 0.1 45 3

EMIN028
SiO2 0.7 ± 0.5 81 29

SiO2-NH2 1.9 ± 0.2 20 8
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Table 1. Cont.

ADHs Support
Specific Activity of

Immobilized Enzyme a

(U/g Support)

Binding
Efficiency b

(%)

Activity
Recovery c

(%)

ADH105
SiO2 3.6 ± 0.4 86 12

SiO2-NH2 0.6 ± 0.1 60 2
a Specific activity is the observed activity of the immobilized enzyme per g of support (specific activity of the
immobilized samples). b Binding efficiency is the percentage ratio between the total amount of immobilized
enzyme (protein amount in the starting solution minus protein amount in the supernatant) and the total protein
amount initially applied with the starting solution. c Activity recovery is the percentage ratio between the
observed activity of the immobilized samples (in units) and the activity initially applied for the immobilization
(in units).

As shown in Table 1, covalent immobilization on amino-functionalized silica resulted in
low specific activity and activity recovery. A higher activity and high binding efficiency (> 80%)
were observed for ADH samples immobilized via adsorption on non-functionalized silica,
such that this method was highly promising for application in enantioselective reductions.

2.2. Enantioselective Reduction of Ketones 1a–1c: Soluble and Immobilized Biocatalysts

Three aromatic prochiral ketones were chosen as substrates for studying the perfor-
mances of the immobilized ADHs in enantioselective reduction (Scheme 3).
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Acetophenone (1a) has been extensively used as a model substrate for the reduction of
aromatic ketones and as a reference in ADH activity assays [10,27].

The chiral alcohol products obtained from the enantioselective reduction of the chosen
substrates are important building blocks for the fine chemical industry, mainly designed to
undergo the interconversion of the secondary hydroxyl group located on the stereogenic
center [17].

In particular, 2a over the years has asserted its share in the market of fragrances. In fact,
both enantiomers are currently used in pharmacokinetic studies as they are ubiquitously
present as a natural rose oil fragrance in personal care products such as perfumes, soaps,
and lotions [39,40]. Alcohol 2b is commonly employed in the natural fragrance industry,
but it also shows great potential in the synthesis of active pharmaceutical ingredients
(APIs) containing ester and carbonyl groups. In addition, it is currently under investigation
among the substances that can be obtained from lignin fractions of waste biomasses [41,42].
Alcohol 2c is an important chiral intermediate for the preparation of biologically active
compounds that have shown effects in treating or preventing immunodisease and are used
nowadays for the prevention of nausea associated with chemotherapy treatments in cancer
patients [43–45].

Among the methods used to recycle the expensive cofactor necessary for the enzymes
to carry out their catalytic activity in the reaction of interest, 2-propanol was chosen as
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a co-substrate of prochiral ketones. It is known that the oxidation of IPA to acetone, i.e.,
a volatile product, allows the equilibrium to be pushed towards the regeneration of the
reduced form of the nicotinamide cofactor [11].

2.2.1. Enantioselective Reduction of Acetophenone 1a

The biocatalytic reduction of 1a to 2a involved the introduction of a stereocenter,
resulting in the formation of a chiral molecule. The choice of reaction conditions played a
pivotal role in ensuring the desired enzymatic activity and enantioselectivity during the
transformation of the substrate of interest. Mild reaction conditions were employed in
batch reactions performed at 30 ◦C in a mixture consisting of 90% (v/v) buffer solution
and 10% (v/v) IPA. IPA was used both as a co-substrate for NAD+ cofactor recycling and
as a solvent for the ketone solubilization. These conditions are commonly used in similar
biocatalytic reactions [10,12,13].

The conversion data obtained after 1, 4, and 24 h of reaction are shown in Table 2.

Table 2. Bioreduction of 1a with soluble and immobilized ADHs after 24 h.

ADH Support
Conversion (%) a Absolute

Configuration b
ee (%) c

1 h 4 h 24 h

EMIN001
None 86 88 89

(R)
>99

SiO2 74 82 92 >99
SiO2-NH2 12 28 76 >99

EMIN028
None 15 32 78

(S)
>99

SiO2 10 30 67 >99
SiO2-NH2 9 22 50 >99

ADH105
None 64 83 86

(S)
>99

SiO2 0 1 2 -
SiO2-NH2 0 3 4 -

a The conversion of the substrate was determined via HPLC of samples withdrawn at different reaction times.
b The absolute configuration was assigned via comparison of the observed elution orders with those of authentic
samples of known configurations. c The enantiomeric excess of the product was determined via HPLC on the
chiral stationary phase.

As expected, all of the enzymes in their soluble forms were more active towards the
substrate with respect to their immobilized forms; however, comparable data in terms
of conversions were obtained for EMIN001 and EMIN028 adsorbed on silica gel. Lower
conversions were obtained with the same enzymes covalently bonded to functionalized
silica gel. Very low conversion of the substrate was observed when ADH105 samples
immobilized on both SiO2 and on SiO2-NH2 were employed.

As regards the stereochemical course of the reaction, the product was obtained with
an enantiomeric excess higher than 99%: EMIN001 allowed the obtaining of (R)-2a, while
EMIN028 and ADH105 led to (S)-2a.

2.2.2. Enantioselective Reduction of p-Methoxy-acetophenone 1b

The 1b substrate was reduced under the same reaction conditions used for 1a. The
results obtained after 1, 4, and 24 h are reported in Table 3.

As observed with 1a, the soluble enzymes were more active towards the substrate with
respect to their immobilized forms, and complete or almost complete conversions were
observed after 24 h with all enzymes. As regards the immobilized samples, the best results
were obtained with EMIN001 adsorbed on silica gel, which showed a similar behavior
compared to the soluble sample of the same enzyme.

In all entries, high enantioselectivities were obtained for the produced 2b. The absolute
configuration was (R) for EMIN001 and (S) for EMIN028 as well as ADH105, as reported
above for 1b.



Catalysts 2024, 14, 148 6 of 14

Table 3. Bioreduction of 1b with soluble and immobilized ADHs after 24 h.

ADH Carrier
Conversion (%) a Absolute

Configuration b
ee (%) c

1 h 4 h 24 h

EMIN001
None 40 73 100

(R)
>99

SiO2 30 60 90 >99
SiO2-NH2 5 7 11 >99

EMIN028
None 10 30 90

(S)
>99

SiO2 5 12 45 >99
SiO2-NH2 0 2 5 >99

ADH105
None 90 100 100

(S)
>99

SiO2 3 5 7 >99
SiO2-NH2 1 2 4 -

a The conversion of the substrate was determined via HPLC of samples withdrawn at different reaction times.
b The absolute configuration was assigned via comparison of the observed elution orders with those of authentic
samples of known configurations. c The enantiomeric excess of the product was determined via HPLC on the
chiral stationary phase.

2.2.3. Enantioselective Reduction of 3′,5′-Bis-(trifluoromethyl)acetophenone 1c

The biocatalytic reduction of 1c to 2c was performed under the same reaction condi-
tions used for 1a and 1b. The results obtained are reported below in Table 4.

Table 4. Bioreduction of 1c with soluble and immobilized ADHs after 24 h.

ADH Support
Conversion (%) a Absolute

Configuration b
ee (%) c

1 h 4 h 24 h

EMIN001
None 11 23 40

(R)
>99

SiO2 10 21 34 >99
SiO2-NH2 0 1 1 >99

EMIN028
None 25 45 70

(S)
>99

SiO2 54 93 100 >99
SiO2-NH2 35 63 100 >99

ADH105
None 40 86 100

(S)
>99

SiO2 - - - -
SiO2-NH2 1 1 2 -

a The conversion of the substrate was determined via HPLC of samples withdrawn at different reaction times.
b The absolute configuration was assigned via comparison of the observed elution orders with those of authentic
samples of known configurations. c The enantiomeric excess of the product was determined via HPLC on the
chiral stationary phase.

As can be observed in Table 4, immobilized EMIN028 showed a higher catalytic
activity towards the substrate of interest compared to the soluble enzyme and the other
immobilized biocatalysts. Complete conversion of the substrate was obtained with both
immobilized samples of this enzyme.

ADH105, in the immobilized form, also showed no catalytic activity with this substrate.
Thus, it can be concluded that silica-based supports do not appear to be suitable carriers
for the immobilization of this enzyme. EMIN001 allowed the obtaining of (R)-2c with
high enantioselectivities, while EMIN028 led to the formation of (S)-2c, confirming the
stereochemical behavior already observed with the other two substrates, 1a and 1b.

2.3. Optimization of the Enantioselective Reduction of 1c

Among the reactions carried out on substrates substituted on the aromatic ring, the
best results were obtained with EMIN028 adsorbed on a silica gel sample (EMIN28@SiO2)
in the enantioselective reduction of 1c to (S)-2c. Therefore, 1c was chosen as an appropriate
candidate to undergo the process of the optimization of the reaction conditions. This
process was carried out to synthetize (S)-2c, an already-established important building
block employed in the industrial production of APIs [43–45].
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Recently, we have reported the immobilization of a commercial ADH on a set of
organic supports with different functional groups [46]. The immobilized biocatalyst proved
to be extremely efficient in the asymmetric synthesis of (S)-2c in a 90:10 (v/v) 2-propanol
(IPA): water solvent system and 30 ◦C. These conditions, besides increasing the solubility
of the substrate, allowed an easy recovery of the product as a white crystalline solid via
simple solvent evaporation.

Given these results, we aimed at the optimization of the enantioselective reduction
process by investigating the effect of a mainly organic medium on the performance of the
biocatalyst immobilized onto silica-based supports.

The results obtained in the bioreduction of 1c in two solvent mixtures, namely 90:10
buffer/IPA and 90:10 IPA:H2O, are shown in Figure 1.
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Figure 1. Enantioselective reduction of 1c to (S)-2c catalyzed by EMIN028@SiO2 in two different
solvent mixtures at 30 ◦C.

As can be observed from the graph, no significant difference in the conversion rate of 1c
to 2c was observed. In addition, the enantiomeric excess of the product was higher than 99%
for the (S)-enantiomer of 2c. Therefore, it was demonstrated that the catalytic performance
of EMIN028@SiO2 was retained without depending on aqueous buffer conditions, which
are generally preferred for enzymatic reactions.

Having in hand the good results obtained in terms of both activity and enantioselec-
tivity, the optimization of the reaction in terms of the recycling of the enzyme under flow
conditions was studied. Indeed, one of the main advantages of using immobilized enzymes
is the easy recovery of the enzyme at the end of the reaction via simple filtration and its
reuse in successive reactions.

Thus, a PEEK column filled with EMIN028@SiO2 was fed with a substrate solution in
90:10 IPA:H2O containing the cofactor NAD+. The reaction mixture was circulated within
the reactor by using a suitable pump for 24 h. Both the PEEK column and the reaction
mixture were thermostated at a temperature of 30 ◦C. The progress of the reaction was
monitored by withdrawing aliquots of the reaction mixture.

Conversion and ee data were determined as already described for batch tests. When
complete conversion was reached and no substrate was detected, the column was washed
with the reaction solvent mixture until no product was detected via HPLC. The column
was then reused for five consecutive reaction cycles. The results are shown Figure 2.

The bioreduction of 1c catalyzed by immobilized EMIN028 and performed under the
above-mentioned flow conditions furnished the product (S)-2c in high conversions (100%)
and excellent enantioselectivities (>99%) in each reaction cycle. In addition, thanks to the
mainly organic reaction medium, the enantiopure alcohol was recovered from the reaction
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mixture via simple solvent evaporation avoiding the filtration and extraction steps, usually
necessary as downstream procedures.
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As a further improvement of our process, the cross-linking of the immobilized biocatalyst
was investigated. This post-immobilization step usually prevents protein leaching from the
support during the repeated use without compromising the biocatalyst activity in terms of
conversion and enantioselectivity [47]. One of the most employed cross-linking agents is
glutaraldehyde, which is commercially available at a low cost as an aqueous solution [48–51].
This dialdehyde is able to create a three-dimensional network through the formation of Schiff
bases between the carbonyl groups and the free NH2 groups of the enzyme.

The efficiency of the cross-linking process was evaluated through the comparison of
the results obtained in the reduction of 1c catalyzed by EMIN028@SiO2 and the immobilized
sample after cross-linking the named EMIN028@SiO2-glut (Figure 3).
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As shown in Figure 3, complete conversion of the substrate 1c was achieved in 24 h
with both immobilized samples, leading to the synthesis of the enantiopure product (S)-2c
(ee > 99%). These results confirmed that the catalytic performance of the studied enzyme
was not compromised by the cross-linking step, even conducting the reaction in a solution
of 90% organic solvent and without a buffer.

3. Materials and Methods
3.1. Materials

EMIN001 and EMIN028 enzymes were kindly donated by Enzymaster Deutschland
GmbH (Dusseldorf, Germany). ADH105 enzyme was purchased from Johnson Matthey
(Cambridge, United Kingdom). All three ADH samples were provided as lyophilized
powders. The silica gel (particle size of 200–500 µm, pore diameter of 300 Å, and surface
area of 300 m2/g) and the aminopropyl-derivatized silica gel (particle size of 70–200 µm, pore
diameter of 110 Å, surface area of 500 m2/g) were purchased from SiliCycle (Quebec City,
Canada) and Merck (Darmstadt, Germany), respectively. Acetophenone > 99% was purchased
from Carlo Erba (Milano, Italy), while 3′,5′-bis(trifluoromethyl)-acetophenone > 98% and p-
methoxy-acetophenone > 99% were purchased from Zentek (Milan, Italy). NADH as well
as NAD+ cofactors and potassium phosphate salts were purchased from Merck (Darmstadt,
Germany). If not specified, the solvents used in this work were HPLC-grade, purchased
from Merck (Darmstadt, Germany) and Alfa Aesar (Karlsruhe, Germany) and used without
any further purifications.

3.2. HPLC Analysis

The substrate-to-product conversion was analyzed by a Jasco (Jasco Europe, Cremella,
Italy) HPLC system equipped with a PU-2089 Plus pump, CO-2060 Plus column oven, AS-
2057 Plus autosampler, MD-910 Diode Array Detector, and Phenomenex (Castel Maggiore,
Italy) reverse-phase column (Kinetex C18, 150 × 4.6 mm, 5 µm). For 1a/2a and 1b/2b, the
elution was carried out with H2O:MeCN:TFA 70:30:0.1 at a flow rate of 1 mL/min, 25 ◦C,
and detection at 211 nm. For 1c/2c, the elution was carried out with H2O:MeCN:TFA
50:50:0.1 at a flow rate of 1 mL/min, 25 ◦C, and detection at 211 nm.

The retention times for 2a and 1a were 3.7 min and 6.2 min, respectively.
The retention times for 2b and 1b were 5.1 min and 6.9 min, respectively.
The retention times for 2c and 1c were 6.2 min and 9.3 min, respectively.

The enantiomeric excess was determined by a Jasco HPLC system equipped with a
PU-980 Plus pump, CO-2060 Plus column oven, MD-910 Multiwavelength Detector, and
Phenomenex chiral column (Lux Cellulose-1, 250 × 4.60 mm, 3 µm). Elution was carried
out with Hex:IPA 95:5 at a flow rate of 0.5 mL/min, 25 ◦C, and detection at 220 nm.

The retention times for (R)-2a and (S)-2a were 12 min and 13 min, respectively.
The retention times for (S)-2b and (R)-2b were 10 min and 12 min, respectively.
The retention times for (S)-2c and (R)-2c were 13 min and 14 min, respectively.

The absolute configurations were assigned via a comparison of the elution orders with
those of authentic samples of known configurations.

3.3. Biocatalyst Characterization
3.3.1. Protein Concentration

The protein concentration of the commercial sample of ADHs was determined accord-
ing to a Bradford protein assay [52] by using bovine serum albumin as the standard in a
concentration range of 0.095–2 mg/mL and Coomassie Brilliant Blue G-250 dye. In each
assay, 20 µL of the sample was mixed with 1 mL of Bradford’s dye. Absorbance data were
monitored at 595 nm using a Shimadzu UV-2600i spectrophotometer after 10 min of contact.
The samples (including blank experiments) were assayed in duplicate.

The protein purities of the commercial samples of EMIN001, EMIN028, and ADH105
were 0.6, 0.8, and 0.92 mg/mg of lyophilized powder, respectively.
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3.3.2. Activity Assay

The activity tests were carried out in triplicate on the reference substrate acetophenone.
For the enzyme in the soluble form, the reaction mixture contained the following: 840 µL
of phosphate buffer (pH = 7, 0.1 M), 100 µL of NADH solution (10 mM in H2O), 50 µL
of enzyme solution (3 mg/mL in potassium phosphate buffer, pH = 7, 0.1 M), and 10 µL
of acetophenone solution (100 mM in IPA). For the immobilized enzyme, the reaction
mixture contained the following: 890 µL of potassium phosphate buffer (pH = 7, 0.1 M),
100 µL of NADH solution (10 mM in H2O, 10 mg of immobilized sample, and 10 µL of
substrate solution (100 mM in IPA). The reactions were performed at 30 ◦C for 10 min and
the concentration of the product was determined via HPLC.

The specific activities of the commercial samples of EMIN001, EMIN028, and ADH105
were 0.086 ± 0.012, 0.241 ± 0.008, and 0.302 ± 0.005 U/mg protein, respectively.

3.4. General ADH Immobilization Procedure
3.4.1. Immobilization onto Silica Gels

The enzyme solution (12.5 mg/mL) was prepared by dissolving the lyophilized ADH
enzyme into a potassium phosphate-buffered solution (100 mM, pH = 7.0) to obtain a
gel/buffer ratio of 1:4 (w/v). The silica was first transferred to the immobilization vessel
(100 mL flask) and the immobilization solution containing the enzyme was then added.
The slurry was gently mixed for 24 h at 25 ◦C. The gel was washed 3 times 1:4 (w/v) with a
potassium phosphate-buffered solution (100 mM, pH = 7.0) and filtered. The immobilized
biocatalyst was then dried under a vacuum until a constant weight was reached.

3.4.2. Immobilization onto Amino-Functionalized Silica Gels

The silica was pre-activated with a 2% (v/v) glutaraldehyde solution in a potassium
phosphate-buffered solution (100 mM, pH = 7.0) to obtain a gel/buffer ratio of 1:4 (w/v)
and gently mixed at 25 ◦C for 1 h. The glutaraldehyde solution was removed via filtration
and the gel was washed 3 times 1:4 (w/v) with a potassium phosphate-buffered solution
(100 mM, pH = 7.0) and filtered. The enzyme solution (12.5 mg/mL) was prepared by
dissolving the lyophilized ADH enzyme into a potassium phosphate-buffered solution
(100 mM, pH = 7.0) to obtain a gel/buffer ratio of 1:4 (w/v). The amino-derivatized silica
was first transferred to the immobilization vessel (100 mL flask) and the immobilization
solution containing the enzyme was then added. The slurry was gently mixed for 24 h
at 25 ◦C. The gel was washed 3 times 1:4 (w/v) with a potassium phosphate-buffered
solution (10 mM, pH = 7.0) and filtered. The immobilized biocatalyst was then dried under
a vacuum until a constant weight was reached.

3.5. Asymmetric Ketone Reduction with Soluble ADHs

The reduction of ketones to chiral alcohols was conducted in a 5 mL Eppendorf tube
inserted into an Eppendorf Thermomixer C, which combines mixing and temperature control.

Then, 25 mg of a liquid substrate (1a, 1b, 1c) was solubilized directly in the reaction
vessel in 125 µL of DMSO and 375 µL of IPA, to ensure the complete homogenization of
the starting material. Then, 3 mL of a potassium phosphate-buffered solution (100 mM,
pH = 7.0) and 0.5 mL of a NAD+ solution (100 mM in water) were added. The solution was
pre-incubated at the reaction temperature for 5 min. After this, 1 mL of an ADH enzyme
suspension 25 mg/mL in a potassium phosphate-buffered solution (100 mM, pH = 7.0) was
added, and the reaction mixture was stirred at 30 ◦C and 800 rpm.

Reactions were sampled by withdrawals of 50 µL at different time intervals, quenched
with 200 µL of MeCN, diluted into 950 µL of 50:50 H2O:MeCN, centrifuged, filtered, and
analyzed via HPLC. After 24 hours, the reaction was quenched with 1 volume of ethyl
acetate and the enzyme was separated from the supernatant via centrifugation and filtration.
The filtrate was concentrated under a reduced pressure to remove the IPA from the solution
and the aqueous phases was extracted with 2 volumes of ethyl acetate. The organic phases
were combined, dried over Na2SO4, filtered, and concentrated under a reduced pressure.
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In entries where complete conversion was achieved, products were recovered as white
crystalline solid or colorless liquids. The conversion of the substrates and the enantiomeric
excess of the products were determined via HPLC using a reversed-phase column and a
chiral column, respectively.

3.6. Enantioselective Ketone Reduction with Immobilized ADHs
3.6.1. Bioreduction under Batch Conditions

The reduction of ketones to chiral alcohols was conducted in a 5 mL Eppendorf tube
inserted into an Eppendorf Thermomixer C, which combines mixing and temperature
control. To being, 25 mg of liquid substrate was solubilized directly in the reaction vessel
in 125 µL of DMSO and 375 µL of IPA, to ensure complete homogenization in the starting
material. Then, 4 mL of a potassium phosphate-buffered solution (100 mM, pH = 7.0) and
0.5 mL of a NAD+ solution (100 mM in water) were added. The solution was pre-incubated
at the reaction temperature for 5 min. Then, 200 mg of immobilized ADH enzyme sample
was added and the reaction mixture was stirred at 30 ◦C and 800 rpm.

Reactions were sampled by withdrawals of 50 µL at different time intervals, quenched
with 200 µL of MeCN, diluted into 950 µL of 50:50 H2O:MeCN, centrifuged, filtered, and
analyzed via HPLC. After 24 h, the reaction was quenched with 1 volume of ethyl acetate
and the immobilized enzyme was separated from the supernatant via filtration. The
filtrate was concentrated under reduced pressure to remove the IPA from the solution
and the aqueous phases were extracted with 2 volumes of ethyl acetate. The organic
phases were combined, dried over Na2SO4, filtered, and concentrated under a reduced
pressure. In entries where complete conversion was achieved, products were recovered
as white crystalline solids or colorless liquids. The conversions of the substrates and the
enantiomeric excess of the products were determined via HPLC using a reversed-phase
column and a chiral column, respectively.

3.6.2. Bioreduction under Flow Conditions

Of the immobilized EMIN028@SiO2 sample, 600 mg was carefully packed into a PEEK
column with dimensions of 4 cm length and 4 mm inner diameter, connected to a pump
and maintained at a constant temperature of 30 ◦C. The reaction mixture was prepared
in a 5 mL glass container with a tightly sealed cap. The components included 150 µL of a
100 mM NAD+ solution in H2O, another 150 µL of pure H2O, 2.7 mL of IPA, and 150 mg
(200 mM) of substrate 1c. The starting mixture volume was 3 mL (90:10 IPA:H2O). The final
amounts employed were as follows: 600 mg of the immobilized enzyme sample, cofactor
5 mM, and substrate 200 mM. The resulting solution was then heated to 30 ◦C and flow
reactions were carried out by systematically pumping the mixture through the system.

At distinct intervals, samples of the supernatant (50 µL) were extracted, swiftly
quenched with 200 µL of MeCN, and subsequently diluted into a 1:1 mixture of MeCN
and H2O (250 µL). The mixture was centrifuged and analyzed via HPLC. After 24 h, the
reaction mixture was sampled and extracted from the flow system, and the column un-
derwent a thorough wash with the reaction solvent mixture to ensure the removal of both
the initial materials and desired products. The reaction mixture, along with the washing
fractions, were concentrated under a reduced pressure. When complete conversion was
achieved, (S)-2c was recovered as a white crystalline solid. The immobilized ADH sam-
ple EMIN028@SiO2 was reused in five consecutive reactions, conducted under identical
experimental conditions.

3.7. Cross-Linking with Glutaraldehyde

The immobilized EMIN028@SiO2 sample was briefly washed with a potassium phosp
hate-buffered solution (100 mM, pH = 7.0) and then incubated in the same buffer containing
0.1% (v/v) glutaraldehyde for 30 min. After washing with a phosphate buffer (100 mM,
pH = 7.0), the capping of unreacted aldehyde groups was performed with a Tris–HCl buffer
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(100 mM Tris, pH = 8.0). The final sample was dried under a vacuum until a constant
weight was reached and then properly stored at 4 ◦C.

4. Conclusions

In this study, three commercially available ADHs were immobilized on different silica-
based supports via adsorption and covalent bond formation. The prepared supported
biocatalysts were fully characterized and employed in the enantioselective reduction of
three aromatic substrates. In particular, prochiral ketones with an acetophenone-type
structure have been reduced by using ADH samples in both soluble and immobilized forms.

Two of the three immobilized enzymes allowed the obtaining of the correspond-
ing products with good to high conversions (50–100%) and excellent enantioselectivities
(ee > 99%). These chiral alcohols represent industrially relevant intermediates for the syn-
thesis of active pharmaceutical ingredients (APIs). The best results were obtained with the
enzymes adsorbed on a non-functionalized silica gel support.

The best performing biocatalyst was used for the optimization of the enantiose-
lective reduction reaction of 3’,5’-bis(trifluoromethyl)acetophenone (1c) to (S)-1-[3,5-bis-
(trifluoromethyl)phenyl]ethanol (2c), which is an important intermediate. The immobilized
biocatalyst used in a mainly organic medium (90% IPA) allowed for obtaining the desired
product with complete conversion and high ee (>99%) after 24 hours. The reusability of the
biocatalysts was also investigated in a flow system under optimized reaction conditions. A
further development of the process optimization was obtained through the cross-linking of
the immobilized enzyme with glutaraldehyde.

In conclusion, this research demonstrated that silica-based supports could represent
an alternative to organic polymeric carriers for the preparation of immobilized ADHs,
which can be used for the synthesis of chiral compounds. In conclusion, this research
demonstrated that silica-based supports could represent an alternative to organic polymeric
carriers for the preparation of immobilized ADHs, which can be used for the synthesis of
chiral compounds.
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IPA 2-propanol
MeCN Acetonitrile
PEEK Polyether ether ketone
TFA Trifluoroacetic acid
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