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Abstract
Purpose This work studies the immobilization of two enzymes, the alcohol dehydrogenase (ADH) and the aldehyde dehy-
drogenase (AldDH) both from Saccharomyces cerevisiae, which could be used to produce high value-added molecules from 
carboxylic acids embedded in anaerobic digestate.
Methods In particular, three mesoporous siliceous materials, with different specific surface areas and pore sizes, (MSU-
H, MSU-F and  MCF0.75) were used as supports for covalent immobilization. The support materials were characterized by 
complementary techniques. Then, after a functionalization, creating a covalent bond between the enzyme and the support 
was performed. The specific activity and immobilization yield of the biocatalysts were then evaluated.
Results The best results were obtained with MSU-H and MSU-F, resulting in an immobilization yield greater than 50% in 
all cases, a specific activity of 0.13 IU/gsupp with the AldDH/MSU-H, 0.10 IU/gsupp with AldDH/MSU-F, 48.6 IU/gsupp with 
ADH/MSU-H and 12.6 IU/gsupp with ADH/MSU-H. These biocatalysts were then characterized by optimal pH and tempera-
ture and the stability factor was evaluated. With ADH/MSU-F no decrease in activity was observed after 120 h incubated at 
50 °C. Finally, the biocatalysts AldDH/MSU-H and ADH/MSU-H were used to perform the reduction reaction and it was 
seen that after five reaction cycles the residual activity was greater than 20% in both cases.
Conclusion The ADH and AldDH enzymes have been successfully immobilized on mesoporous siliceous supports, consider-
ably increasing their thermal stability and being able to reuse them for several reaction cycles. The use of this immobilization 
and these supports is adaptable to a wide variety of enzymes.
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Statement of Novelty

The valorization of digestate from anaerobic fermentation pro-
cesses can make a great contribution to the development of 
increasingly sustainable processes. In particular, by enhancing 
the carboxylic acids it is possible to obtain alcohols, which 
can be used in a great variety of chemical processes. For the 
first time, the AldDH enzyme was covalently immobilized 
on mesoporous siliceous supports and used in series with the 
ADH enzyme to carry out the carboxylic acid reduction reac-
tion. In this way, it is possible to obtain alcohols starting from 
an organic waste fraction. The two enzymes were successfully 
immobilized on different mesoporous siliceous supports. Their 
thermal stability was considerably increased, and it was pos-
sible to use them for more reaction cycles.

Introduction

Converting carbon dioxide, the organic fraction of munici-
pal solid waste and other types of waste, agricultural or 
industrial, into high value-added molecules in a sustain-
able manner is the main challenge to be overcome world-
wide to facilitate a transition to a circular economy model. 
In particular, by fully exploiting the organic fraction of 
municipal solid waste and the numerous agricultural by-
products, carboxylic acids, biohydrogen, and biomethane 
can be produced through an anaerobic fermentation pro-
cess [1].

Carboxylic acids, after a first phase of concentration 
and purification, can be further enhanced to produce mol-
ecules with higher added value, for example, alcohols, 
which have countless applications in the chemical indus-
try and can be used as fuels, fragrances, emollients, and 
plasticizers [2].

There are several techniques to enhance carboxylic 
acids, for example using inorganic catalysts [3] or differ-
ent fungal species [4]. In this work, an enzymatic strategy 
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using two enzymes in series was proposed. In the first step 
of the reaction, carboxylic acids are reduced to aldehydes, 
using the enzyme aldehyde dehydrogenase (AldDH), and 
then the aldehydes to alcohols, using the enzyme alcohol 
dehydrogenase (ADH). Both the enzymes were obtained 
from Saccharomyces cerevisiae. To the best of our knowl-
edge, the use of two enzymes in a series has never been 
used to carry out the carboxylic acid reduction reaction.

The enzyme carboxylic acid reductase (CAR) is widely 
used to perform the first reaction [2]. However, this enzyme 
uses at the same time two cofactors to perform the reduc-
tion, ATP and NADH [5]. It was therefore decided to use the 
AldDH enzyme. This enzyme is widely studied to catalyze 
the oxidation of aldehydes to alcohols [6, 7]; however, the 
use in series with the enzyme ADH could shift the reaction 
to the right, as shown in Fig. 1, as the aldehydes produced 
would be immediately converted to alcohols. Similar behav-
ior is found in the case of the production of methanol from 
formic acid, although in this case the enzyme formaldehyde 
dehydrogenase is used [8]. The second enzyme of the series, 
on the other hand, catalyzes very well the reaction of inter-
est, that is, the reduction of aldehydes to alcohols [8]. Both 
enzymes, therefore, use only NADH as a cofactor and a high 
concentration is necessary to obtain high quantities of desir-
able products. NADH is a very expensive molecule and it is, 
therefore, necessary to carry out a process of regeneration 
of the cofactor to make the process more sustainable and 
feasible in its scalability [9].

Due to the high production and purification cost of 
enzymes, it is essential to immobilize them in order to 
increase thermal stability and at the same time be able 
to recover and reuse them for more than one reaction. In 
literature, among the various immobilization techniques, 
excellent results on a wide variety of enzymes regarding 
thermal stability were obtained using covalent immobi-
lization. In addition, the use of a covalent bond prevents 
leaching and allows to use the biocatalyst (enzyme immo-
bilized on the support) for more batch reactions. In par-
ticular, covalent immobilization with glyoxyl or amino 
groups appears to be very promising [10–12]. In the first 
case, glyoxyl groups react directly with the amino groups 
of the lysine residues, whereas by using an amino-func-
tionalized support, the covalent immobilization is carried 
out using glutaraldehyde, after a first ionic immobilization 
between the enzymes and the support. Glutaraldehyde is a 

bifunctional molecule, that reacts with the amino groups 
of the lysine residues and the amino groups of the support 
[13]. The choice of support is also of great importance 
and it is crucial to optimize the immobilization of each 
enzyme [14].

A wide variety of materials can be used as supports in 
covalent immobilization, with different characteristics and 
properties such as natural zeolite [10], agarose [15, 16] or 
chitosan [17]. Another very interesting option is the use of 
mesoporous silica, highly suitable for enzymatic immobili-
zation [18–20]. These materials have very high surface areas 
and there is the possibility of synthesizing them with differ-
ent pore structures (e.g. foam-like, cubic, hexagonal) and 
diameters (in the range of 2–50 nm) [19, 21]. These char-
acteristics can be optimized according to the enzyme used.

In this work, three types of silica have been characterized, 
with field emission scanning electron microscopy (FESEM) 
and  N2 physisorption at − 196 °C, and tested as immobiliza-
tion supports for AldDH and ADH enzymes. In particular, 
a mesoporous silica with a hexagonal structure (MSU-H), 
with an average pore diameter of 7 nm, and two mesoporous 
silicas with a mesocellular foam-type structure (MSU-F and 
 MCF0.75), having an average pore diameter of 15 and 25 nm 
respectively, were used [18, 22]. After a functionalization 
of the supports, with amino or glyoxyl groups, the enzymes 
were covalently bound to the supports. To the best of the 
authors' knowledge, these biocatalysts were never used to 
enhance carboxylic acids embedded in anaerobic digestate, 
and thus obtain alcohols. Furthermore, the AldDH enzyme 
has never been covalently immobilized on mesoporous 
silica.

The best support for each enzyme used was chosen, 
evaluating the enzymatic activity and the immobilization 
yield. For the most promising biocatalyst, the activity of 
the biocatalyst (enzyme immobilized on the support) was 
then evaluated with varying pH and temperature for each 
enzyme immobilized on the different supports, comparing 
it with that of free enzymes. It has been observed that the 
immobilized enzyme is relatively more active when the opti-
mal conditions vary compared to the free enzyme, both in 
terms of temperature and pH. The thermal stability was also 
evaluated by incubating the free and immobilized enzyme at 
50 °C and evaluating the residual activity at different times. 
This shows that these types of supports are very suitable for 
these enzymes and immobilization allows obtaining a high 
stability factor. Subsequently, the two reduction reactions 
were carried out. The first reaction was carried out using 
propionic acid and NADH and the second using propional-
dehyde and NADH. To evaluate the conversion, the decrease 
in absorbance of NADH over time was measured using a 
UV–VIS spectrophotometer. The actual production of pro-
pionaldehyde using the first enzyme and propanol using 
the second enzyme has been evaluated using a GC–MS 

Fig. 1  Reduction of carboxylic acid using AldDH and ADH enzymes 
in cascade
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headspace. Finally, a reuse test was carried out, evaluating 
the residual activity after several reaction cycles.

Good results were obtained in terms of thermal stability 
and reuse of immobilized enzymes. Furthermore, the use of 
these supports and these types of immobilization can there-
fore be used on a large variety of enzymes, being able to 
optimize the average pore diameter of the support according 
to the chosen enzyme.

Materials and Methods

Materials

MSU-H, MSU-F, pluronic P-123 [poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol)], 
mesitylene (1,3,5-trimethylbenzene, 98wt%), HCl (37% 
wt%.), TEOS (tetraethylorthosilicate, 99 wt%), toluene 
(≥ 99.5), GPTMS [(3-Glycidyloxypropyl)trimethoxysi-
lane, ≥ 98%], sulfuric acid (≥ 98%), sodium metaperiodate, 
APTES [(3-Aminopropyl)triethoxysilane, 99%], propional-
dehyde (≥ 98%), ethanol (≥ 98%), glycerol (86%), sodium 
borohydride (≥ 98%), glutaraldehyde (50%) and aldehyde 
dehydrogenase from S. cerevisiae were purchased from 
Sigma Aldrich. Alcohol dehydrogenase from S. cerevisiae 
was acquired from Thermo Scientific. Nicotinamide adenine 
dinucleotide derivatives  (NAD+, 99.6% and NADH, 97.1%) 
were supplied respectively from PanReach AppliChem and 
Acros Organics.

Silica Supports

For this study, two commercial silica supports, namely 
MSU-H and MSU-F, were investigated along with a syn-
thesized mesocellular foam-type silica, namely MCF.

The synthesized MCF was prepared by a literature pro-
cedure slightly modified [23, 24]. The Pluronic P-123 is 
the templating agent and mesitylene is the organic swelling 
agent. The mesitylene-to-P-123 ratio was fixed to 0.75 wt%.

In 150 mL HCl solution (1.6 M), 4 g of P-123 were dis-
solved and stirred at 40 °C for 1 h. After that, 3 mL of mesi-
tylene were added by drop-wising into the P-123 and HCl 
solution [21, 25, 26]. Subsequently, 8.5 g of TEOS were 
drop-wised into the previous solution and stirred continu-
ously for 24 h at 40 °C. Then, the suspension was prepared 
for the hydrothermal treatment at 100 °C for 24 h in order 
to increase both the window size and the cell of the foam: 
the solution was put inside a Teflon autoclave in order to 
keep the temperature constant during the thermal treatment. 
Finally, the suspension was filtered by a vacuum pump, 
washed with deionized water, dried overnight at 100 °C 
and calcined at 500 °C for 6 h (heating rate of 10 °C/min) 
[25–27]. The MCF was labeled as “MCF0.75”.

Textural Characterization of the Supports

The Specific Surface Area  (SBET), the total pore volume 
 (Vp), and the average pore diameter  (Dp) were investigated 
using the  N2 physisorption at − 196  °C (Micrometrics 
Tristar II, USA instrument). The  SBET was evaluated by 
the Brunauer–Emmett–Teller method (BET). The  Vp was 
calculated at P/P0 = 0.97. The  Dp was calculated by either 
applying the Barrett–Joyner–Halenda (BJH) algorithm 
according to a modified Broekhoff de Boer (BdB) method 
using Hill’s approximation for the adsorbed layer thick-
ness (MCF materials) [28]. Before the  N2 physisorption 
analysis, the samples were previously outgassed at 200 °C 
for 2 h in order to remove the molecular water and other 
atmospheric contaminants.

The sample morphology was analyzed using Field 
Emission Scanning Electron Microscopy (FESEM, Zeiss 
MERLIN, Gemini-II column).

Functionalization of the Supports with Glyoxyl 
Groups

The supports were functionalized to create glyoxyl groups 
after three reactions in series. In particular, 1.0 g of sup-
port was put in contact with 30 mL of GPTMS (1.0% v/v 
in toluene) at 105 °C for 5 h under strong agitation to 
generate epoxy groups. After washing with acetone and 
water, an hydrolysis with sulfuric acid was carried out 
using 30 mL of  H2SO4 0.1 M at 85 °C for 2 h. Finally, after 
washing with water, an oxidation reaction with sodium 
metaperiodate was performed using 30 mL  NaIO4 0.1 M 
at room temperature (r.t.) for 2 h. In this way, glyoxyl 
groups were created on the support. The support was then 
washed with water and phosphate buffer 0.1 M pH 7 and 
subsequently dried at r.t.. The protocol was modified from 
the literature [12]. The quantification of glyoxyl groups 
was performed by a back titration method as described 
by Guisan [29]. With the different supports, an amount of 
glyoxyl groups of about 500 μmol/gsupp was found.

Functionalization of the Supports with Amino 
Groups

To create amino groups, a functionalization was carried 
out with APTES. In particular, 1.0 g of support was put 
in contact with 30 mL of APTES (1.0% v/v in toluene) at 
105 °C for 5 h. Subsequently, the support was washed with 
water and phosphate buffer 0.1 M pH 7 and dried at r.t. 
The protocol was modified from the literature [30].
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Activity Assay of AldDH and ADH Enzymes

For the AldDH enzyme a solution consisting of 1.8 mL of 
phosphate buffer 100 mM pH 7, 0.125 mL of propionalde-
hyde 7.5 mM, 0.125 mL of  NAD+ 50 mM was used. Then 
0.025 mg of AldDH (for the activity of the free enzyme) 
or 5 mg of support (for the activity of the immobilized 
enzyme) was added. The change in absorbance at 340 nm 
dependent on the formation of NADH, which is gener-
ated during the oxidation of propionaldehyde, is meas-
ured using a Jasco V-730 UV–Vis spectrophotometer. The 
activity (A) is expressed in IU (international units) and 
corresponds to the amount of enzyme necessary to pro-
duce one μmol/min of NADH at pH 7 and 30 °C. The pro-
tocol was modified from the literature [7]. The activity of 
the ADH enzyme was obtained according to Ottone et al. 
[15]. In particular, the change in absorbance of NADH at 
340 nm generated by the oxidation of ethanol was meas-
ured. A solution containing 2 mL of 250 mM ethanol and 
0.1 mL of  NAD+ 100 mM was used both in 100 mM phos-
phate buffer pH 7. Then 0.005 mg of ADH (for the activity 
of the free enzyme) or 5 mg of support (for the activity of 
the immobilized enzyme) was added.

Enzymatic Immobilization

Briefly, 4 mg of the enzyme (AldDH or ADH) were put 
in contact with 1.0 g of the functionalized support (with 
glyoxyl or amino groups) in 30 mL of buffer, as described 
in the following sections. During the test, the activity of 
the enzyme in the immobilization solution and the blank 
(enzyme not in contact with the support) was evaluated. The 
protein concentration was then evaluated by Bradford assay 
[31]. The immobilization was evaluated through the specific 
activity per gram of support (IU/gsupp), the specific activity 
per milligram of protein immobilized (IU/mgprot) and the 
immobilization yield (IY) expressed as in our previous work 
[18]. Through IY it is also possible to obtain the effective 
mg of protein immobilized on the support, defined by the 
product of the immobilization yield and the enzymatic load 
offered.

Immobilization on Glyoxyl Support

Immobilization on supports functionalized with glyoxyl 
groups was carried out at 4 °C, in 100 mM pH 10.05 carbon-
ate buffer and under gentle stirring. A reaction time of 3 h was 
used, then glycerol and sodium borohydride to have respec-
tively 15% v/v and 0.5 mg/mL in solution, were added. Finally, 
a washing was carried out with distilled water/phosphate buffer 

100 mM pH 7, then the support was dried at 4 °C. This method 
was adapted from literature [10, 12].

Immobilization on Amino Support

The immobilization was carried out in accordance with our 
previous work [10]. It was carried out in phosphate buffer 
5 mM pH 7 at a temperature of 4 °C under gently stirring. A 
reaction time of 3 h was used, then the support was separated 
from the immobilization solution and was put in contact with 
a 0.1% v/v glutaraldehyde in 25 mM buffer solution pH 7, for 
30 min at 4 °C. Subsequently, a washing was carried out with 
water and phosphate buffer 5 mM pH 7 and finally the support 
was dried at 4 °C.

Temperature and pH Profiles for Free 
and Immobilized Enzymes

To evaluate the temperature profile, the enzymatic activity 
was calculated, as described previously in section “Activity 
Assay of AldDH and ADH Enzymes”, by varying only the 
temperature and keeping the pH fixed at 7. The pH profile was 
obtained by calculating the activity as described in section 
“Activity Assay of AldDH and ADH Enzymes”, varying the 
pH, and keeping the temperature fixed at 30 °C. A phosphate 
buffer was used for the activity at pH 6, 7 and 8. A carbonate 
buffer was used for the activity at pH 9 and 10.

Thermal Stability

The free and immobilized enzyme was incubated at 50 °C. 
Then, residual activity was measured as time increased to 
evaluate deactivation. First-order deactivation models, with or 
without residual activity, were used to describe the experimen-
tal points [14, 32]. Finally, the stability factor expressed as the 
ratio of the half-life of the immobilized and free enzyme was 
evaluated. The deactivations with or without residual activity 
are expressed by Eqs. (1) and (2) respectively where  A0 is 
the initial activity (IU),  kD is the deactivation constant  (h−1), 
t is the time (h) and α is the ratio between the final and initial 
states of the enzyme [32]. Finally, from the ratio of the half-life 
between immobilized and free enzymes it is possible to derive 
the stability factor, expressed by Eq. (3).

(1)A = A0 ⋅ e
−kD⋅t

(2)A = A0 ⋅ [� + (1 − �)]e−kD⋅t];

(3)F
S
=

t1∕2IE

t1∕2FE
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Reduction Reactions

The conversion of propionic acid to propionaldehyde was 
evaluated using the immobilized AldDH enzyme, using 
the NADH cofactor as a reducing agent. The reaction was 
carried out using 0.1 g of the immobilized enzyme with 
propionic acid (99%, Sigma-Aldrich) 50 mM and NADH 
50 mM in 10 mL of 0.1 M phosphate buffer pH 7 at 30 °C. 
The reduction of propionaldehyde to propanol was evaluated 
using the immobilized ADH enzyme, also in this case using 
the NADH cofactor as a reducing agent. The reaction was 
carried out using 0.1 g of immobilized enzyme with propi-
onaldehyde 50 mM and NADH 50 mM in 10 mL of 0.1 M 
phosphate buffer pH 7 at 30 °C.

During the reduction reactions, the decrease over time 
of NADH was evaluated, by measuring its absorbance at 
340 nm through a Jasco V-730 UV–Vis spectrophotometer. 
The concentration of propionaldehyde or propanol is then 
measured via a headspace GC–MS, with a Stabilwax column 
(60 m, 0.53 mm ID, 1.00 µm).

Reusability of Immobilized Enzyme

To evaluate the reusability of the immobilized enzyme sev-
eral batch reactions were carried out, as described in the pre-
vious section. After each reaction the immobilized enzyme 
was washed with water and phosphate buffer 0.1 M pH 7, 
then activity was measured, as described in section “Activ-
ity Assay of AldDH and ADH Enzymes”. Each batch had a 
duration of 1 h.

Results and Discussions

Characterization of Supports

N2 Physisorption at − 196 °C

Table 1 reports the results derived from the  N2 physisorption 
analysis. All the supports exhibit surface areas greater than 
500  m2/g. The material with the highest specific surface area 
is MSU-H, which has a  DP and  Vp smaller than the other two 
materials. MSU-F has an  SBET slightly lower than the other 
two materials and an average pore diameter of 15 nm. On the 
other hand, the  MCF0.75 presents the largest  Dp.

FESEM Analysis

In Fig. 2 are reported the FESEM micrograph of the stud-
ied supports, at two different magnifications for each. All 
the samples form aggregates of a few microns order. The 
MSU-H (Fig. 2A and B) has a structure with an elongated 
cylindrical shape, with the pores overlapping each other. 

MSU-F and  MCF0.75 exhibit a spongy, ball-shaped structure, 
with larger pores for the  MCF0.75 (Fig. 2E and F) than for the 
MSU-F (Fig. 2C and D). These results confirm the data in 
Table 2 and agree with the literature [23, 24, 33].

Characterization of Free and Immobilized Enzymes

The molecular weight of the ADH and AldDH enzymes is 
approximately 144 and 200 kDa, respectively [7]. Approxi-
mating them to a sphere [34], an average diameter equal 
to 6.85 nm and 7.72 nm can be obtained, respectively, for 
ADH and AldDH. The activity for free enzymes, calculated 
as described in section “Activity Assay of AldDH and ADH 
Enzymes”, is equal to 45.4 ± 1.2 IU/mgenz for ADH and 
0.29 ± 0.04 IU/mgenz for the AldDH.

Comparison Between Different Support Materials

The different biocatalysts were evaluated using specific 
activity and immobilization yield. The results are shown in 
Table 2. In the immobilization solution, all the supports were 
put in contact with an offered enzymatic load q = 4  mgprot/
gsupp. The duration of the immobilization process was 3 h, 
equal for all tests. After this time, in all cases the superna-
tant of the immobilization solution did not show any more 
activity.

For the ADH enzyme, the specific activity (both referred 
to g of support and mg of protein) is greater as the pore 
diameter of the support decreases. The pore diameter of the 
MSU-H is very similar to the enzyme diameter and there-
fore the enzyme is immobilized outside the pores, so the 
mass transfer phenomena are lower. With MSU-F, having a 
pore diameter slightly larger than that of the enzyme, part 
of the enzyme will be immobilized inside the pores and part 
outside.

With  MCF0.75, having a pore diameter of about three 
times that of the enzyme, probably the immobilization 
takes place all within the pores, therefore the activity is 

Table 1  Textural properties of the materials, obtained from the  N2 
physisorption at − 196 °C

a Surface area derived by the BET method
b Pore volume evaluated by the BJH method, during the desorption 
phase
c Average pore diameter of commercial materials
d Cell diameter determined from adsorption branches of the  N2 iso-
therms (BdB–FHH method)

Sample SBET
a  (m2/g) Vp  (cm3/g)b Dp (nm)

MSU-H 750 0.91 7c

MSU-F 562 2.31 15c

MCF0.75 600 1.40 25d
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affected by the mass transfer. This would explain why the 
specific activity is greater with MSU-F than with  MCF0.75. 
Probably, MSU-F is more suitable for immobilizing 
ADH than  MCF0.75. The immobilization yields and the 
expressed activities are in line with what is observed in the 
literature. For example, with agarose functionalized with 
various groups, were obtained immobilization yields of 
100% and expressed activities ranging from 0 to 90% [16]. 
With MSU-F and  MCF0.75, it is obtained an IY of 100%, 
so all the effective enzymatic load is equal to the offered 
at the starting time of immobilization. Instead, with MSU-
H, an IY of 82% is obtained, corresponding to an effective 
enzymatic load of 3.28  mgprot/gsupp.

Fig. 2  FESEM images of MSU-H (A and B), MSU-F (C and D) and  MCF0.75 (E and F)

Table 2  Specific activities and immobilization yields for the ADH 
and AldDH enzymes over different supports

Sample Dp(nm) IU/gsupp IU/mgprot IY (%)

ADH/MSU-H 7 48.6 ± 1.32 14.87 ± 0.72 82 ± 6.2
ADH/MSU-F 15 12.6 ± 0.89 3.15 ± 0.12 100 ± 3.1
ADH/MCF0.75 25 3.6 ± 0.53 0.90 ± 0.09 100 ± 4.2
AldDH/MSU-H 7 0.13 ± 0.04 0.07 ± 0.03 50 ± 5.1
AldDH/MSU-F 15 0.10 ± 0.05 0.03 ± 0.01 96 ± 4.6
AldDH/MCF0.75 25 0.09 ± 0.04 0.02 ± 0.01 100 ± 3.4
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Also with the AldDH enzyme, very similar in size to 
ADH, the activity is greater with decreasing the pore diam-
eter. Also in this case the trend for the specific activity 
referred to the grams of support and for mg of protein is 
the same. With MSU-H, an immobilization yield of 50% is 
obtained corresponding to an effective enzymatic load of 2 
 mgprot/gsupp. Instead, with the other two materials, almost 
all the offered protein is immobilized on the support. Fur-
thermore, it seems that the immobilization does not affect 
the activity. Since this reaction is very slow, probably the 
limiting stage is reaction kinetics and not the mass transfer. 
The specific activity in fact does not vary much with the 
different support. The specific activity is in line with that 
observed with AldDH immobilized on nanostructured car-
bon platforms [7].

Since for ADH the best values of activity were obtained 
with MSU-H and MSU-F, subsequent tests of pH and tem-
perature optimum and thermal stability were made only with 
these two materials, also using these for the enzyme AldDH.

Thermal Stability

Figure 3 shows the results of the stability test for ADH and 
AldDH derivates. To describe the experimental points of 
free ADH and free and immobilized AldDH a first-order 
deactivation model with no residual activity was used. For 
ADH/MSU-H, a first-order deactivation model with resid-
ual activity was used. The parameters of the models are 
summarized in Table 3. It is possible to obtain α, the ratio 
between the final and initial states of the enzyme [32], 
only for the model with residual activity. The free ADH (in 
concentration 0.001 mg/mL) shows no activity after 24 h, 
obtaining a deactivation constant equal to 0.28  h−1 which 
corresponds to a half-life equal to 2.47 h. With ADH/
MSU-F there is a clear improvement in stability, in fact, 
there is no observed decrease in activity in 120 h. This is 
a further confirmation that in this case, the immobilization 

takes place within the pores and that there are mass trans-
fer limitations. In fact, when the enzyme present in the 
outer part of the pores is deactivated, the substrate can still 
react with the enzyme in the inner part and which it previ-
ously could not reach. For this reason, it was not possible 
to obtain the deactivation constant and the half-life, so it 
will be necessary to extend the test times. With the ADH/
MSU-H biocatalyst, on the other hand, a residual activity 
of about 40% is observed after 120 h at 50 °C. A deactiva-
tion time of 83.5 h is therefore obtained and therefore a 
stability factor equal to 33.8.

With the free AldDH (in concentration 1 mg/mL) a half-
life of 13.86 h is obtained. A half-life of 46.21 h is obtained 
with the AldDH/MSU-H biocatalyst, corresponding thus 
to a stabilization factor equal to 3.3. Contrary to what was 
expected, in this case with MSU-F a lower stabilization fac-
tor is obtained, equal to 2, compared to that obtained with 
MSU-H. However, the two stability factors obtained are very 
similar. To the knowledge of the authors, no work has been 
found in the literature on stability factors after the immobi-
lization of this enzyme.

In the literature, the best values of stabilization factors for 
different types of enzymes were obtained with immobiliza-
tion carried out with glyoxyl groups, as reported for example 

Fig. 3  Thermal stability at 50 °C of free and immobilized ADH (A) and AldDH (B)

Table 3  Deactivation constant  (kD), the ratio between the final and 
initial states of the enzyme (α), half-life  (t1/2) and stabilization factor 
(Fs) obtained from the first-order deactivation model with or without 
residual activity

Sample kD  (h−1) α (−) t1/2 (h) FS (−) R2

Free ADH 0.280 – 2.47 – 0.99
ADH/MSU-F – – – – –
ADH/MSU-H 0.015 0.3 83.5 33.8 0.95
Free AldDH 0.050 – 13.86 – 0.96
AldDH/MSU-F 0.025 – 27.73 2.0 0.98
AldDH/MSU-H 0.015 – 46.21 3.3 0.98
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by Guisan with chymotrypsin, immobilized on glyoxyl aga-
rose. In this case, a stability factor as high as 60,000 was 
obtained [35]. Stabilization factors up to 500-fold have been 
reported, for example with ADH immobilized on agarose 
modified with glyoxyl groups and subsequently coated with 
PEI [16].

Therefore, also AldDH has been immobilized by this 
method. In this case, with ADH, the immobilization carried 
out at pH 10 and without post-immobilization techniques 
led to complete deactivation of the enzyme during immobi-
lization (data not shown), therefore the immobilization with 
amino groups at pH 7 has been tested. Future work could 
focus on this type of immobilization also for AldDH, to see 
if a neutral pH of immobilization is better for enzymatic 
stability.

As also observed in other works [18], these siliceous 
mesoporous supports are confirmed as very suitable mate-
rials for enzyme immobilization. In fact, at least with ADH/
MSU-F, no decrease in activity has been observed after 
5 days of incubation at 50 °C. Probably, optimizing the 
immobilization of AldDH a good stabilization factor can be 

obtained also for this enzyme. In addition, having the ability 
to synthesize different types of mesoporous silica it is also 
possible to optimize the average pore diameter to optimize 
the specific activity [18].

Effect of pH and Temperature on Biocatalyst Activity

Figure 4 show the activity of the different biocatalysts with 
varying pH and T. Regarding ADH (Fig. 4), the only dif-
ference between free and immobilized enzymes is in the 
optimal pH of ADH/MSU-H. In order to obtain the optimal 
pH of ADH/MSU-H, a further test at pH 11 was carried out 
to observe a decrease in activity. A similar behavior, in a 
microenvironment with amino groups, occurred with ADH 
immobilized on agarose [15] and FDH on natural zeolite 
[10]. It is interesting to note that immobilized enzymes are 
less affected by changes in pH and temperature.

With AldDH derivatives (Fig. 5), an increase in the opti-
mal temperature is noted, reaching 50 °C with MSU-F. This 
confirms a good immobilization and the creation of a micro-
environment that protects the enzyme. With MSU-H there 

Fig. 4  pH (A) and T (B) profiles of ADH derivates

Fig. 5  pH (A) and T (B) profile of AldDH derivates
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is no optimal T increment. Although the activity remains 
higher in a broader range with respect to the free enzyme, 
at 60 °C there is a collapse of activity of the immobilized 
enzyme showing no activity.

On the other hand, an optimal pH variation is not 
observed. As for ADH, also in this case the immobilized 
enzyme is less affected by changes in pH and T. This is espe-
cially observed with MSU-F. As the pores are larger, they 
allow the creation of a microenvironment and the immobi-
lized enzyme is less affected by external conditions. The 
pores of MSU-H are smaller than the enzyme diameter, thus, 
probably most of the enzyme is immobilized on the external 
surface of the particles and not inside of the pores.

Reduction Reaction and Reusability of Immobilized Enzyme

The reduction reaction was carried out at 30 °C and a neutral 
pH, in order to avoid deactivation at a more acidic pH and 
a more high temperature [36]. From an anaerobic digestion 
process, VFA concentrations ranging from 10 to 100 mM 
in solution can be obtained [37]. It was therefore chosen to 
work with a synthetic wastewater solution with a concentra-
tion of propionic acid (for the first reaction) or propionalde-
hyde (for the second reaction) equal to 50 mM, using NADH 
50 mM as reducing agent. The reduction reaction was stud-
ied with the two biocatalysts first separately and subse-
quently in series, starting only from propionic acid. From 
the first reaction, using the AldDH/MSU-H biocatalyst, 
with a headspace GC–MS, traces of propionaldehyde are 
observed, obtaining a concentration of 0.21 ± 0.02 μM with 
a reaction time equal to 5 h, although a decrease in NADH 
of 30% was observed. Probably the NADH is adsorbed on 
the support but does not contribute to the reaction. Most 
likely, the energy needed to carry out this reaction is rela-
tively high and the mere presence of NADH is not enough 
to make the reaction of interest occur. The CAR enzyme in 
fact also uses the ATP cofactor for this type of reaction [2, 4, 
5]. With AldDH/MSU-F a concentration of 0.08 ± 0.02 μM 
is obtained. In this case, a process should be developed in 
which to regenerate ATP in addition to the cofactor NADH. 
However, this would make the process even more complex 
and costly, having to implement two very complex systems 
for the regeneration of the two cofactors. In addition, it has 
been reported in the literature the use of this enzyme from 
Mycobacterium marinum co-expressed in E. coli, which 
combined with the enzyme ADH allows to reach C6-C12 
alcohol concentrations equal to 330 mg/L [2].

The enzyme ADH should be very active in catalyzing 
the aldehyde reduction reaction [8, 9], but contrary to what 
was expected also in the second reaction, with the ADH/
MSU-F biocatalyst, a very low conversion is obtained. 
After 5 h of reaction, a concentration of 1.2 ± 0.2 μM of 
1-propanol is obtained, although a decrease in NADH 

greater than 40% was observed. With ADH/MSU-H a 
considerable high concentration, three orders of magni-
tude higher than with ADH/MSU-F, of 7.05 ± 0.01 mM 
is obtained, corresponding to a conversion yield of 14%.

After, the two enzymes have been utilized in series 
to perform the sequential reactions to produce propanol, 
starting from propionic acid. Sequential immobilization 
can have some advantages over co-immobilization: (1) it is 
easier to change each enzyme when it is inactivated inde-
pendently of the other; (2) it is easier to change the ratio of 
the specific activities of the two enzymes (by adding more 
biocatalyst of the less active enzyme).

The two enzymes in series have been used both immo-
bilized separately on the same support. With the two 
enzymes immobilized on MSU-H or MSU-F, a slight 
increase in propionaldehyde production is observed, reach-
ing respectively 0.11 ± 0.01 and 0.09 ± 0.02 μM. Further-
more, propanol is formed in both cases in a concentration 
lower than 0.1 μM. With the two enzymes immobilized 
separately on MSU-H it is therefore observed that the con-
centration of propionaldehyde is lower than that produced 
with AldDH alone; probably since MSU-H is very active 
a part of the propionaldehyde produced is immediately 
converted to propanol. No difference in propionaldehyde 
production is observed with MSU-F. In any case, the rate-
determining step is the reduction of propionic acid to pro-
pionaldehyde, and it will be necessary to optimize this step 
to make this process sustainable and scalable. To increase 
the production of propanol, the two enzymes could also 
be co-immobilized on the same particle, so that propion-
aldehyde could be immediately converted to propanol, in 
order to avoid mass transfer phenomena between particles. 
After the immobilization on the same particle, it could be 
also optimized the weight ratio between the two enzymes, 
in order to have a more similar specific activity of the two 
enzymes on the same particle. In this way, by increasing 
the amount of AldDH, it could be possible to optimize 
the first step of the reaction in order to carry out a more 
efficient reduction of propionic acid to propionaldehyde.

With a more conventional process, it is possible to 
obtain much higher concentrations of propanol. For exam-
ple, with engineered E. coli, it is been reported in literature 
a concentration of propanol of 2.7, operating with a fed-
batch in a mineral medium with 10 g/L of yeast extract 
and with repeated addition of glucose [38]. With a classic 
synthesis process, starting from syngas and ethylene, an 
alcohol yield of 99% is obtained after two reactions in 
series. The first reaction, hydroformylation of ethylene, is 
carried with a ruthenium-based catalyst at a temperature of 
90–130 °C and a pressure of 28 bar. The second reaction, 
hydrogenation of propanal, is carried out at 110–150 °C 
at 1.5–10 bar with a catalyst based on copper, zinc, nickel, 
and chromium [39].
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LCA analysis should be carried out to assess the best 
process in economic, energy and emission terms. However, 
this process still has a very low Technology Readiness Level 
(TRL), and further experiments, optimizations, and scale-
ups are needed to perform a reliable analysis.

Figure 6 shows the reusability test with AldDH/MSU-H 
and ADH/MSU-H. After each batch, the residual activity is 
calculated, as described in section “Activity Assay of AldDH 
and ADH Enzymes”, and compared to the initial one.

After 5 cycles of reaction, with both biocatalysts there 
is a residual activity greater than 20%. A similar result was 
obtained by Ottone et al. [15], with 30% of residual activity 
after three reaction cycles of ADH immobilized on glyoxyl 
agarose, or by Li et al. [17] who obtained 30% of residual 
activity after 5 cycles with ADH covalently immobilized on 
chitosan-coated magnetic nanoparticles. No work regarding 
the reuse of AldDH immobilized enzyme was found in the 
literature.

Conclusions

ADH and AldDH have been successfully immobilized 
on three different types of mesoporous siliceous materi-
als (MSU-H, MSU-F and  MCF0.75). In particular, ADH 
was immobilized on supports functionalized with amino 
groups while AldDH on supports functionalized with gly-
oxyl groups. With both enzymes, it was possible to obtain 
100% immobilization yields. Regarding specific activity, 
the best values have been obtained with MSU-H, reaching 
0.13 IU with AldDH and 48.6 IU with ADH immobilized 
on MSU-H. Furthermore, the optimum pH and temperature 
have been evaluated on MSU-H and MSU-F derivates. Thus, 
thermal stability and the possibility of reusing biocatalysts 
were studied. The two biocatalysts were used to perform 

a reduction reaction of propionic acid (with immobilized 
AldDH) and propionaldehyde (with immobilized ADH). 
Using ADH/MSU-H a good concentration of propanol 
(7 mM) was obtained corresponding to a conversion yield 
of 14%. To obtain higher conversion values the two enzymes 
could be co-immobilized on the same particle in order to 
decrease mass transfer limitations and optimize the weight 
ratio between the two enzymes.

These supports and these types of immobilizations can 
also be used to immobilize other types of enzymes, even of 
different sizes compared to those used having the possibility 
to use supports with different average pore diameters.
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