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Abstract: Beer production is the largest among alcoholic beverages. Its production process is complex
and demands several steps. Lager beers commonly present an off-flavor of butter that is due to
the presence of diacetyl, and to avoid such a problem, a long period of maturation (3–5 weeks) is
required. Another way is the application of (α-acetolactate decarboxylase) ALDC to accelerate the
process. The objectives of the present work were to develop a low-cost support using gelatin, a
residue from capsules from the nutraceutical industry, to immobilize the ALDC enzyme. For this,
the yield, efficiency and activity recovered, and the stability of free and immobilized enzymes at
different temperatures and pH were evaluated. To evaluate the capacity of immobilized enzymes
when applied directly to beer and their operational stability, three concentrations of glutaraldehyde
(1%, 2.5% and 5%) were tested in distilled water as a cross-linking agent. The best results obtained
were 95.6%, 27.0% and 23.6%, respectively, for yield, efficiency and activity recovery. Immobilization
provided a high activity over a wide pH range. The immobilized enzyme showed greater stability at
temperatures of 50 and 60 ◦C. The immobilized derivative showed adequate reuse capacity, and its
dehydrated form had excellent activity after long periods of storage.

Keywords: ALDC; immobilization; alginate/alginate; gelatin residue

1. Introduction

Beer is one of the world’s favorite drinks. It has the highest consumption among
alcoholic beverages and is third among all beverages, behind only the consumption of
water and tea. The three largest beer producers are the US, China and Brazil. The global
beer market size was valued at USD 605,246.1 million in 2020 and is projected to reach USD
816,847.7 million by 2030. Due to the high acceptance rate among consumers, lager beer
dominates the market. It is estimated that the volume of production is equivalent to the
sum of the other beer types (ale, stout, porter, etc.) [1–3].

The production of beer is complex and dependent on several stages. For example,
for lager-type beers, the process is briefly described: the milling of the malt; mashing for
conversion of starch to fermentable sugars; wort boiling and hop addition; cooling; fermen-
tation (lager temperature); maturation (3 to 5 weeks, 0 to 5 ◦C); filtration; pasteurization;
and packaging [4].

The off-flavor of butter reported in beers is due to the presence of diacetyl, a vicinal
diketone, formed from the decarboxylation of α-acetolactate, the intermediate product of
the synthesis of the amino acid valine during fermentation [5]. The reaction of decarboxy-
lation of α-acetolactate in diacetyl occurs in the beer in the maturation phase, slowly and
spontaneously, while the transformation of diacetyl into acetoin and subsequently into
2,3-butenediol occurs rapidly, catalyzed by reductions from yeast present in beer during
maturation [6–8]. The spontaneous decarboxylation of α-acetolactate acts as a limiting fac-
tor in the optimization of the maturation time of beer. From the 1980s onwards, enzymatic
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technology has been published to reduce the conditioning time, where the conversion of
α-acetolactate to diacetyl is catalyzed by the enzyme α-acetolactate decarboxylase (ALDC)
(EC 4.1.1.5) [9,10].

In this sense, the use of immobilized enzymes can be very useful for the beer industry.
Enzyme immobilization is a technique that allows the preparation of a heterogeneous
biocatalyst. There are several advantages of using immobilized enzymes such as the
possibility of using continuous process, the separation of the enzyme from product and its
reuse, and the possible increase in enzyme stability, among others [11–13]. There are several
supports that can be used for enzyme immobilization. They can be based on inorganic
materials, such as silica or magnetic particles [14–16], or from organic materials, such as
chitosan, agarose, alginate or gelatin [17,18]. Additionally, metal–organic frameworks or
amorphous coordination polymers can also be utilized to encapsulate enzymes [19–22].

Sodium alginate is a polysaccharide that can be used for the preparation of hydrogels
by cross-linking with divalent cations (mainly Ca+2). Several studies demonstrated the
polyvalence of calcium alginate, when applying it to the production of films [23–25],
immobilization of extracts [26], yeasts [27,28] and enzymes [29–31]. It is possible to form
complex gels by adding other substances to change the characteristics of the alginate,
such as gelatin. The alginate/gelatin complex has been studied for the encapsulation of
betalains [32], microencapsulation of ascorbic acid (vitamin C) [33] and curcumin [34], for
the preparation of films [25,35,36] and immobilization of enzymes [31,37,38]. The gelatin
can be obtained by the residues of capsules discarded by the nutraceutical industry, since
they consist of 48.4% gelatin, 30.0% water and 21.8% glycerol. Some studies demonstrated
the efficiency of this residue in film production [39–41].

Thus, considering all these aspects, the objective of the present work was to develop
an alginate/gelatin support, using nutraceutical industry capsule residue, for the covalent
immobilization of ALDC, using glutaraldehyde as the cross-linking agent. For this, the
immobilization yield was evaluated, as well as efficiency and activity recovery and parame-
ters related to immobilization quality. The activity of the free and immobilized enzyme was
tested at different pH, besides the thermal stability at different temperatures. The stability
of immobilized, operational and storage ALDC was tested by applying it directly to the
beer and quantifying activity during the storage period.

2. Results and Discussion
2.1. Enzyme Immobilization

The immobilization of ALDC in the alginate/gelatin particles was evaluated by chang-
ing the protein load and glutaraldehyde concentrations. The results of immobilization
parameters and the support activity are presented in Table 1.

Table 1. ALDC immobilization on alginate/gelatin supports, evaluating the amount of enzyme
offered and percentage of glutaraldehyde in the activation of support.

Offered Activity
(U/g Support) Glutaraldehyde Yield Efficiency Activity Recovery Activity

(U/g Support)

5.0
1% 36.4% a 14.5% a 5.3% a 0.26

2.5% 81.7% c 13.3% a 10.8% b 0.54
5% 83.4% c 17.9% a,b 14.9% c 0.74

7.5
1% 52.6% b 22.0% b,c 11.6% b 0.87

2.5% 79.3% c 26.6% c,d 21.1% d 1.58
5% 95.6% d 21.9% b,c,d 21.0% d 1.58

10.0
1% 78.6% c 16.6% a,b 13.0% b,c 1.30

2.5% 82.7% c 26.2% c,d 21.7% d 2.17
5% 87.4% c,d 27.0% d 23.6% d 2.36

a, b, c, d Equal letters in the columns do not represent significant statistical differences (p < 0.05).
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Immobilization yield represents the amount of protein that was attached to the support
in theory, i.e., the enzyme that was not in supernatant at the end of the immobilization
process. We can observe from Table 1 that the highest immobilization yields were obtained
at the highest glutaraldehyde concentration (5%), for all enzyme loadings. It was the same
for the other immobilization parameters (efficiency and activity recovery). Glutaraldehyde
is the main agent for the support activation used for enzyme immobilization [42]. It has the
capacity to react with primary amines, producing covalent cross-linking. The mechanism
involved in glutaraldehyde enzyme immobilization can be explained by a first enzyme-
support adsorption, ionic or hydrophobic, followed by covalent bonds, that can improve
enzyme stability. Thus, the highest glutaraldehyde concentration might provide several
points for enzyme interaction leading to better results.

The yield results found ranged from 36.4 to 95.6%, which is in accordance with
other studies. Adriano et al. [43] evaluated supports of chitosan, chitosan/gelatin, chi-
tosan/alginate and chitosan/carrageenan, obtaining a yield between 24 and 82% for
chymotrypsin immobilization. In a work using β-galactosidase from Aspergillus oryzae,
Tanriseven and Dogan [44] obtained an immobilization yield of 56% in alginate/gelatin
cross-linked with glutaraldehyde, while Naganagouda and Mulimani [45] reached 71.8%
for α-galactosidase mixed with gelatinous fibers of alginate and gelatin.

Thus, for the following experiments, a preparation using 10 U/g support and 5% of
glutaraldehyde was selected. One important point that should be in mind when using
glutaraldehyde as a cross-linking agent is its toxicity. Although glutaraldehyde promotes
good cross-linking and mechanical properties for the particles [42], contradictory evidence
has been highlighted on the cytotoxicity of glutaraldehyde cross-linked materials [46]. To re-
duce its effects, some strategies proposed lowering the concentration of the glutaraldehyde.
Bigi et al. demonstrated that for gelatin films cross-linked with glutaraldehyde, there was
no release of glutaraldehyde from films submitted to a concentration up to 1.5% [47]. In our
case, although we chose 5%, the results using 2.5% were statistically equal. Nevertheless,
the real toxicity for our particles should be tested to point out the real effect.

2.2. Effect of pH on ALDC Activity

The immobilization may generate alterations in the enzyme behavior in relation to
the pH. Immobilization can change the optimal pH or even increase the pH range where
the enzyme activity was close to the optimal. Figure 1 shows the results of the pH effect
on the activity of the free and immobilized enzyme. The optimal activity observed was
at pH 6.0 in both cases. It should be noted that the immobilized enzyme presented a pH
range between 4.5 and 7.0, where the enzymatic activity was very close to optimal. It is
important to remark that immobilized preparation presented a better activity than the free
enzyme in a pH range usually found in beers (4.5–5.5). In the work of Qian et al. [16], a
significant increase was not observed in the pH range of the ALDC action of Bacillus brevis
immobilized on paramagnetic nanoparticles, in addition to finding the best pH conditions
of 6.5 for free and immobilized enzymes.

2.3. Thermal Stability

The thermal stability was evaluated at different temperatures from 50 to 80 ◦C. How-
ever, temperatures above 70 ◦C affected the structure of the alginate/gelatin particle. Thus,
the results obtained for thermal stability at 50 and 60 ◦C are presented in Figure 2. It can be
observed that in both cases the immobilized preparation presented a higher stability than
the free form. The half-life at 60 ◦C was 23 min for the free enzyme and 147 min for the
immobilized enzyme, giving a stabilization factor of 6.4.

The results of the stabilization factor at a temperature of 60 ◦C were similar to those
works using chitosan beads activated with glutaraldehyde for the immobilization of β-
galactosidase [48], invertase [49], and chitosan activated with genipin for the immobiliza-
tion of β-galactosidade [50]. In a study published by Pedroche et al. [51], the authors
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suggested that the increase in thermal stabilization is associated with an increase in the
number of covalent bonds between the enzyme and the support.
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Figure 2. Thermal inactivation at different temperatures in pH 6.0 buffer, at (a) 50 ◦C and (b) 60 ◦C.
(�) Free and (�) immobilized enzymes. Error bars represent the standard deviation from the mean
of three independent experiments.

2.4. Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)

Through the analysis of the graph of TGA, in Figure 3, we can observe three main bands
of mass decay. In the first part of the graph between 100 and 240 ◦C, there is a decay of
only 5%. The first significant decay occurs in the range of 240 to 300 ◦C with a further 20%
reduction of the sample mass. From 300 to 400 ◦C, there is an additional 30% reduction,
and in the last step from 400 to 550 ◦C, there is a further 15% reduction. Using gelatin
films, Campo et al. [39] observed a great reduction in the range of 0 to 150 ◦C, suggesting
that degradation or decomposition of low-molecular-weight protein and glycerol fractions
occurred. The highest stability observed is possibly due to the cross-linking of glutaraldehyde
with gelatin impregnated in the calcium alginate gel mesh. A similar effect was observed by
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Danial et al. [52] when evaluating alginate/polyethyleneimine beads, and by Awad et al. [30],
with alginate/cellulose (CMC)/polyethyleneimine, both activated with glutaraldehyde.
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Figure 3. Thermogravimetric analysis (TGA) of alginate/gelatin spheres activated with glutaraldehyde.

The DSC thermograms, in Figure 4, evaluating the activated alginate/gelatin beads
and ALDC immobilized on alginate/gelatin beads demonstrate subtle endothermic peaks
at temperatures of approximately 75 and 78 ◦C. Such results may justify the loss of thermal
stability of ALDC immobilized at temperatures equal to or greater than 70 ◦C. The glass
transition temperature (Tg) of hydrated bovine gelatin determined by DSC was in the range
of 70 to 90 ◦C [53]. Compared to films of cellulose nano-crystals (10%)/chitosan (30%) with
starch (60%) or gelatin (60%), the Tg temperature was determined for gelatin as 75.8 ◦C [54].
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Figure 4. Differential scanning calorimetry (DSC) analysis chart of ALDC immobilized on algi-
nate/gelatin beads.
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2.5. Storage Stability

The storage stability was performed after lyophilization or vacuum drying of the
immobilized preparations. Different than was observed for other polysaccharides beads,
such as chitosan beads, the particle structure remained almost unaltered after the drying
operation, and could be easily re-hydrated, returning to the original structure. The storage
stability was monitored for 120 days, and the results are presented in Figure 5. The
lyophilized particle presented greater stability, after 120 days of storage, maintaining
approximately 91% of the initial activity, while the vacuum dried particles kept about 75%
of their activity. These results are much higher than those found by Qian et al. [40], who
found that ALDC immobilized on magnetic nanoparticles stored in buffer at pH 6.0, at
4 ◦C, for 14 days, maintained 70% of its activity.
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Figure 5. Evaluation of the quality of immobilized ALDC dehydrated during the storage of immo-
bilized ALDC. (�) Lyophilized and (#) vacuum dried. Error bars represent the standard deviation
from the mean of three independent experiments.

Considering the drying process, it can represent one of the main advantages of our
hybrid alginate/gelatin material compared to other traditional polysaccharides used for
enzyme immobilization, such as chitosan beads or alginate beads. Our particles could be
dried and rehydrated, keeping their structure and activity. Chitosan beads and alginate
beads lost their structure after drying and could not be rehydrated, losing functionality. For
industrial and commercial purposes, it is interesting that this works with dried material
because it is cheaper for storage and transport. In Figure 6, particles can be seen before and
after the vacuum drying.
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2.6. Operational Stability

The conversion capacity of α-acetolactate in beer was measured by applying immo-
bilized ALDC according to item 3.10 and quantifying the acetoin formed, as described in
item 3.9, for ten cycles. It is important to note that under the experimental conditions there
was no spontaneous conversion of α-acetolactate into diacetyl in amounts detectable by
the analytical methods applied. The reuse results are shown in Figure 7, where it can be
observed that in the first three cycles, the relative activity was greater than 75%, and at
the end of the ten cycles, the relative activity was about 25% of the initial one. In ALDC
immobilized in Ca3(PO4)2-ALDC@Alg microspheres, with its first reuse, it maintained 45%
activity, and in the sixth, about 24% of the initial activity [29]. The losses of the enzyme
activity could be explained by the presence of the substrate. The α-acetolactate solution
was prepared with NaOH. Thus, the addition of substrate, in the long term, could lead to
the loss of the calcium ion of the support structure through the interaction with sodium,
and then the de-structuring of the alginate gel.

Catalysts 2023, 13, x FOR PEER REVIEW  8  of  15 
 

 

2.6. Operational Stability 

The  conversion  capacity  of  α‐acetolactate  in  beer  was  measured  by  applying 

immobilized  ALDC  according  to  item  3.10  and  quantifying  the  acetoin  formed,  as 

described in item 3.9, for ten cycles. It is important to note that under the experimental 

conditions  there  was  no  spontaneous  conversion  of  α‐acetolactate  into  diacetyl  in 

amounts detectable by  the analytical methods applied. The  reuse  results are shown  in 

Figure 7, where it can be observed that in the first three cycles, the relative activity was 

greater than 75%, and at the end of the ten cycles, the relative activity was about 25% of 

the initial one. In ALDC immobilized in Ca3(PO4)2‐ALDC@Alg microspheres, with its first 

reuse, it maintained 45% activity, and in the sixth, about 24% of the initial activity [29]. 

The losses of the enzyme activity could be explained by the presence of the substrate. The 

α‐acetolactate solution was prepared with NaOH. Thus, the addition of substrate, in the 

long term, could lead to the loss of the calcium ion of the support structure through the 

interaction with sodium, and then the de‐structuring of the alginate gel.   

 

Figure 7. Relative activity of immobilized ALDC in the conversion of α‐acetolactate to acetoin. Error 

bars represent the standard deviation from the mean of three independent experiments. 

In  order  to  verify  the  stability  of  the  support  particles  in  beer,  the  immobilized 

enzyme was  incubated  in degassed beer without  substrate. The particles  remained  in 

contact with beer for 2 h, and then were filtered, washed and incubated in new fresh beer 

for 30 cycles. It can be observed in Figure 8 that after 30 cycles, the residual activity was 

45%. Possibly, the losses could be due to hydrophilic and hydrophobic interactions of the 

proteins present  in  the beer with  the support along  the cycles, creating some substrate 

diffusional limitations when the activity was measured. However, due to the absence of 

sodium  ions,  the particles were more  stable  compared with  the presence of  substrate 

(Figure 8). Thus, the immobilized particles can be applied to the maturing beer process, 

since  the  α‐acetolactate  naturally  present  in  beer  is  derived  from  microorganism 

metabolism and is free of sodium.   

Figure 7. Relative activity of immobilized ALDC in the conversion of α-acetolactate to acetoin. Error
bars represent the standard deviation from the mean of three independent experiments.

In order to verify the stability of the support particles in beer, the immobilized enzyme
was incubated in degassed beer without substrate. The particles remained in contact with
beer for 2 h, and then were filtered, washed and incubated in new fresh beer for 30 cycles. It
can be observed in Figure 8 that after 30 cycles, the residual activity was 45%. Possibly, the
losses could be due to hydrophilic and hydrophobic interactions of the proteins present in
the beer with the support along the cycles, creating some substrate diffusional limitations
when the activity was measured. However, due to the absence of sodium ions, the particles
were more stable compared with the presence of substrate (Figure 8). Thus, the immobilized
particles can be applied to the maturing beer process, since the α-acetolactate naturally
present in beer is derived from microorganism metabolism and is free of sodium.
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3. Materials and Methods
3.1. Reagents

The acquired 2000L Maturex from Novozymes is the commercial form of α-acetolactate
decarboxylase enzyme (EC 4.1.1.5) from B. brevis; sodium alginate was obtained from
Cromato Produtos Químicos Ltd.a (São Paulo, Brazil); capsule residue of gelatin was
supplied by the Laboratório Químico Farmacêutico Tiaraju (Santo Ângelo, RS, Brazil);
ethyl 2-acetoxy-2-methyl-acetolactate, anhydrous creatine, α-naphthol, acetoin (≥95%),
ethyl acetate (>99.5%), diacetyl (>97%) and 2-pentanone (99.5%) were obtained from Sigma
Aldrich (Brazil); glutaraldehyde (25%), citric acid, zinc chloride, calcium chloride dihydrate
and sodium chloride were supplied by Nuclear (Brazil); sodium hydroxide, bibasic sodium
phosphate and monobasic sodium phosphate were purchased from Neon (São Paulo,
Brazil), and ethylene glycol was obtained from Synth (São Paulo, Brazil). All reagents used
in this work were of analytical grade.

3.2. Support Preparation and Activation

The methodology for preparing the alginate/gelatin beads was adapted from those
described by Callone et al. and Costa et al. [27,28], where 15% w/v capsule residue
gelatin and 1.5% w/v sodium alginate were dissolved in distilled water at 50 ◦C. After
homogenization, the mixture was kept in an ultrasonic bath for the elimination of air
bubbles. The solution of alginate/gelatin was dripped, with the aid of a peristaltic pump
(Engco, Piracicaba, Brazil), into a 0.1 M calcium chloride solution in an ice bath under mild
stirring. After the complete gelatinization of the spheres, the calcium chloride solution
was drained, washed 10 times with distilled water and stored at refrigeration until the
next step. The support was activated using 5 mL of glutaraldehyde (1.0%, 2.5%, and 5.0%)
solution in 0.02 M calcium chloride for 100 beads. It was kept at 37 ◦C in a thermostatic
bath (Tecnal, Piracicaba, Brazil) for 3 h for complete activation, and washed 12 times with
5 mL of distilled water for the complete removal of non-carrier-attached glutaraldehyde.

3.3. ALDC Immobilization in Alginate/Gelatin Beads

Immediately after activation with glutaraldehyde, 100 beads were incubated with
ALDC enzyme diluted in 4 mL of 0.02 M phosphate-citrate buffer, at pH 6.0 (immobilization
buffer), plus 5 µM zinc chloride at 25 ◦C under slow agitation for 1 h. After this, the beads
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were washed with the pH 6.0 immobilization buffer; immobilization buffer with 1 M NaCl;
immobilization buffer with 30% v/v ethylene glycol; and finally with immobilization buffer.
This sequence of washings aimed to eliminate enzymes that were not covalently bound to
the support. After each washing, activity was measured in the washing solution to ensure
that all proteins that were adsorbed were removed. The active alginate/gelatin beads with
three concentrations of glutaraldehyde (1.0%, 2.5% and 5.0%) were tested with different
concentrations of ALDC (5.0, 7.5 and 10.0 U/g support).

The immobilization parameters defined by Sheldon and Van Pelt [11] were calculated
according to Equations (1)–(3):

Immobilization yield (%) = 100 × (Immobilized Activity/Initial Activity) (1)

Immobilization efficiency (%) = 100 × (Observed Activity/Immobilized Activity) (2)

Activity recovery = 100 × (Observed Activity/Initial Activity) (3)

3.4. ALDC Activity

The substrate solution (α-acetolactate) was prepared according to Kisrieva et al. [55].
For this, 10 µL of ethyl 2-acetoxy-2-methylacetoacetate was mixed with 1 mL of 0.1 M
NaOH for 30 min at 37 ◦C, and then buffered with 1 mL of phosphorus phosphate (pH 6.0,
0.2 M). Free and immobilized ALDC activity were determined using 0.4 mL of phosphate
buffer (pH 6.0, 0.2 M, with 5 µM zinc chloride) and 0.1 mL of α-acetolactate solution at
37 ◦C for 5 min. The reaction was stopped with the addition of 0.4 mL of 2.5 N sodium
hydroxide solution.

One unit of α-acetolactate decarboxylase (U) is defined as the amount required to
convert 1 µmol of α-acetolactate in acetoin per minute, at pH 6.0 and 37 ◦C [56]. The
amount of acetoin formed was quantified using the colorimetric method proposed by
Westerfeld [57], with modifications. For this, 1.0 mL of distilled water was added to 0.1 mL
of the product of the enzymatic reaction, plus 0.4 mL of creatine solution (0.5% w/v in
distilled water) and α-naphthol (5% w/v in sodium hydroxide 2.5 N) in a ratio of 1:1, and
maintained at 37 ◦C for 45 min. The absorbance of the reaction product was measured at
525 nm. The quantification was performed using an external acetoin standard curve.

3.5. Activity in Different pH

The influence of pH on the activity of free and immobilized ALDC was determined by
measuring the activity using different buffers: 0.2 M phosphate-citrate buffers at a different
pH (4.0; 4.5; 5.0; 5.5 and 6.0), and 0.2 M phosphate buffer at pH 6.5, 7.0 and 7.5, plus 5 µM
zinc chloride. For each case, the highest activity was considered as 100%.

3.6. Thermal Stability

The thermal stability of free and immobilized enzymes was measured at 50 ◦C and
60 ◦C at pH 6.0, with 0.02 M phosphate buffer plus 5 µM zinc chloride. Samples were
collected at different times and cooled in an ice bath for 5 min. The relative activity was
then determined from the residual activity after the heat treatment compared to the initial
activity. The enzyme inactivation was described by a first-order equation, where the half-life
time (t 1

2
) is the time required to reduce the initial enzyme activity by 50% [49].

3.7. Storage Stability

For storage stability, the beads of immobilized ALDC were dried and the activity
was determined for the period of 120 days. The beads were either vacuum-dried at room
temperature or freeze-dried. For the quantification of activity, the beads were previously
hydrated with 0.02 M pH 6.0 buffer for 4 h, and then drained and washed three times
before measuring the residual activity.
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3.8. Thermal Properties

The ALDC immobilized on alginate/gelatin beads was evaluated via thermogravi-
metric analysis (TGA), using the methodology described by Campo et al. [39], with mod-
ifications. Analyses were performed on Perkin Elmer equipment, TGA 6000 (Wellesly,
MA, USA), where 10 mg of lyophilized samples were heated at 50 to 700 ◦C with a rate
of 10 ◦C/min, using a nitrogen atmosphere with a flow rate of 20 mL/min. Differential
scanning calorimetry (DSC) was used according to the methodology of Amadori et al. [58],
using Perkin Elmer, DSC 8500 (Wellesly, MA, USA), calibrated with indium, with a heating
curve of 0 at 100 ◦C, followed by cooling at 100 to 0 ◦C, at a rate of 10 ◦C/min, with a
flow rate of 20 mL/min of nitrogen, where 5–10 mg samples were analyzed in hermetically
sealed aluminum capsules.

3.9. Acetoin and Diacetyl Determination

Acetoin and diacetyl were simultaneously quantified using the method described by
Kobayashi et al. [59], with adaptations, where 0.5 mL of the sample was added to 50 µL of
2-pentanone (1000 mg/L) as the internal standard and 0.5 mL of ethyl acetate, keeping the
solution under vigorous stirring for 5 min, after centrifugation (3000× g for 2 min) and the
organic phase was collected. The quantification was performed with a gas chromatograph
coupled with flame ionization detector (GC-FID, Shimadzu, Kyoto, Japan) on a Shimadzu
model GC-2010 Plus, using a RestekRTx®Wax polar column (30 m, 0.25 mm ID, 0.25 µm).
The oven was kept at 30 ◦C for 10 min, after 20 ◦C/min up to 200 ◦C, and then maintaining
the final temperature for 3.5 min. The temperature used in the injector was 240 ◦C and in
the 250 ◦C detector, 1 µL of the sample was injected using splitless, with sampling time of
1 min, a total flow of 8.3 mL/min and a column flow of 1.06 mL/min.

The quantification of acetoin and diacetyl was performed using an external standard
curve, with additions of the analytes in degassed commercial lager beer, obtained in a local
market, produced by Heineken Brasil (Jacareí, São Paulo, Brazil), with 4.5% abv, which
showed no acetoin and diacetyl sign. The internal standard 2-pentanone was added at
a concentration of 100 mg/L, while acetoin and diacetyl were added in ten levels with
concentrations between 10 and 400 mg/L and 8 and 380 mg/L, respectively. For acetoin, the
limit of detection was 4 mg/L and the quantification was 8.2 mg/L, while for diacetyl, the
limit of detection was 3.0 mg/L and 6.6 mg/L for quantification. The regression coefficients
of the standard curve were R2 = 0.9897 for acetoin and R2 = 0.9879 for diacetyl.

3.10. Operational Stability of Immobilized ALDC Applied to Beer

The stability of immobilized ALDC in beer was determined by incubating the beads
in degassed beer under stirring for 24 h, at room temperature. The beads were removed,
washed with distilled water, and then drained and maintained at pH 6.0 in 0.02 M buffer
for 10 min before measuring the residual activity.

The capability to convert α-acetolactate to acetoin in beer was evaluated by adding 1 U
of immobilized ALDC per liter of degassed beer with the addition of α-acetolactate 5 mg/L.
The solution was stirred for 1 h at room temperature. After this step, a liquid/liquid
extraction was performed, followed by the gas chromatographic analysis. The beads were
separated from the beer, washed and reused as described before.

4. Conclusions

Alginate/gelatin particles were successfully prepared, activated with glutaraldehyde
and used for ALDC immobilization. The glutaraldehyde concentration appeared to be an
important variable in the immobilization process, and the concentration of 5% was that
which presented the best results among those tested. Moreover, the prepared immobilized
particles were more stable to temperature than the soluble enzyme, as well as presenting a
broader range of pH activity, and presenting a higher activity than the free form especially
in the pH values found in beer. Additionally, the produced particles were able to be dried,
either for lyophilization or vacuum, and re-hydrated, maintaining an enzyme activity close
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to 90% of the initial activity. The immobilized enzymes were tested in beer and were stable
for at least 30 cycles of 2 h each. The material prepared in this work presented interesting
features for enzyme immobilization, and especially in the case of ALDC immobilization,
to be prepared on a large scale, dried and used in the beer maturation stage to reduce the
diacetyl off-flavor and maturation time.
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