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Abstract

We propose anovel biocatalystin brewing. A cryotolerant strain of Saccha-
romyces cerevisiae was immobilized on delignified cellulosic material followed
by freeze-drying of the immobilized cells without the use of any cryo-
protectant. The freeze-dried immobilized biocatalyst was used in repeated-
batch fermentation of wort and showed reduced fermentation time and
increased productivities as compared with free freeze-dried cells (FFDCs).
It also demonstrated suitability for low-temperature brewing (5 and 0°C).
The fermentation time in repeated-batch fermentations at 15°C was 1.5-2 d
for a period of 13 mo, showing a high operational stability of the system. At
0°C the freeze-dried immobilized biocatalyst showed a 2- to 3.5-fold decrease
in fermentation time in comparison with FFDCs. Polyphenol contents, bitter-
ness, and diacetyl concentration were lower in beers produced by freeze-
dried immobilized cells as compared with FFDCs. At 0°C polyphenols were
40% lower than at 15°C. Higher alcohols were reduced and ethyl acetate
increased in comparison with FFDCs. Amyl alcohols at 0°C were lower than
half of their content at 15°C, while ethyl acetate was 31 mg/L at 0°C and
18 mg/L at 15°C. These data justify the improved aroma and taste of
beers produced by freeze-dried immobilized biocatalyst mainly at low
temperatures.

Index Entries: Brewing; freeze drying; immobilized cells; low tempera-
ture; fermentation.

Introduction

Freeze-drying (or lyophilization) is a good preservation method for
foods as well as for microorganisms. Cryotolerant and ethanol-resistant
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yeast cells, immobilized on food-grade purity supports, such as gluten
pellets and delignified cellulosic (DC) material, produced wine and beer of
improved taste and aroma with low-temperature fermentation and resulted
in relatively higher productivities (1-4). Although researchers have made
efforts in the past to utilize immobilized cells in brewing (2,4,5-18), the
industrialization of the process has not yet been achieved. Even if such a
process is developed, small enterprises would have problems with the
handling of cell immobilization in the factory. However, these problems
could be resolved by the development of new enterprises that would
produce the biocatalyst through freeze-drying of immobilized cells.
To industrialize cell immobilization in brewing, the support must satisfy
prerequisites such as food-grade purity, abundance in nature, low cost, and
ease of handling in industry. In addition, the support must be a heavy
material and not a gel to avoid easy destruction of the biocatalyst. The DC
material satisfies these requirements and wet immobilized cells on
this material have been used in low-temperature brewing, producing beer
of fine quality (2—4). For the use of such an immobilized yeast biocatalyst,
or different immobilization techniques for successful industrial applica-
tions (16,17,19,20), itis estimated that freeze-drying is a valuable method of
supplying preserved and marketable ready-to-use immobilized cells.
Iconomopoulou et al. (21) has freeze-dried cells immobilized on DC mate-
rial without using protecting media and by using a proper cooling rate of
the cells during the cooling phase of the process. Using the freeze-dried
immobilized biocatalyst, they have performed successful experiments for
glucose anaerobic fermentation to alcohol production. However, for indus-
trial application, further research is needed in order to prove the suitability
of this method.

Therefore, the aims of the present study were to perform low-tem-
perature brewing using freeze-dried immobilized cells and to examine the
parameters that lead to industrialization of a process using biocatalyst
supported by freeze-dried DC material.

Materials and Methods

The biocatalyst was prepared by immobilizing the AXAZ-1 strain of
Saccharomyces cerevisiae species on DC material as described previously (1)
and then freeze-drying the immobilized biocatalyst.

AXAZ-1, an alcohol-resistant and cryotolerant S. cerevisiae strain
isolated from the Greek agricultural area (22), was grown on culture
medium containing 0.4% yeast extract, 0.1% (NH,),SO,, 0.1% KH,PO,,
0.5% MgS0O,-7H,0, and 4% glucose monohydrate (1).

In brief, the DC material was prepared with lignin removal from saw-
dust after treatment with 1% sodium hydroxide solution.

The fermentations were performed with wort obtained by the Athe-
nian Brewery S.A., hopped, filtered, and sterilized. The pH of the wort was
5.0-5.1 and the °Be density was 7.5-7.9. The percentages of the original
extract of the wort are shown in Table 1.
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Freeze-Drying

Afterimmobilizing the AXAZ-1, thebiocatalyst was cooled ina Biocool
Freezer, with methanol as freezing liquid, at a cooling rate of 3°C/min and
frozen down to —40°C. The frozen sample was freeze-dried overnight at
15-5.10"bar in a Labconco Freeze Dry System, Freezone 4.5. No protecting
medium was used during the freeze-drying (21). The same procedure was
followed for free cells of the strain AXAZ-1.

Fermentations

For the first fermentation batch at each temperature (15, 10, 5, and
0°C), 170 g of wet immobilized biocatalyst was freeze-dried. The immobi-
lized cells on DC material were freeze-dried without any protecting
medium. The absence of protecting medium has practical importance
because it avoids the risk of a residue from the protecting medium in the
final fermented product, which may affect its quality. The freeze-dried
immobilized cells were introduced into 400 mL of wort contained in a 1-L
glass cylinder. This is an amount equivalent to ~20.83 g/L of free cells,
considering that 100 g of the DC material carries 4.9 g of immobilized cells
as determined in a previous study (1). Before the fermentation was com-
pleted, the liquid was filtered through a Biichner funnel, and the support
was washed three times, each time with 400 mL of wort. The biocatalyst
was then used for the second fermentation batch and so on. In total three
(five at 10°C) repeated-batch fermentations were performed at each tem-
perature without agitation. Table 2 presents some kinetic parameters at
each temperature. The liquid was collected and immediately refrigerated
(=20°C) to avoid loss of volatiles and occurrence of side reactions until it
was analyzed.

To compare kinetic parameters obtained by freeze-dried immobilized
biocatalyst with those of free freeze-dried cells (FFDCs), similar runs were
carried out simultaneously with the same cell concentration.

Operational Stability of System

Fifty-eight repeated-batch fermentations of wort at 15°C were carried
out within a period of 13 mo, using in the first batch an amount of freeze-
dried immobilized biocatalyst in order to study the operational stability of
freeze-dried immobilized cells in brewing. In particular, 106.3 g of
freeze-dried immobilized biocatalyst was introduced into 250 mL of wort
(14 °Plato) contained in a 1-L glass cylinder. This is an amount of immobi-
lized cells equivalent to ~20.83 g/L of free cells. The fermentations were
carried out without agitation, as described in the previous paragraph.
The average values of all kinetic parameters obtained in the 58 repeated
batch fermentations are presented in Table 3.
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Analysis of Residual Sugar, Ethanol,
and Characteristic Parameters of Beer

Degrees of alcohol were obtained by means of gas chromatography
and high-pressure liquid chromatography (HPLC). The degree of alcohol
was determined from the average of these two values, which were very
close. From the final ethanol concentration, we were able to calculate the
ethanol productivity, which is defined as the grams of ethanol per liter of
liquid volume produced per day. Beer productivity was calculated as grams
of beer per liter total volume produced per day considering that beer den-
sity isequal to 1 g/L. Residual sugar was determined by the HPLC method
using a Shimadzu LC-9A Liquid Chromatograph. A column Shim-pack,
SCR-101 N, mobile phase three times distilled and filtered water, and
n-butanol as an internal standard were used. The temperature of the col-
umn was 60°C with a flow rate of 0.8 mL/min, and a refractive index
detector was employed. Apparent extract (% [w/w]), polyphenols (milli-
grams/liter), and diacetyl content (milligrams/liter), as well as bitterness
(EBU), color (EBC), and refractive index (at 20°C) were determined in
decarbonated and paper-filtered beer samplesby the EBC methods of analy-
sis (23). Original and real extract percentages were determined from the
nomogram furnished by the Athenian Brewery S.A. Wet free-cell concen-
trations were determined by the absorbance experimental procedure (24,25)
and are given in grams of wet weight per liter, as determined with standard
curves.

Determination of Volatile Byproducts

The effect of temperature on volatile byproducts in beers produced by
freeze-dried immobilized cells, wet immobilized cells, FFDCs, and wet free
cells was determined in all performed fermentations.

Acetaldehyde, ethyl acetate, propanol-1, isobutyl alcohol, and amy]
alcohols were determined by means of gas chromatography using a
Shimadzu GC-8A Gas Liquid Chromatograph with a stainless steel column
packed with Escarto-5905 consisting of 5% Squalene, 90% Carbowax-300,
and 5% (v/v) di-2-ethyl-hexyl sebacate, with N, as the carrier gas (20 mL/min)
and a flame ionization detector (FID) (26). The injection port and detector
temperatures were 210°C and the column temperature was 70°C. The inter-
nal standard was n-butanol at a concentration of 0.1% (v/v). Samples of
4 uL of beer were injected directly into the column, and the concentrations
of the aforementioned compounds were determined using standard curves.
All values were the mean of three repetitions.

Methanol was also determined by a Shimadzu GC-8A Gas Liquid
Chromatograph using Porapac-S as column material, N, as the carrier gas
(20 mL/min), and an FID. The injection port and detector temperatures
were 210°C and the column temperature was programmed between 140
and 180°C. n-Butanol was used as the internal standard, and 2-uL samples
of beer were injected directly into the column.
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Results

Taking into account that the industrialization of immobilized cells,
except the criteria presented in the Introduction, requires the development
of amarketable biocatalyst, freeze-dried immobilized cells were examined
regarding their productivity and other kinetic parameters in low-tempera-
ture brewing. To examine the quality of beer produced by freeze-dried
immobilized cells and the effect of temperature on it, characteristics of beer
produced at various temperatures were also analyzed. To compare the beer
produced by freeze-dried immobilized cells with that by FFDCs, experi-
ments were performed in parallel. The results are summarized in Tables 1,
2,4, and 5 and Fig. 1.

Table 2 shows the kinetic parameters in wort fermentations performed
by freeze-dried immobilized cells at various temperatures. The first fer-
mentation batch was performed by freeze-dried immobilized biocatalyst at
each temperature (15, 10, 5, 0°C) and repeated-batch fermentations fol-
lowed ateach temperature. At 15°C, whichis the fermentation temperature
of traditional brewing, the fermentation time was in the range of 4-5.5 d.
This is considered to be lower than that obtained in industrial brewing,
when taking into account the relatively high ethanol concentrations
obtained in these experiments. At 10°C, which is considered a low tempera-
tureinbrewing, the fermentation time, productivities, and ethanol contents
were about the same as those at 15°C. At 5 and 0°C, the fermentation time
becameless than 79 and 76 d, respectively, which can be considered accept-
able by the industry for the production of beers at very low temperatures.

The effect of temperature on fermentation kinetics for freeze-dried
immobilized biocatalystand FFDCs are presented in Fig. 1. As the tempera-
ture decreased, the freeze-dried immobilized biocatalyst gave better results
as compared with FFDCs. Fermentation times and productivities for the
freeze-dried immobilized biocatalyst were improved as compared with
those obtained by FFDCs (Table 4). For both immobilized and free cells, the
ethanol and beer productivities were improved in the successive batches at
each temperature, mainly owing to the reduction in the fermentation time
and the about constant or, in many cases, higher alcohol contents (Tables 2
and 4).

Total carbohydrates (residual sugars) in beers were found in the range
of 0.1-5.0 g/L, and the alcohol content in most cases was 5.1-6.3% (v/v).
The alcohol content is usually regarded as a measure of beer strength and
lies in the range of 3.5-5.5% (v/v) for most commercial products. The alco-
hol content at temperatures higher than 5°C was increased by 20% as
compared with that at 0°C for the freeze-dried immobilized biocatalyst.
As shown in Table 1, the original extract, real extract, and apparent extract
of beers obtained by the freeze-dried immobilized biocatalyst were in the
ranges of most commercial beers. Bitterness in beers obtained by freeze-
dried immobilized biocatalyst was low, in the range of 5.5-13.0 EBU while
that for FFDCs was in the range of 13.2-39.8. Probably the cellulosic mate-
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Fig. 1. Fermentation kinetics observed in the fermentation of wort at (A) 15 and
(B) 5°C with freeze-dried immobilized cells on DC material compared with FFDCs.

rial adsorbed a part of the hop-bittering substances. This reduction in bit-
terness was also found in the case of wet immobilized cells (2). The values
of color are quantitatively represented in Table 1 and range between 7.7 and
19.5 EBC as for most commercial beers.

At all temperatures studied, the diacetyl concentrations were mainly
in the range of 0.2-0.4 ppm (Table 1). In comparison with fermentations
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performed by FFDCs (Table 5), the diacetyl contents for freeze-dried immo-
bilized biocatalyst werelower. Atall temperatures, the polyphenol concen-
trations were <167 ppm (Table 1), as compared with 190-250 ppm in
commercial beers. Polyphenol contents were continuously decreased as
the temperature was reduced. The polyphenol concentration at 0°C was
40% lower than that at 15°C. No significant reduction was observed for
FFDCs. Polyphenol contents in beers obtained by freeze-dried immobi-
lized biocatalyst were about half the values obtained by FFDCs (Table 5).
Such areduction was also observed in beers produced by wet immobilized
cells compared with beers produced by wet free cells (2). Probably the DC
material adsorbs a part of polyphenols since their concentration in beers
produced by free cells is higher, especially at low temperatures, than that
in beers produced by wet immobilized cells or freeze-dried immobilized
ones. The beers produced by freeze-dried immobilized cells acquired an
important clarity just after the end of fermentation avoiding further filtra-
tion to clarify the beer. The clarity was improved as the temperature was
reduced and resembled the clarity of beers obtained by employing wet
immobilized cells (2). The clarity of beers produced by freeze-dried immo-
bilized cells justifies the low contents of polyphenols and their reduction
with the drop in temperature.

Animportant parameter for the industrialization of immobilized cells
is the high operational stability of the biocatalyst, which was examined for
the freeze-dried immobilized cells. Fifty-eight repeated-batch fermenta-
tions were performed using in the first fermentation batch freeze-dried
immobilized cells, and the results are presented in Tables 3 and 6. Table 3
shows that 58 repeated batch fermentations were performed withina period
of 13 mo. The fermentation time was decreased up to the thirty-second
fermentation batch for a fermentation period of 6 mo, and then it was
increased and stabilized to ~45 h. Because the fermentation time is a main
factor for the determination of ethanol and beer productivity, these change
reversibly to the fermentation time change, but an alcohol concentration
higher than 5% (v/v) and important ethanol and beer productivities were
obtained. Polyphenol contents were low and lower than that for FFDCs
for the long period of 13 mo. Diacetyl concentration and bitterness were
also low.

The preliminary taste test characterized the new beers as having a
pleasantaroma, fruity taste, body, and aftertaste, and in general were about
similar to beers produced by wet immobilized cells on DC material. The
aroma and taste of the beers were improved as the temperature was
decreased. This improvement can be identified by the low concentrations of
off-flavor compounds such as amyl alcohols and other higher alcohols
(isobutanol and propanol-1) and by the increase in ethyl acetate (Table 7).
The percentages of ethyl acetate and amyl alcohols on total volatile
byproducts, for freeze-dried and wet immobilized cells immobilized cells
were similar (Fig. 2). The percentages of amyl alcohols on total volatile
byproducts for freeze-dried and wet immobilized cells were lower than
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Fig. 2. Percentages of amyl alcohols and ethyl acetate on total volatiles determined
in beer produced by freeze-dried immobilized cells, wet immobilized cells, FFDCs,
and wet free cells.

those for freeze-dried and wet free cells, whereas the percentages of ethyl
acetate on total volatile byproducts were higher for the immobilized cells
(Fig.2). This also justifies the improvement of quality in the cases of freeze-
dried immobilized cells by the decrease in temperature.

Discussion

The stability of high productivity, low fermentation time, and high
alcohol concentration for a long fermentation period contributes to the
industrialization of the freeze-dried immobilized biocatalyst in brewing
owing to the reduction in cost (Table 3). The production of beer with
improved clarity and a fermentation time of 1.5-2 d, stable for a long time,
is attractive. In addition, the stability of beer characteristics leads to con-
stant quality of beer and standardization of the product.

The presented results lead to the conclusion that freeze-dried immo-
bilized cells on DC material can successfully produce beer. This biocatalyst
increases the rate of brewing as compared with FFDCs. Even though the
fermentation time and productivities differ from those of wet immobilized
cells, these parameters still remain high. The freeze-dried immobilized
biocatalyst performs low-temperature brewing in the range of 0-10°C with
fermentation times acceptable by the industry. This fact in relation to the
increased clarity at low temperatures and the improvement in taste and
aroma may contribute to the diminution of the maturation time or even
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lead to avoidance of maturation during the industrial process. Low-tem-
perature brewing leads to a reduction in the off-flavor higher alcohols as
well as polyphenols and diacetyl.

The freeze-dried immobilized biocatalyst is suitable for brewing, but
further industrial research is needed through pilot-plant operations to
validate this perspective. If this final attempt is successful, the new biocata-
lyst that will be created will contribute to the industrialization of immobi-
lized cells.
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