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Abstract

Yeast cells are popular microorganisms for use in various bioprocesses because of their ability to produce various
enzymes. They are also known for their low price. However, the activity of these biocatalysts is limited by cell
membrane diffusion. One of the possible solutions to this problem is permeabilization, which makes cell walls and
membranes of microorganisms more permeable to allow for easier reagent diffusion, while also maintaining
properties of the cells, such as their structure and enzymatic activity. The reusability of permeabilized baker’s
yeast cells is a major asset that allows them to be successfully used in biotransformation processes. Because of
extensive research on this process, numerous procedures have been developed regarding the production of highly
active biocatalysts in the form of permeabilized cells. The most commonly used technique is chemical permeabili-
zation. Its effectiveness is based on the activity of various intracellular enzymes: one enzyme or several enzymes
simultaneously. Multiple chemical substances, mostly organic solvents and detergents, were analyzed to deter-
mine their effectiveness as permeabilizing agents. This review provides a state-of-the-science analysis of sub-
stances used as permeabilizing agents for yeast permeabilization.
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Introduction

In many cases, the elimination of environmentally
harmful chemical processes can be achieved using a bio-
catalyst. For this purpose, enzymes are often used in the
form of various preparations such as concentrated solu-
tions, powders, or biomass (Choi et al., 2019; Di Cosimo
et al., 2013; Homola et al., 2015; Tozlu et al., 2019).
However, the protein structure of enzymes makes them
very sensitive to external factors, and they require
strictly defined and controlled process conditions. Micro-
bial cells are a rich source of enzymes (Nigam, 2013),
and in most cases, extracellular enzymes are being used
industrially. Such enzymes produced by microorganisms
are secreted into an extracellular medium where they
perform their functions (Esteves et al., 2014; Karnwal
etal., 2019; Zhenxiao et al., 2016). Cellular enzymes are
most often associated with various organelles, and their
secretion and purification are costly. Additionally, from
the point of industrial technologies, the disadvantage of

purified enzymes is their lack of reusability (Al-Najada
et al., 2019; Panwar et al., 2017).

Microorganisms, in particular yeasts and bacteria,
form a large part of the group of biocatalysts due to sig-
nificant amounts of intracellular enzymes they produce
(Presecki and Vasic-Racki, 2005). The simplicity of their
cell culture, nontoxicity, and nonpathogenicity as well as
the fact that the cells are an opulent reservoir of enzy-
mes determine the extensive use of yeasts in bioproces-
ses. Cells, however, hinder substrate access to the enzy-
matic apparatus because of their compact wall and mem-
brane structure as well as organized transport system.
Permeabilization is a solution to this problem as it is
a process used to facilitate the diffusion of substrates
and reaction products by modifying the cell wall and
membrane structures (Matsuzaki, 2019). Permeabiliza-
tion allows for the movement of substrates and products
of catalysis that occurs inside the cells by a cellular ma-
chinery. To achieve the highest permeability degree of
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the cell wall and cellular membranes of microorganisms,
it is necessary to choose optimal conditions for per-
meabilization (e.g., temperature, pH, concentration of
permeabilizing agent). These conditions are generally
dependent on the enzymes whose intracellular activity
is used to determine the degree of permeabilization.

The success of permeabilization can be measured by
the activity of intracellular enzymes such as catalase,
B-galactosidase, alcohol dehydrogenase, succinate de-
hydrogenase, alcohol oxidase, phytase, alkaline and acid
phosphatase, glyoxalase I, isocitrate lyase, and others.
According to Presecki et al. (2007), permeabilization
also removes most of the low-molecular-weight cofactors
from the cell, thus minimizing the unwanted side re-
actions catalyzed by enzymes that need cofactors.
In some methods, undesirable phenomena of the per-
meabilization process occur, i.e., the leaking of enzymes
from the permeabilized cells. Therefore, one of the es-
sential elements of permeabilization is preventing en-
zymes from leaking out as it would significantly decrease
the effectiveness of biocatalysts (Flores et al., 1994).

In the present article, developments in the methods
of increasing cell membrane permeability to identify
commercially interesting enzymatic activities in yeast
cells are discussed. It provides a state-of-the-science ana-
lysis of chemical substances used in the permeabilization
process of yeast cells. The need for such an analysis
resulted from the lack of consolidated knowledge neces-
sary to develop a biocatalytic process using whole cells,
such as biocatalyst screening, biocatalyst optimization,
medium, and reaction condition optimization.

The cells used in a catalytic process after applying
permeabilization can easily be separated from the re-
action environment and used again, generally without
the fear of a greater loss in enzymatic activity (Berlow-
ska et al., 2006; Venkateshwaran et al., 1999).

The most frequently applied technique is chemical
permeabilization, which is the most effective one in most
circumstances. Chemical permeabilization using organic
solvents, antibiotics, thionins, surfactants, chaotropic
agents, and chelates has been reported in recent years
(Cortez and Roberto, 2010; Koli et al., 2016: Panduric
et al., 2017; Takatsume et al. 2014; Voget, 2018; Yan
et al., 2017). The method based on use of chemicals to
permeabilize microorganisms has been applied to both
harvested cells and growing cells (Naglak and Wangt,
1992; Noubhani et al., 2000). Nevertheless, the applica-
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tion of chemical permeabilization during fermentation is
more difficult because of the effects of chemicals on cell
growth and viability. Changes in osmotic pressure have
also been used to permeabilize microorganisms (Crotti
etal., 2001; Tan et al., 2011). Permeabilization by osmo-
tic shifts is fairly mild because it avoids treatments of
cells with organic solvents and/or detergents, which
might denature or change the properties of the assayed
enzymes. The method may be advantageous, for ex-
ample, in rapid screening of enzyme inhibitors or in as-
says of a large number of different cell samples. Al-
though it is a universal method, it does not produce bet-
ter results than chemical permeabilization (Chow and
Palecek, 2004; Nayak et al., 2005). In addition, certain
difficulties occur when the technology is transferred to
the industrial scale (Liu et al., 2016). The complexity of
this method, handling large amounts of osmolyte solu-
tions, and the need to maintain low temperature pose
a big challenge (Sestak and Farkas, 2001).

An increase in cell permeability can also be achieved
using an appropriate magnetic field of an appropriate
strength; this method is called electropermeabilization
(Novickij et al., 2018; Stirke et al., 2014; Teissie et al.,
2005). Additionally, a few studies describe the attempts
to perform enzymatic permeabilization (Naglak and
Wangt, 1992; Zlotnik et al., 1984). Some researchers
also evaluated periodic freezing and thawing of microbial
cells as a method of permeabilization (Seip and Di Co-
simo, 1992). Electropermeabilization, enzymatic per-
meabilization, and freezing and thawing are methods
that cause large damage to the cell wall structure.
Hence, they are mainly used as techniques for releasing
proteins from yeast cells.

The aim of this paper is to review the potential of
some chemical substances for increasing the permea-
bility of yeast cell membranes. The advantages and draw-
backs of the use of different detergents and organic
solvents are summarized by considering the intracellular
enzyme activity and the leakage of the enzyme from the
cells. The identification of a suitable permeabilizing
agent is very important to create efficient biocatalysts in
the form of permeabilized yeast cells with high enzyme
activity. Using such biocatalysts is an ecological and
efficient alternative to industrial processes, and it re-
duces the use and handling of many toxic compounds
and solvents.
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Chemical permeabilization

In 1982, Felix compiled a path-breaking set of che-
mical substances that were effective in the permeabi-
lization of prokaryotic and eukaryotic cells (Felix, 1982).
He was the first to indicate that the choice of the per-
meabilization method is highly dependent on the com-
position of cell walls and membranes as well as their
structure. He also highlighted the importance of sterols
in fungal cells, which affect the fluidity and plasticity of
cytoplasmic membranes. The author suggested that re-
moving fat components from cell wall permeabilization
agents triggers the disruption of cell membrane struc-
ture, thereby increasing its permeability. The mecha-
nism of permeabilization is still unknown, and most re-
searchers consider Felix’s assumptions to be valid (Fen-
ton, 1982; Koley and Bard, 2010; Kumari et al., 2011;
Rodriguez-Colinas et al., 2011; Yadav et al., 2014).

Detergents

Detergents are most commonly used in the chemical
permeabilization of yeast cells. They are amphiphilic
molecules as they possess hydrophobic and hydrophilic
parts in their structures. Detergents can be divided into
three main groups: nonionic, ionic, and zwitterionic.
Nonionic detergents do not have any charge in the area
of the hydrophilic head as the ionic ones have. The third
group, zwitterionic detergents, are substances that si-
multaneously have positive and negative charges, but
their net charge is zero.

Table 1 and Table 2 present the research on the use
of detergents in the permeabilization of yeast cells. Most
of the detergents used are toxic and nonbiodegradable,
which hinders their application especially in the feed and
food processing industry. Among the wide range of com-
pounds, cetyltrimethylammonium bromide (CTAB) and
Triton X-100 are usually selected for permeabilization.

CTAB

CTAB is a cationic surfactant that belongs to the
group of quaternary ammonium salts (He et al., 2017;
Llombart et al., 2019). This very popular compound in
the field of molecular biology of plants has become the
object of interest in the study on the permeabilization
process of baker’s yeast and bacteria (He et al., 2010;
Panduric et al., 2017; Presecki and Vasic-Racki, 2005;
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Presecki et al., 2007; Rajagopal et al., 2014: Sekhar et al.
1999; Venkateshwaran et al. 1999; Wang et al., 2019).
For increasing the permeability of cell membranes,
CTAB is usually used at room temperature, and the
concentration ranges between 0.1% to 2% for 30 min.

Permeabilization of Saccharomyces cells

CTAB is widely used in the permeabilization of Sac-
charomyces cells because it has extreme effectiveness
as a permeabilizing agent. The usefulness of CTAB in
the permeabilization process of S. cerevisiae yeast is
measured based on the activity of various intracellular
enzymes (Table 1).

The use of S. cerevisiae as a source of catalase that
decomposes hydrogen peroxide into oxygen and water
was studied by Sekhar et al. (1999) and Venkateshwaran
etal. (1999). The application of CTAB on cells to increa-
se their permeability enabled a 3,200-fold increase in the
activity of catalase. The enzyme in permeabilized cells
was more stable against self-inactivation during catalysis
than the enzyme in cellfree extract and purified cata-
lase. Unfortunately, during the storage of cells permea-
bilized with CTAB, catalase is slowly released from the
cells, which is an undesired feature of this method. How
to counteract this process is described later in the article.

Additionally, S. cerevisiae cells were permeabilized
to increase the activity of intracellular enzymes such as
fumarase which catalyzes the conversion of fumaric acid
to malic acid (Presecki and Vasic-Racki, 2005; Presecki
et al., 2007). Permeabilization of cells possessing an in-
creased fumarase activity was performed in relatively
mild conditions. The maximum, i.e. a fourfold increase,
in fumarase activity was possible after the treatment
with CTAB at a low concentration (0.2%) for a short pe-
riod of time (5 min) (Presecki and Vasic-Racki, 2005;
Presecki et al., 2007).

Permeabilization of yeast cells of other genus

Permeabilization using CTAB also provided good re-
sults with yeast cells of the genus Rhodotorula, Pichia,
and Kluyveromyces (Table 2). The effect of 0.4% deter-
gent on P. pastoris (Tan et al., 2007) and K. gracilis
(Upadhya et al., 1999) allowed to produce highly active
biocatalysts for the conversion of phenylalanine to
phenylpyruvate. This bioconversion was catalyzed by an
amino acid oxidase and catalase located inside the per-
meabilized cells.
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Table 1. Enzymes whose activity was determined in studies on the permeabilization of Saccharomyces cells by CTAB

Enzyme Reference
Catalase Sekhar et al. (1999);
Venkateshwaran et al. (1999)
Presecki and Vasic-Racki (2005)
Fumarase

Alcohol dehydrogenase

Presecki et al. (2007)
Norouzian et al. (2003)

Alcohol dehydrogenase, hexokinase, glucose-6-phosphate dehydrogenase

Gowda et al. (1991)

Table 2. Enzymes whose activity was determined in studies on the permeabilization of yeast cells by CTAB

Enzyme Yeast Reference
» Upadhya et al. (1999)
Rhodotorula gracilis
Upadhya et al. (2000)
Catalase, amino acid oxidase o ) Tan et al. (2007)
Pichia pastoris

Kluyveromyces marxianus

Tan et al. (2011)
Kostova et al. (2008)

B-galactosidase

Alcohol dehydrogenase,
glucose-6-phosphate dehydrogenase

Alcohol oxidase, formaldehyde dehydrogenase,
formate dehydrogenase

Kluyveromyces fragilis

brewer’s yeasts

Pichia pinus

Joshi et al. (1987)
Joshi et al. (1989)
Bachhawat et al. (1996)

Yu et al. (2007)

Alamae and Jarviste (1995)

The use of CTAB at a low concentration (0.2%) in the
permeabilization of brewer’s yeast cells increased the
activity of alcohol dehydrogenase and glucose-6-phos-
phate dehydrogenase (Yu et al., 2007). In permeabilized
cells, the enzymatic activity was 525 U, which was
7.9fold higher than that in nonpermeabilized cells.
Thus, the prepared biocatalyst was successfully used in
the presence of allyl bromide for the bioconversion of
ethyl 4-chloro-3-oxobutanoate to ethyl 4-chloro-3-hydroxy-
butanoate.

Difficulties associated with the use of CTAB
in the permeabilization process

CTAB shows a high efficiency in the process of per-
meabilization, but its use is also associated with negative
effects. Numerous researchers have noted the leakage
of the enzyme from the inside of cells during storage
(Alamae and Jarviste, 1995; Kostova et al., 2008; Tan
et al., 2011; Upadhya et al., 2000). The use of CTAB
solutions in the permeabilization of methylotrophic yeast
Pichia pinus is associated with the release of enzymes

from the cells after less than 1 day of storage, even at
a very low concentration of 0.1% (Alamae and Jarviste,
1995). The storage of a permeabilized suspension at 8°C
resulted in a marked leakage of dehydrogenases, but not
of alcohol oxidase, from the cells. Kostova et al. (2008)
and Upadhya et al. (2000) attempted to resolve this
issue. It has been demonstrated that by applying CTAB
to R gracilis cells, the activity of their intracellular
amino acid oxidase and catalase can be increased by 90
and 15 times, respectively (Upadhya et al., 2000). The
problem of a partial release of both enzymes due to
CTAB treatment was resolved using glutaraldehyde at
0.2% concentration. This crosslinking agent allowed for
successful immobilization of amino acid oxidase and ca-
talase inside the cells as the reported half-life period for
oxidase and catalase was 120 and 155 days, respectively
(Upadhya et al., 2000). These results were incredibly
high compared to those for CTAB-permeabilized cells
but without glutaraldehyde crosslinking. The half-life pe-
riod for those enzymes was approximately 2 days. The
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immobilization of enzymes within the cells by glutar-
aldehyde, which causes cross-linking of the enzymes
with other intracellular components or to cell debris,
maintains enzymes in the natural microenvironment,
rendering them more stable. Importantly, glutaraldehyde
crosslinking as a method of diminishing the leakage of
the enzyme has been debated. A group of Chinese re-
searchers (Tan et al., 2011) did not achieve satisfactory
results that could be compared to those presented by
Upadhya et al. (1999). In CTAB-permeabilized cells,
crosslinked amino acid oxidase had a half-life period of
only 15.5 days (compared to 120 days in the study of
Upadhya et al. (2000)). Hence, the application of glutar-
aldehyde crosslinking led to only a slight increase in the
half-life (by 1 day) of the enzymes compared to that in
permeabilized cells unexposed to a crosslinking agent.

Triton X-100

Triton X-100, a polyoxyethylene octyl phenyl ether
(ionic surfactant), is a chemically inert detergent used in
the permeabilization processes of various microorga-
nisms: yeast (Chen etal., 1992; Chow and Palecek, 2004;
Kaur and Satyanarayana, 2010), bacteria (Ge et al.,,
2015; Kinosita et al., 2018; Shin et al., 2016), and fungi
(Chelico and Khachatourians, 2003; Villa et al., 2009).

Permeabilization of Saccharomyces cells

Triton X-100 has been applied to permeabilize S. ce-
revisiae cells in the form of a solution with concentration
not greater than 1%. The use of Triton X-100 alleviates
the permeability barrier of the cell membranes, thereby
permitting free mobility of substances, including substra-
tes and products, across cell membranes. Table 3 pre-
sents enzymes whose activity was determined in the stu-
dies on Triton X-100 permeabilization of S. cerevisiae
cells.

When S. cerevisiae cells were treated with Triton
X-100 to extract the cell membrane, -galactosidase acti-
vity in the permeabilized cells was approximately 40% of
the activity of the protein in the cell extract (Chow and
Palecek, 2004). The attempts to increase the efficiency
of the permeabilization process were unsuccessful. As
reported, the B-galactosidase activity obtained after the
pretreatment of S. cerevisiae cells with 100% ethanol or
by using an osmotic shock prior to the addition of Triton
X-100 did not significantly differ from the activity achie-
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Table 3. Enzymes whose activity was determined
in studies on the permeabilization
of S. cerevisiae cells by Triton X-100
Reference
Chow and Palecek (2004)
Laouar et al. (1996)
Berlowska et al. (2006)

Enzyme

B-galactosidase

Alcohol dehydrogenase

Succinate dehydrogenase

ved using the detergent itself. The optimum concentra-
tion range of Triton X-100 to achieve the highest B-ga-
lactosidase activity in permeabilized S. cerevisiae cells
varied from 0.3 to 1.0% (Chow and Palecek, 2004).
In comparison, the optimum concentration of the deter-
gent for Yarrowia lipolytica cells (Galabova et al., 1996)
ranged from 0.1 to 0.2%. This confirms that permeabi-
lization conditions are strongly related to the cell struc-
ture and its morphology.

The effectiveness of Triton X-100 in the permeabiliza-
tion of S. cerevisiae cells was also compared to that of
another surfactant, namely Pluronic F-68 (Laouar et al.,
1996). This compound is used as an antifoaming and
protective agent for eukaryotic cell cultures (Handa-Cor-
rigan et al., 1992; Lowe et al., 1993; Papoutsakis, 1991).
The various physiological effects exerted by Pluronic
F-68 on yeast cells are largely explained by its inter-
action with the cell membrane (King et al., 1991). It can
also cause a significant increase in the permeability of
cell membranes (Laouar et al., 1996). It is assumed that
this effect is related to transitional membrane pores
caused by the formation of molecular aggregates of the
surfactant in the cell membrane (King et al., 1991). Un-
like the addition of Triton X-100, Pluronic F-68 does not
affect the growth kinetics of S. cerevisiae. Triton X-100
also exhibits inhibitory effects at the initial stages of the
logarithmic growth of the microorganisms as it slows
down their aging process (Laouar et al., 1996). Never-
theless, Triton X-100 provides a considerably higher in-
crease in the intracellular activity of alcohol dehydro-
genase, which proves its superiority over Pluronic F-68
in the process of permeabilization.

Permeabilization of yeast cells
other than Saccharomyces by Triton X-100

Triton X-100 has been proven to be effective as a per-
meabilizing agent in the permeabilization of yeast cells
from the genus Pichia and Yarrowia (Table 4). Chen
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Table 4. Enzymes whose activity was determined in studies
on the permeabilization of yeast cells by Triton X-100

Enzyme

Yeast

Reference

Alcohol oxidase

Pichia pastoris

Chen et al. (1992)

Phytase
Alkaline and acid phosphatase

et al. (1992) were the first group to prove the effective-
ness of Triton X-100 in combination with glycine in the
permeabilization process of P. pastoris cells with abun-
dant alcohol oxidase. The compound altered the cell
membrane structure, thereby increasing the alcohol oxi-
dase activity, but without causing the enzyme leakage
outside the cell.

P. anomala is a yeast species rich in phytase (Joshi
and Satyanarayana, 2014; Kaur and Satyanarayana,
2010). This enzyme accelerates the degradation of
phospho-monoester bonds from phytic acid. Salts of
phytic acids are mainly found in cereals or legumes and
are very poorly digested by monogastric animals (with-
out bacterial flora) (Greiling et al., 2019; Mesina et al.,
2019; Sommerfeld et al., 2019). The use of Triton X-100
in the permeabilization of P. anomalayeast cells enabled
to increase the phytase activity by 15% as compared to
that in nonpermeabilized cells (Kaur and Satyanarayana,
2010).

Difficulties associated with the use of Triton X-100 in
the permeabilization process

Triton X-100 is a very effective permeabilizing agent
(Galabova et al., 1996; Mattei et al., 2017), but the cells
treated with this detergent cannot be used again due to
their partial disintegration (Bertowska et al., 2006; Ma-
nocha and Gaikar, 2006). It was found that the use of
0.5% Triton X-100 released approximately 40% of pro-
teins from Aspergillus nigercells (Manocha and Gaikar,
2006). Microscopy images presented by Bertowska et al.
(2006) are another proof of succinate dehydrogenase
leakage related to the changes in cell morphology caused
by Triton X-100. Among the five different chemical com-
pounds tested by Berlowska et al. (2006), digitonin was
the only one that effectively influenced the permeabili-
zation process of S. cerevisiae cells without negatively
affecting their cell wall structure. However, the problem
of the leakage of protein substances from Triton X-100-
permeabilized cells does not apply to all enzymes. To

Pichia anomala

Yarrowia lipolytica

Kaur and Satyanarayana (2010)
Galabova et al. (1996)

detect the enzyme that may have leaked from Triton
X-100-permeabilized S. cerevisiaecells, the galactosidase
activity in the supernatant from the cells following per-
meabilization was measured (Chow and Palecek, 2004).
No detectable enzyme activity outside the permeabilized
cells was found. The results of Galabova et al. (1996) are
another example of difficulties associated with the use of
Triton X-100 in the permeabilization process. The maxi-
mal permeabilization of Y. lipolytica cells was achieved
using 0.1-0.2% of Triton X-100. Unfortunately, 20% of
the total protein was released into the supernatant by
Triton X-100 treatment. Based on the scanning electron
micrographs of permeabilized yeast cells, a disruption of
the cell wall in certain zones, especially in the zones of
bud scars of cells, was observed.

Other detergents

Among the other detergents used in the permeabi-
lization of yeast cells, N-lauroylsarcosine and its sodium
salt (sarkosyl) are worthy of attention (Abraham and
Bhat, 2008; Voget, 2018; Yadav et al., 2014). These non-
toxic and biodegradable compounds are cationic surfac-
tants that easily increase the permeability of baker’s
yeast cell walls and membranes (Abraham and Bhat,
2008). As reported by Abraham and Bhat (2008), N-lau-
roylsarcosine enabled a 350-fold increase in the intra-
cellular catalase activity. In the permeablization of S. ce-
revisiae, it was observed that sodium lauroyl sarcosinate
was more effective than chloroform, toluene, Brij—35,
CTAB, and dimethyl sulfoxide (DMSO) (Kippert, 1995).
According to Yadav et al. (2014), these detergents also
improve the permeability of K. marxianus cells. N-lau-
roylsarcosine significantly improves the intracellular acti-
vity of B-galactosidase.

To permeabilize yeast cells, ammonium salts, e.g.,
benzalkonium chloride - a cationic surfactant commonly
used for disinfection - has also been used (Gough et al.,
2001). Its effect on recombinant P. pastoris cells ena-



Permeabilization process in yeast cells

bled a 10-fold increase in the intracellular glycolane
oxidase activity. Benzalkonium chloride was proved to be
a better permeabilizing agent than CTAB, Triton X-100,
and Tween 80 (Gough et al. 2001).

Organic solvents used for the permeabilization
of yeast cells

Organic solvents, as compared to detergents, are also
commonly used in methods aimed to increase the per-
meability of cell membranes (Fontes et al., 2001; Kondo
et al., 2000; Lee et al., 2004; Liu et al., 1999; Liu et al.,
2000; Panesar et al., 2007a; Panesar et al., 2007b; Pane-
sar et al., 2011; Rodriguez-Colinas et al., 2011; Traw-
czynriska and Wéjcik, 2014, 2015). Several aspects men-
tioned above and related to the use of detergents in
permeabilization processes make organic solvents much
more competitive in terms of cost and ease of applica-
tion (Rosinha Grundtvig et al., 2018). Alcohols are the
most commonly used solvents in the permeabilization of
yeast cells. Moreover, some studies attempted to in-
crease the permeability of cell membranes by using to-
luene (Choudary and Rao, 1976; Choudary, 1984), a mix-
ture of toluene and ethanol (Serrano et al., 1973), ben-
zene (Panesar et al., 2007a; Panesar et al., 2007b), ethyl
acetate (Liu et al., 1999), ethyl ether (Seip and Cosimo
1992), chloroform, or acetone (Kumari et al., 2011;
Trawczyriska and Wéjcik, 2014).

Alcohols

Tables 5 and 6 present studies on the use of alcohol
in the permeabilization of yeast cells. The effectiveness
of alcohols vis a vis other chemicals used for the per-
meabilization of yeast has often been compared. The
results and conclusions of selected items have been ap-
proximated and reported later in the article.

Permeabilization of Saccharomyces cells

Alcohols are effective agents in the permeabilization
of S. cerevisiae cells (Table 5). They tend to be better
than detergents, depending on the type of the intracel-
lular enzyme whose activity is assayed. Another advan-
tage of alcohol is the fact that the permeabilization pro-
cess using alcohol does not disturb the flocculation
ability of yeast (Kondo et al., 2000). This is one of the
important characteristics of yeast strains used in in-
dustrial applications because flocculent yeast can be se-
parated easily. Proteins involved in flocculation are
highly resistant to alcohol permeabilization.
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Trawczyriska and Wéjcik (2014, 2015) confirmed the
effectiveness of methanol, ethanol, 1-propanol, and 2-pro-
panol as agents used to increase the permeability of
baker’s yeast cell walls and membranes against reaction
reagents catalyzed by their intracellular catalase. The
best result was achieved when 53.7% of isopropyl alcohol
was used for 40 min at a temperature of 15.6°C. The
maximum value of the catalase activity was 6.188 U/g
wet wt. This result is slightly different from the overall
activity of the yeast catalase (6.500 U/g wet wt.), which
indicates the possibility of free access of hydrogen per-
oxide to the enzymatic apparatus. The maximum value
of the catalase activity was approximately 60 times
higher than the catalytic activity of yeast not treated by
the permeabilization process (Trawczyriska and Wojcik,
2014). The use of the two other alcohols also allowed to
achieve satisfactory results in terms of optimal con-
ditions, wherein ethanol and 1-propanol increased the ca-
talase activity by 47 and 40 times, respectively (Traw-
czynska and Wqjcik, 2015).

S. cerevisiae cells are rich not only in previously
described catalase, fumarase, or dehydrogenases but
also in several other enzymes, including glyoxalase I
(Bankapalli et al., 2015; Liu et al., 1999; Panesar et al.,
2007a) and isocitrate lyase (Liu et al., 2000; Liu et al.,
2014). Glyoxalase I catalyzes the conversion of methyl-
glyoxal to S-lactoylglutathione in the presence of gluta-
thione. The initial S-lactoylglutathione production rates
of isopropyl alcohol-permeabilized cells were 1.5-2.5
times higher than those of glyoxalase I in cells prepared
by the ethyl acetate method from the same amount of
cells (Liu et al., 1999). It has been shown that among the
first three alcohols of the homologous series, i.e.,
methanol, ethanol, and 2-propanol, the most effective
permeabilizing agent for S. cerevisiae cells was the last
one. Permeabilization of intact S. cerevisiae cells using
2-propanol enabled 582 times higher production of
Slactoglutathione. Moreover, the use of cells permeabi-
lized with alcohol increased the process rate by 1.5-2.5
times compared to the use of glyoxalase extract acquired
from the same amount of yeast. It is noteworthy that the
production rate of S-lactoglutathione was equally high for
cells permeabilized with ethanol. The amount of glyo-
xalase released outside the cell during this process by
using alcohol was nonsignificant. Therefore, in this case,
the high activity of permeabilized cells was attributed
only to the decrease of the membrane’s permeability
threshold (Liu et al., 1999).
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Table 5. Enzymes whose activity was determined in studies on the permeabilization of S. cerevisiae cells by alcohol

Alcohol Enzyme Reference
Olczak et al. (2010)
Trawczyniska and Wéjcik (2014)
Trawczyriska and Wéjcik (2015)
ll\/_le;c(l)lagg(l),l e;l_larrz)ol,aml catalase Trawczyriska et al. (2018)
prop » &Prop Trawczynska et al. (2019)
Trawczynska (2020a)
Trawczyriska (2020b)
Ethanol, 2-propanol glyoxalase Kondo et al. (2000)
Methanol, ethanol, 2-propanol | glyoxalase Liu et al. (1999)
Ethanol, 2-propanol glyoxalase, isocitrate lyase | Liu et al. (2000)

Table 6. Alcohols used to permeabilize Kluyveromyces cells
to increase P-galactosidase activity

Alcohol

Ethanol, 2-propanol,
1-propanol, 1-butanol

Reference

Panesar et al. (2007a)

Fontes et al. (2001)

Lee et al. (2004)
Rodriguez-Colinas et al. (2011)
Panesar et al. (2007b)
Panesar et al. (2011)

Ethanol

The possible influence of alcohol on the activities of
assessed enzymes has also been evaluated (Liu et al.,
2000). For instance, glyoxalase showed a constant acti-
vity for 4 h when placed in 95% ethanol and 40% 2-pro-
panol solutions. However, isocitrate lyase was incredibly
sensitive to alcohol, and within a few seconds, its activity
decreased significantly (Liu et al., 2000). Hence, the acti-
vity of the enzymes in alcohol permeabilization proces-
ses is highly dependent on the characteristics of the
enzymes themselves.

As mentioned before, the increase in the degree of
permeability of cell walls and membranes of microorga-
nisms is affected not only by the type of the permeabili-
zing agent but also by the conditions of the process. This
includes temperature, the concentration of the chemical
substance, and the duration of the process. While stu-
dying the permeabilization of S. cerevisiae cells by using
alcohol for reaction reagents catalyzed by glyoxalase I, it
was found that a low temperature (4°C) facilitates to
increase the effectiveness of the process. The enzyme
activity was 345, 326, and 340 mmol/min/g-wet cell for

permeabilization with methanol, ethanol, and isopropyl
alcohol, respectively (Liu et al., 1999). It has also been
shown that as the temperature increases (25°C), lower
concentrations of alcohol (20%) should be used ac-
cordingly. The influence of alcohol concentrations on the
permeabilization process, assessed by the initial reaction
rates catalyzed by glyoxalase I and isocitrate lyase, was
very similar (Liu et al., 2000). However, the highest ef-
fectiveness of the permeabilization process, i.e., the
highest permeability rate of the cells was achieved using
40% solution of 2-propanol for both enzymes. The in-
fluence of the duration of the permeabilization process
on the activity of the biocatalyst depends on the enzyme
of interest because extending the duration of the per-
meabilization process up to 50 minutes, results in an in-
crease in the initial rate for the reaction catalyzed by
S. cerevisiae cells with the overproduction of glyoxalase.
Continuation of the process resulted in a slower reaction
rate.

Permeabilization of yeast cells of other species
using alcohols

Alcohols are also effective permeabilizing agents in
the permeabilization of Kluyveromyces yeast which is
rich in B-galactosidase (Fontes et al., 2001; Lee et al.,
2004; Panesar et al., 2007a; Panesar et al., 2007b; Pane-
sar et al., 2011; Rodriguez-Colinas et al., 2011) - Tab-
le 6, an enzyme catalyzing the degradation of the disac-
charide lactose that is often intolerable to humans. The
increase in the intracellular activity of Kluyveromyces
B-galactosidase was possible because of permeabilization
with ethanol, 1-propanol, 2-propanol, and 1-butanol. How-
ever, the best results (1510 IU/g-dry cell) were achieved
for ethanol. A 50% solution of this alcohol was more ef-



Permeabilization process in yeast cells

fective than acetone, toluene, benzene, and Triton X-100
(Panesar et al., 2007a; Panesar et al., 2007Db).

Panesar etal. (2007a) indicated that temperature and
alcohol concentrations are the key factors influencing
the permeabilization process of Kluyveromyces. They
also rejected the suggestion that the duration of the pro-
cess influences its effectiveness. The [-galactosidase
activity increased up to 1500 IU/g-dry cell along with the
increase in temperature up to 25 °C after the permeabili-
zation of Kluyveromyces using ethanol. When the tem-
perature increased further, the enzymatic activity signi-
ficantly decreased. At temperatures above 35°C, the en-
zyme became inactive. This phenomenon has been ex-
plained by a partial enzyme deactivation at high tempera-
tures (Panesar et al., 2007a; Panesar et al., 2007Db).

Kluyveromyces cells permeabilized using ethanol can
also be used as biocatalysts with an increased [-galacto-
sidase activity in other bioprocesses, e.g., enzymatic syn-
thesis of lactulose from lactose and fructose (Lee et al.,
2004). The activity of the intracellular enzyme was com-
pared with that of various industrial B-galactosidases;
however, the greatest production efficiency of lactulose
was achieved with a biocatalyst in the form of whole
cells. Ethanol-permeabilized Kluyveromycescells enabled
1.3fold increase in product concentration and 2.1-fold in-
crease in effectiveness as compared to nonpermeabilized
cells. Other studies have indicated that further modifica-
tions (e.g., lyophilization, immobilization) of this type of
biocatalysts are possible (Kaur et al., 2009; Panesar et al.,
2011; Rodriguez-Colinas et al., 2011).

Comparison of alcohols with other organic solvents
as permeabilization agents

In addition to alcohols, esters (ethyl acetate), ketones
(acetone), chlorinated alkanes (chloroform), and aro-
matic compounds (benzene, toluene) were tested to eva-
luate their effectiveness in the process of the permeabili-
zation of cells (Panesar et al., 2007b; Kumari et al.,
2011). In most cases, these studies proved that alcohols
were the most effective permeabilizing agents (Traw-
czyniska and Wéjcik, 2014, 2015).

Two recent studies (Trawczyriska and Wéjcik, 2014,
2015) present the influence of most of the abovementio-
ned compounds on the permeability of baker’s yeast cells.
Permeabilization was used to increase the activity of the
yeast intracellular catalase. According to the graph (Fig. 1),
the highest enzyme activity was obtained after permeabi-
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Fig. 2. Effect of permeabilizing agent concentration on the per-
meabilization of K. marxianus cells (Kumari et al., 2011)

lization with acetone (~4500 U/g-wet cell), chloroform
(~7000 U/g-wet cell), 2-propanol (~5500 U/g-wet cell),
and ethyl acetate (~6000 U/g-wet cell).

A similar comparison of permeabilizing agents was
conducted for K. marxianus yeast cells (Kumari et al.,
2011) (Fig. 2) to increase the activity of intracellular
B-galactosidases. A high degree of enzyme activity
(1.5 U/mg-dry cell) was observed upon permeabilization
with ethanol, 1-propanol, 2-propanol, and acetone.

Thus far, on the basis of the presented research re-
sults, we can conclude that permeabilization using orga-
nic solvents is very effective, hence making it very po-
pular. However, while using organic solvents, one should
also consider the fact that some of them (toluene, ethyl
ether) are difficult to be completely removed after the
permeabilization process (Seip and Di Cosimo, 1992).
The undisputed advantages of cell permeabilization with
alcohol are its low cost and biodegradability of post-pro-
duction wastes. Additionally, the process conducted
under mild conditions allows to obtain biocatalysts with
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high enzymatic activity (Olczak et al., 2010; Trawczyniska
and W¢jcik, 2014). 1-Propanol and 2-propanol were
mainly used in alcohol permeabilization of yeast cells
(Kondo et al., 2000; Liu et al., 1999; Liu et al., 2000;
Trawczyriska and Wojcik, 2014; Trawczyriska et al., 2018;
Trawczyriska, 2020a). The best concentration of the
solution was determined in the range of 20-60%. In most
cases, solutions of ethanol and 2-propanol at the con-
centration of 40% or 50% proved to be the most effective
agents (Trawczyriska and Wdjcik, 2014, 2015). The opti-
mal concentration of the 1-propanol solution was 20%.

In most cases, the influence of temperature on the
chemical permeabilization process proved to be equally
important to the concentration of the solution used
(Panesar et al. 2007a; Trawczyriska and Wéjcik, 2014).
This parameter was optimized in the range of 10 to
30°C, and the results varied significantly. Similar to
other techniques used in biotechnology, the permeabili-
zation process is dependent on the time of exposure of
yeast cells to permeabilizing agents. Some studies (Pa-
nesar et al. 2007a; Abraham and Bhat, 2008; Liu et al.,
1999) indicate that the appropriate time of exposure is
very short (i.e., 5 min) (Flores et al., 1994; Presecki and
Vasic-Racki, 2005), while other studies indicate that it is
significantly longer (i.e., 250min) (Upadhya et al., 2000).
Generally, the permeabilization process was analyzed in
the range from 20 to 60 min (Panesar et al. 2007a; Traw-
czyriska and Wéjcik, 2014).

Mixtures of chemical permeabilizing agents

Toluene, an agent used in the permeabilization of
S. cerevisiae cells, is slightly soluble in aqueous solutions;
hence, the use of toluene alone does not provide satis-
factory results (Serrano et al., 1973). To address this pro-
blem, dissolving toluene in ethanol or its use in combina-
tion with Triton X-100 has been proposed. A mixture of
toluene and ethanol in the permeabilization process en-
hanced the activity of hexokinase and glucose-6-phos-
phate dehydrogenase when compared to permeabiliza-
tion with sodium deoxycholate or Triton X-100 or the
use of freeze-thaw techniques (Serrano et al., 1973).

S. cerevisiae cells permeabilized with TET (a mix-
ture of toluene, ethanol, and Triton X-100) (Takeshige
and Ouchi, 1995) were used in studies aimed at increa-
sing the efficiency of alcoholic fermentation. An analysis
of the inhibitory effect of methanol and 1-propanol on
alcoholic fermentation showed that the presence of me-
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thanol slowed down the process in which nonpermea-
bilized cells were used, whereas permeabilized cells
were resistant to the inhibitory effect of methanol. 1-
Propanol inhibited fermentations with both intact and
permeabilized cells. The use of TET in the permeabili-
zation process of S. cerevisiae did not provide satisfac-
tory results and caused partial deactivation of enzymes.
This has been determined on the basis of the measure-
ment of glucose-6-phosphate dehydrogenase and cyto-
solic enzyme activities as well as the amount of proteins
present in the filtrate (Freire et al., 1998).

Conclusions

The process of permeabilization of yeast is a very
complex one. The conditions of permeabilization have to
be determined separately for each species. For this pur-
pose, the effect of many different substances on the per-
meability of cell walls and membranes should be ana-
lyzed. Chemical permeabilization using detergents in
comparison to organic solvents causes drastic changes
in the cell membrane structure, which consequently cau-
ses leakage of the cell contents, leading, at times, to the
disintegration of the cell itself. Attempts to prevent this
phenomenon have been unsuccessful to date. Therefore,
to make the process more economical and feasible for
using microorganisms for a second reaction round with
the same biocatalyst, it is recommended to use alcohols
instead of using detergents in the permeabilization
method.

Reactions that use permeabilized yeast cells are com-
paratively more economical in large-scale processes than
those based on the application of pure enzymes or intact
cells. This type of biocatalysts offers another advantage
of high stability and reduced purification requirement in
comparison with a chemical catalysis and purified enzy-
mes. Further development of biocatalysts as permeabi-
lized cells of microorganisms may involve the immobili-
zation or lyophilization method. Future research should
focus on the possibilities of using permeabilization to
increase the production of not one but several enzymes
simultaneously, which will probably positively affect the
economic aspects of the bioprocesses analyzed.
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