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Abstract: Enzymes are efficient biocatalysts providing an important tool in many industrial
biocatalytic processes. Currently, the immobilized enzymes prepared by the cross-linked enzyme
aggregates (CLEAs) have drawn much attention due to their simple preparation and high catalytic
efficiency. Combined cross-linked enzyme aggregates (combi-CLEAs) including multiple enzymes
have significant advantages for practical applications. In this review, the conditions or factors
for the preparation of combi-CLEAs such as the proportion of enzymes, the type of cross-linker,
and coupling temperature were discussed based on the reaction mechanism. The recent applications
of combi-CLEAs were also reviewed.
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1. Introduction

With a high catalytic efficiency, chemo-, region-, and stereoselectivities, enzyme-mediated
biocatalytic reactions have a wide range of applications in the fermentation, chemical, food industry
and environmental management [1–5]. These reactions usually involve one enzyme or multi-enzymes
as catalysts. Compared with single enzymes, multi-enzymes can produce more valuable products
although the composition and preparation are complicated. A lot of research has employed soluble
enzymes to catalyze reactions [6,7]. The poor operational stability and difficult enzyme separation
hampered the development of multiple enzymes as biocatalysts [8]. These limitations could be
overcome by membrane reactors [9]. However, the applications of such membrane bioreactors are
relatively expensive because of membrane fouling [10], high energy consumption [11], and difficulty
to separate macromolecular substrate and enzymes from the reaction mixture. To lower the cost of
biocatalysts, the most practical option is enzyme immobilization [12,13].

Enzyme immobilization offers a considerable prospect of reusability and increases the enzyme
stability, such as the improvement of organic solvents resistance, pH tolerance, and thermal
stability [14–17]. Immobilization of enzymes onto solid carriers is an effective method for stabilizing
enzymes because of the superior physical stability and easier recovery [18]. Till today, many carriers
including nanomaterials [19–29], magnetic materials [30–35], and graphene carriers [36,37] are widely
used for drug delivery, food preparation, and the immobilization of enzymes. Most of these carriers
are metal particles [38–42], and some of them as are biological macromolecules [43–47]. Unfortunately,
extra carrier leads to the dilution of activity of immobilized enzymes because of the introducing of
a large portion of the non-catalytic mass. This will result in lower space-time yields, volumetric
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activity, and productivity in the enzymatic reactions [48,49]. Furthermore, the preparation and
modification of carrier significantly increase additional costs of the biocatalysts. To overcome these
shortcomings, carrier-free techniques for immobilization of enzymes have received much interest since
they were developed.

Carrier-free immobilized enzymes were developed since the middle of the 20th century [48].
As the most typical carrier-free immobilized enzyme, cross-linked enzyme crystal (CLEC) is chemically
cross-linked between enzyme crystals [50]. It was firstly reported by Quiocho et al. in 1964 [51]. In their
research, carboxypeptidase A crystals were obtained from pure enzyme protein by adjusting the pH of
carboxypeptidase A containing 1 M NaCl solution and dialyzing to reduce the salt concentration. CLEC
was found to have advantages such as the controllable particle size, high recycling rate and favorable
stability, and enhanced tolerance to organic reagent and extreme pH. Because of these advantages, it has
been successfully used in chromatography, drug release, chiral synthesis, and other fields. However,
it is difficult to prepare CLECs in the industrial scale because of the critical conditions for protein
crystallization. These conditions include suitable ionic species and strength, proper seed loading,
cooling rate, and temperature [52,53]. The crystal size and shape were affected directly by these
factors, and they will determinate the activity of CLEC [54–56]. These conditions are hardly controlled
simultaneously in industrial production, and the preparation of high purity protein is another burden
for production of CLEC. To overcome CLEC’s drawbacks, cross-linked enzyme aggregate (CLEA) was
then developed. This technique does not require highly purified enzymes but it could be performed
starting from crude enzyme preparations.

2. Combi-CLEA

2.1. Advantages of CLEAs and Combi-CLEAs

Developed from CLEC, CLEA also has all its advantages like a high specific activity, high resistance
to pH organic solvent, improved thermal stability. Additionally, it also has a good stability under
operation and storage conditions which CLEC process could be achieved by CLEA because there is no
dilution caused by the insertion of solid carriers [57,58]. The CLEA displays high resistance to organic
solvents, extreme pH, and high temperatures. This is largely due to the fact that immobilization
decreases the enzyme flexibility and suppresses enzymes towards unfolding tertiary structures
necessary for catalytic activity [59–61]. Thus, CLEAs would not lose much activity after several
re-utilizations. For example, the thermal stability of CLEAs subtilisin was more improved than
that of its soluble counterpart and the immobilized enzyme kept 45% of the catalytic activity after
10 reuses [62]. The investigation of sucrose phosphorylase CLEAs found that the optimum temperature
of the immobilized enzyme was increased by 17 ◦C and had a broader pH range [63]. Epoxide
hydrolases CLEAs could protect enzymes from hydrophobic organic solvents as the activity of CLEAs
was 21.5% higher than that of the free enzymes in n-hexane [64]. The storage stability of immobilized
enzymes was also improved; CLEAs kept about 67% and the free enzymes remained less than 35% of
the initial activity. These properties of CLEAs will undoubtedly promote the development of novel
processes of industrial applications. Compared with CLEC, the advantages of CLEAs are that the
highly pure enzyme is not required in the process of immobilization and CLEA can be prepared
directly from a crude enzyme. CLEAs of hydroxynitrile lyase were prepared from crude enzyme
precipitation resulting in an obvious improvement of the enzyme stability in acidic conditions [53].
The general procedure for CLEA preparation includes precipitation and cross-linking. Firstly, adding
salts or water-miscible organic solvents or nonionic polymers to precipitate the enzyme to obtain
physical aggregates from aqueous solutions [54,65]. Physical aggregates keep most of the enzyme
activity because the interaction between the molecules of aggregates is non-covalent, which makes the
protein form insoluble structures and will not destroy their tertiary structure [59,61]. Precipitation is
also a purification process of enzymes. Thus, the CLEA combines purification and immobilization
into one operational unit. In principle, CLEAs can be prepared from the crude enzyme directly [66,67].
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The simple preparation process of CLEAs indicates CLEAs are much economical and practical in the
industry. Cross-linking with bifunctional reagents will make the immobilized enzyme aggregates
much more stable due to the fixation of molecular conformation. Therefore, the immobilized enzyme
could be used for multiple cycles while maintaining most of its initial activity.

Normally, biocatalytic reactions in vivo involve more than one enzyme and thus keep a high
efficiency of the life cycle. To achieve such a goal of the multiple-enzymes catalysis, combined
cross-linked enzyme aggregates (combi-CLEAs) were developed based on the CLEAs. Combi-CLEAs
include two or more immobilized enzymes that can catalyze cascade or parallel reactions in one
reaction system. For example, combi-CLEAs of xylanase, cellulase and β-1,3-glucanase was used
to achieve one-pot bioconversion of lignocellulosic biomass to fermentable sugars [8]. To make the
combi-CLEAs highly efficient, the reaction conditions such as enzymes ratio, the pH of the reaction
medium, and the temperature of preparation should be finely optimized [68,69].

2.2. Factors Influencing CLEAs and Combi-CLEAs Preparation

In order to prepare highly efficient and stable industrial biocatalysts by combi-CLEAs,
their preparative conditions are important in affecting catalytic properties that include the activity,
stability, and kinetic parameters [69,70]. Many factors such as the ratio of enzymes, the type of
precipitants, the crosslinkers, the cross-linking time, and the pH of the reaction system influence the
preparation of combi-CLEAs are discussed below (Table 1).

2.2.1. Proportion of Enzymes

The proportion of every enzyme involved in the fabrication of combi-CLEAs affects the catalytic
efficiency. Thus, it is necessary to determine the optimal ratio of enzymes because each enzyme has its
own catalytic rate under the reaction conditions. For example, in glucose oxidase (GOD) and versatile
peroxidase (VP) CLEAs the glucose can be catalyzed by GOD to D-glucono-δ-lactone and hydrogen
peroxide which is the substrate of VP. Excessive GOD catalyzes the production of superfluous hydrogen
peroxide that would cause the inactivation of the VP, and a low concentration of GOD would limit the
apparent rate of the combi-CLEAs. When the ratio of VP and GOD is 10:7, the maximal apparent rate of
combi-CLEAs was observed, which was about 2-fold higher than that without optimization. The reason
might be that the produced hydrogen peroxide could be consumed completely by VP [71]. Perfectly
setting the right ratio of enzymes in the preparation process of combi-CLEAs is inevitable fundamental
in order to make the catalysts economical, have a relative high productivity, with high reaction rates,
and more stable in practical applications. Combi-CLEAs of amylosucrase (AS), maltooligosyltrehalose
synthase (MTS), and maltooligosyltrehalose trehalohydrolase (MTH) were prepared to produce
trehalose from sucrose. AS catalyzes sucrose to form maltooligosaccharides that are substrates for MTS
and MTH. The ratio of MTS and MTH was investigated and it was found that the yield of trehalose
was similar in the range from 14:1 to 1:14 of MTS:MTH. The results indicated that MTS and MTH were
not rate-limiting enzymes in the cascade reactions. The same quantity of MTS and MTH was arbitrarily
used in further optimization reactions. The ratios of AS:(MTS and MTH) from 0.25:1 to 8:1 were
further investigated. When the ratio was set as 8:1, the trehalose yield was 13 times higher than that of
1:1 [72]. It could be concluded that AS catalyzed the formation of sufficient maltooligosaccharides and
long-glucan polymers led to more efficient MTS and MTH catalyzed reactions.

2.2.2. The Precipitants

Adding neutral salts or water-miscible organic solvents or nonionic polymers to free enzymes
could induce the physical aggregation and precipitation of protein molecules [73]. These additives
could change the hydration state of the enzyme molecule or change the dielectric constant of the
solution. Meanwhile, the supramolecular structure is formed in aggregates by non-covalent bonds,
the original tertiary structure of enzymes is not destroyed, and the structure may collapse in an aqueous
medium. Every enzyme has a unique primary sequence and quaternary structure, so the optimal
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precipitation condition varies from one enzyme to another. Different precipitant induces distinct
conformations of enzyme aggregates which affect the catalytic properties of CLEAs. In the screening
of precipitants, the precipitation efficiency of the enzyme is usually determined, then the physical
aggregates are re-dissolved in an appropriate buffer and evaluated with their activities [65]. To choose
suitable precipitation agents will benefit the preparation of combi-CLEAs. Manganese peroxidase
was precipitated in the form of CLEAs using acetone, ammonium sulfate, ethanol, 2-propanol,
and tert-butanol, followed by glutaraldehyde cross-linking for 3 h at 4 ◦C. The results showed that
the activity recovery and aggregation yield of acetone were at a maximum, reached 31.26 and 73.46%.
The CLEAs recovered 47.57% of the initial activity following cross-linking with glutaraldehyde [74].
The aggregation yield and activity recovery of combi-CLEAs of xylanase and mannanase treated by
acetone were both 1.2-folds than those of treated by ammonium sulfate. After cross-linking with
125 mM glutaraldehyde, combi-CLEAs precipitated with 80% acetone retained a higher activity
than that precipitated with 80% ammonium sulfate [14]. Four ice-cold organic solvents (acetone,
acetonitrile, ethanol, and 2-propanol) were used as the precipitant agents for the preparation of
peroxidase CLEAs. The results showed that the activity recoveries of CLEAs were less than 10% when
ethanol and 2-propanol were served as precipitants. When acetone was utilized as the precipitant,
a 28% activity recovery and 78% aggregation yield of CLEAs were obtained. After incubating at 70 ◦C
for 15 min, the CLEAs precipitated with acetone remained about 37% activity while the free counterpart
was found totally inactivated [75]. Compared with acetone and t-butanol, dimethoxyethane was
found to be the best precipitant for the preparation of combi-CLEAs including lipase, α-amylase,
and phospholipase A2. The preparation parameters included 5 mL of pre-cooling dimethoxyethane,
20 mM of glutaraldehyde, 4 h of cross-linking time and a 4 ◦C cross-linking temperature. The obtained
combi-CLEAs could keep most initial activities after 3 cycles [76]. Generally, the best precipitant for
enzymes could be variable, and consequently, the selection of precipitation parameters is a critical
step in the preparation of CLEAs with a high recovery of enzyme activity. Additionally, a suitable
precipitant should be inexpensive and commercially available. More importantly, it should be aqueous
soluble and not react with enzymes and buffers.

2.2.3. The Cross-Linker

The cross-linker is a bifunctional agent that can covalently link the amino acid residues of enzyme
surfaces [77,78]. Glutaraldehyde has been used as a cross-linker for years in the preparation of CLEAs
since it is inexpensive and readily available in commercial quantities [79]. CLEAs were prepared
by reacting ε-amino groups of lysine residues on the surface of neighboring enzyme molecules with
glutaraldehyde to form inter- and intramolecular aldol condensates [80]. The end products obtained
under alkaline or acidic conditions were different. Under alkaline conditions, the end product formed
a Schiff base with an amino group from one protein molecule and a C–N bond by Michael addition
to the β-carbon in the amino group from another protein molecule. Under acidic conditions, the end
product formed a Schiff base with an amino group from one protein molecule and a C–N bond by
anti-Markownikoff addition to the α-carbon in another amino group from a neighboring protein
(Figure 1) [81]. However, there it was reported that alcohol dehydrogenase and nitrilase lost most
activities after cross-linking with glutaraldehyde [82]. Glutaraldehyde has a relatively small size, and it
could occupy the binding sites of substrates or even block the entry of macromolecular substrates into
the catalytic center which could inactivate the enzymes [80]. To prevent this, cross-linkers with large
sizes like dextran polyaldehyde were explored. When β-mannanase aggregate was cross-linked with
0.01 mL of 20% glutaraldehyde or 0.1 mL of 3% dextran polyaldehyde for 16 h at 4 ◦C, it was found that
the CLEAs prepared with linear dextran polyaldehyde showed a higher activity to macromolecular
substrates, which was 16 times higher than that prepared with glutaraldehyde. It could be explained
that such CLEAs contained a porous structure with low steric hindrance [83]. CLEAs of lipase were
prepared with the p-benzoquinone as cross-linker and it was observed that this biocatalyst retained
75.18% of their initial activity. Additionally, after heat treatment for 96 h at 50 ◦C, the residual activity
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of CLEAs prepared using p-benzoquinone was 5.01-fold higher than that of the CLEAs cross-linked
with glutaraldehyde [84]. In all the above-mentioned reports, the reaction mechanism is based on
the formation of the covalent bonds between the aldehyde group or ketone of cross-linkers and
lysine residues of enzymes to form a Schiff base. Another reaction model was developed with new
cross-linkers. As well as lysine amino groups, free carboxyl groups from aspartic and glutamic acids
are also potentially reactive and could be used to increase the number of possible cross-linking
sites. The free carboxyl groups could be cross-linked with amino-containing polymers to form
CLEAs. Several interesting cross-linking agents containing amino groups have been successfully
developed. Polyethylenimines was used for the production of a stable Candida rugose lipase CLEAs by
the cross-linking of carboxyl groups activated with carbodiimide. Compared with the amino-CLEAs
of lipase cross-linked with glutaraldehyde, carboxyl-CLEAs cross-linked with polyethylenimines
had a higher activity and thermostability [85]. Laccase CLEAs were prepared by cross-linking the
carboxyl groups activated with carbodiimide and the amino groups of chitosan to form amide bonds
at 20 ◦C for 4 h. The CLEAs retained 65% of their initial activity while the free laccase was completely
denatured after 12 h of thermal denaturation. The three-dimensional structure of laccase molecules
was strengthened by the covalent linking enzyme with chitosan, preventing the unfolding of laccase
under heat stress conditions [86]. The improved thermos-stability would make the biocatalyst suitable
for applications in industrial processes carried out at high temperatures. The enzymes should be stable
in the pH range which chitosan could be dissolved when using chitosan as the linker. Otherwise,
the enzyme would be inactivated during the cross-linking reaction. The selection of the cross-linking
agent should be based on the number of positive or negative amino acids on the enzyme surface
and the location of the catalytic center. Amine-rich precipitators (such as polyethylenimines) should
be selected if the negative residues (aspartic or glutamic acid) are more abundant than the positive
residues on the protein surface. Conversely, cross-linking agents with aldehyde groups (such as
glutaraldehyde) or ketone groups (such as p-benzoquinone) should be chosen to prepare CLEAs with
more positive residues on the surface. Otherwise, macromolecular cross-linking agents should be
adopted because small size cross-linking molecules might occupy the reactive center and interrupt the
normal enzymatic function when the catalytic center located at the protein surface.
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(A) and acidic conditions (B).

The ratio of cross-linker and protein also should be considered because the cross-linker influences
the activity and morphology of the resulting CLEAs. As a result, a suitable quantity of cross-linking
agent is essential for CLEA. According to the previous reports, the residual activity of CLEA has
a maximum value while changing concentrations of cross-linker [87–90]. Therefore, an appropriate
cross-linking agent should be quantitatively used according to the active residues on the enzyme
surface. Additionally, a series of proportions of enzyme and cross-linkers should be investigated to
obtain the maximum value of enzyme activity retention. As reported in the literature, insufficient
bonds were formed at a lower concentration of the crosslinker. On the contrary, a high concentration
of cross-linker will be harmful to the CLEA because it can damage the flexibility of the enzyme
and result in a change of rigidity. The rigidification of enzymes could prevent the substrate from
reaching the active sites and increase the internal mass transfer limitations, consequently decrease
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the catalytic activity of CLEAs [91–93]. Since enzymes might be susceptible to high concentrations of
glutaraldehyde, adding bovine serum albumin (BSA), which owns a lot of amine groups, could avoid
the excessive cross-linking of enzymes [84,94]. CLEAs of halohydrin dehalogenase were obtained by
slowly adding 0.75% (v/v) glutaraldehyde for 6 h under stirring. The activity retention of CLEAs
(91.2%) was highest when the cross-linking was carried out with 0.75% (v/v) of glutaraldehyde.
When the concentration of glutaraldehyde was increased, the enzyme activity of CLEAs decreased,
which might be attributed to mass transfer limitations caused by excessive cross-linking [94].

2.2.4. Effect of Temperature on the Cross-Linking

CLEAs’ preparation depends on the accessibility of the cross-linker with protein residues, and the
reaction rate also depends on the reaction temperature [95,96]. At lower temperatures, cross-linking
reaction with low reaction rate requires longer reaction time while it will finish in a shorter time at
a higher temperature. At higher temperatures, the possibility of enzyme irreversible denaturation tends
to increase, but at low temperatures, the enzyme is stable and maintain good catalytic activity [97].
There are several reports that the CLEAs preparation carried out in 4 ◦C could maintain higher specific
activity [74,75,98,99]. It is mainly because enzymes undergo partial unfolding and the heat disrupts
the intramolecular bonds in the tertiary and quaternary structure [100].
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Table 1. The factors for preparing CLEAs.

Enzymes

Factors

ReferencesEnzymes
Proportion Precipitants Cross-Linker Cross-Linking

Temperature

Glucose oxidase and versatile peroxidase 10:7 (mass) Polyethylene glycol Glutaraldehyde 30 ◦C [71]
Amylosucrase, maltooligosyltrehalose synthase and

maltooligosyltrehalose trehalohydrolase 16:1:1 (mass) Acetone Glutaraldehyde 4 ◦C [72]

Xylanase and mannanase 1:1 (mass) Acetone Glutaraldehyde 37 ◦C [14]
Lipase, α-amylase and phospholipase A2 NA Dimethoxyethane Glutaraldehyde 4 ◦C [76]
Amylase, glucoamylase and pullulanase 3:3:1 (activity) Ammonium sulfate Glutaraldehyde 35 ◦C [101]
α-L-arabinosidase and β-D-glucosidase NA Ammonium sulfate Glutaraldehyde 4 ◦C [102]

X-prolyl-dipeptidyl aminopeptidase and general aminopeptidase N 1:1 (mass) Ammonium sulfate Glutaraldehyde Ice [103]
Lipase and protease NA Ammonium sulfate Glutaraldehyde 4 ◦C [104]

Eductases and glucose dehydrogenase 1.1:5 (activity) Ammonium sulfate Oxidized dextran 4 ◦C [105]
Glucose oxidase and horseradish peroxidase 150:1 (mass) Acetonitrile Glutaraldehyde NA [106]
Ketoreductase and D-glucose dehydrogenase 1:1(mass) 1,2-Dimethoxyethane Glutaraldehyde 20 ◦C [107]

NA: Not available.



Catalysts 2018, 8, 460 8 of 20

3. Applications of Combined CLEAs

3.1. Amylosucrase, Maltooligosyltrehalose Synthase, and Maltooligosyltrehalose

Amylosucrase (AS), maltooligosyltrehalose synthase (MTS), and maltooligosyltrehalose
trehalohydrolase (MTH) were co-immobilized as combi-CLEAs to one-pot bioconversion of sucrose to
trehalose [72] (shown in Figure 2). Physical aggregates obtained by adding 3.6 mL of cold acetone to
a 3.6 mL of a mixture solution containing 4 mg of AS, 0.25 mg of MTS, 0.25 mg of MTH, and 9 mg of
BSA for 30 min at 4 ◦C. Then the physical aggregates reacted with 10 mM of glutaraldehyde at 4 ◦C
for 4 h, and the combi-CLEAs were harvested by centrifugation. In this multiple-enzymes catalyzed
cascade system, AS is responsible for the bioconversion of sucrose to maltooligosaccharides which are
substrates of MTS and transformed into maltooligosyltrehalose. The produced maltooligosyltrehalose
was then cleaved by MTH to get trehalose and a shorter maltooligosaccharide. Their experiments
showed that combi-CLEA could be used at high substrate concentrations (up to 400 mM). It is found
that the activity of combi-CLEAs was well maintained after five cycles. The combi-CLEAs catalyzed
multi-step bioconversions into a single reaction system, which brought many advantages such as the
low cost of the substrate, handling simplicity, and reusability.
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3.2. Hydroxynitrile Lyase and Nitrilase

Combi-CLEAs of hydroxynitrile lyase (HnL) and enantioselective nitrilase (NLase) were prepared
to synthesize enantiomerically pure (S)-mandelic acid [100]. HnL catalyzed the conversion of aldehyde
into the corresponding nitrile which was a substrate of NLase. The enantiomeric excess value of
(S)-mandelic acid synthetized by the mixture of HnL-CLEAs and NLase-CLEAs was 94%. Combi-CLEA
resulted in a further improvement and 98% enantiomerically pure (S)-mandelic acid was obtained
(Figure 3A). It could be explained that the nitrile intermediate was immediately hydrolyzed in
the combi-CLEA particles, which suppressed nitrile diffusion into the water phase and possible
racemization. Therefore, it is concluded that combi-CLEAs could improve its stereoselectivity. On the
contrary, the chemical process for the production of tmandelic acid includes tedious four-steps. Firstly,
a mixture comprising benzaldehyde, trimethylsilyl cyanide, and ZnI2 was stirred for 24 h, followed by
chemical hydrolysis in the presence of concentrated hydrochloric acid for 24 h. Then the mixture was
boiled to remove water and hydrochloric acid. Finally, the racemic mandelic acid was extracted and
recrystallized from benzene (Figure 3B) [108]. Compared with the chemical method, the combi-CLEAs



Catalysts 2018, 8, 460 9 of 20

mediated synthesis of mandelic acid has significant advantages such as having fewer unit operations,
a smaller reactor volume and solvent, less waste generation, good stereo-selectivity, and it is less
time-consuming [11,102]. Additionally, there is no need to isolate intermediates which brings many
potential economic and environmental advantages. Furthermore, in combi-CLEAs catalyzed cascade
reactions, the equilibrium of the reaction could be driven to the target product, thereby improving the
catalytic yield [103,104].
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3.3. Amylase, Glucoamylase, and Pullulanase

Combi-CLEAs of amylase, glucoamylase, and pullulanase were obtained for one-pot hydrolysis
of starch (Figure 4) [101]. In this report, amylase (45 U), glucoamylase (45 U), and pullulanase (15 U)
were precipitated with 10 mL of saturated ammonium sulfate for 0.5 h at 4 ◦C and cross-linked
with 40 mM of glutaraldehyde for 4.5 h at 30 ◦C. The biocatalyst was harvested by centrifugation.
The starch conversion of 100% was obtained by combi-CLEAs, whereas a 60% and 40% conversion
were obtained by using CLEAs mixture and mixed free enzymes, respectively. The observed different
starch conversion attributed to a lower thermal stability of free enzymes and enzymes in separated
CLEAs at the reaction temperature compared to those in combi-CLEAs. The reason for a higher rate of
starch conversion was that increased proximity of enzymes and reduced the diffusion limitation of the
substrate from one enzyme to another by using combi-CLEAs. Moreover, combi-CLEAs showed the
highest thermal stability at 55 ◦C and 75 ◦C. As immobilized enzymes, the combi-CLEAs have a more
evident protection from thermal denaturation and require much more energy to break down the active
conformation [38,109].
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3.4. L-Arabinosidase and D-Glycosidase

α-L-arabinosidase (ARA) and β-D-glucosidase (βG) were co-immobilized to form combi-
CLEAs [102]. Ammonium sulfate (40 mL) was added slowly to the mixture solution (10 mL) containing
20 mg of enzymes and 6.6 mg of BSA under stirring at 4 ◦C for 30 min. Then 1.06 mg glutaraldehyde
was added slowly at 4 ◦C under stirring for 1 h. The biocatalyst was obtained by centrifugation from
suspension. In the hydrolysis of diglycoside, the corresponding sugar and glucoside are released by
ARA and then the glucoside is hydrolyzed by βG, liberating the aromatic compound. ARA catalyzes
the dissociation of the monoterpenyl β-D-glycoside from its corresponding residual sugar. Then βG
catalyzes substrate to release monoterpenes. The released volatile terpenes could enhance wine aroma
(Figure 5) [110]. The results showed that the half-lives of βG and ARA in combi-CLEAs were 33.7 and
8.8 times higher than those of the soluble enzymes, respectively. The immobilized biocatalysts were
more stable than the soluble enzymes and the higher stability of combi-CLEAs was explained by inter
and intramolecular covalent cross-linking [36,111].
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3.5. Aminopeptidase N and X-Prolyl-Dipeptidyl Aminopeptidase

Proline-specific X-prolyl-dipeptidyl aminopeptidase (PepX and aminopeptidase N (PepN) are
used in the food industry for cheese-making, baking, and meat tenderization. The enzymatic hydrolysis
of proteins can result in a bitter taste. A significant reduction in casein hydrolysate bitterness can
be achieved by using PepX combined PepN. A total of 12.5 µg of PepX and 12.5 µg of (PepN)
were co-immobilized through precipitation with pre-cooling 4 M ammonium sulfate for 15 min
and cross-linked with 50 mM glutaraldehyde. The suspension was centrifuged to separate the
combi-CLEAs [103]. The combi-CLEAs were applied to a pre-hydrolyzed casein solution (Figure 6).
It could be concluded that, compared with the free PepX and PepN, the relative degree of hydrolysis
of the combi-CLEAs of PepX and PepN was increased by approximately 52%. The hydrolysis of food
proteins can result in an improved digestibility, modification of sensory quality such as texture or taste,
improvement of antioxidant capability or reduction in allergenic compounds. This proved that the
combi-CLEAs might have the potential for application in protein hydrolysis.
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3.6. Lipase and Protease

Protease and lipase are generally used to hydrolyze proteins and long-chain fatty acid esters,
respectively. A novel combi-CLEAs comprising the enzymes lipase and protease from viscera were
prepared by Mahmod et al. [104]. The optimum conditions for preparing combi-CLEAs included
65 mM glutaraldehyde, 55% (w/v) ammonium sulfate, and 0.113 mM BSA. Reactions catalyzed
by these combi-CLEAs could facilitate the removal of different kinds of food stains and biodiesel
production. The stain removal percentage was improved 67.78% when the combi-CLEAs was added
to a commercial detergent. In addition, the combi-CLEAs were used to catalyze biodiesel production
from vegetable oil with a percentage conversion of 51.7%. The study had presented that combi-CLEAs
with a high activity could expand application in the washing process, as well as in catalyzing biodiesel
production from vegetable oil.

3.7. Eductase and Glucose Dehydrogenase

Eductases (ERs) (11 U) and glucose dehydrogenase (GDH) (50 U) were employed to form
combi-CLEAs by 1 h of precipitation with 4.0 M ammonium sulfate and 3 h cross-linking with 15%
(v/v) glutaraldehyde or oxidized dextran [105]. Then the combi-CLEAs of ER and GDH were collected
by centrifugation. The temperature of the whole process was controlled at 4 ◦C. In this combi-CLEA
catalyzed system, ER reduce the C=C bond by using NADH as the cofactor, and GDH can in situ
regenerate NADH and make the reaction efficient (Figure 7). Cofactor regeneration is an important
issue for the biochemical or pharmaceutical process, and the stability of the biocatalysts is essential for
the biotransformation. In order to confirm the thermal stability of the combi-CLEAs, the immobilized
biocatalyst and free enzymes were investigated at 50 ◦C for 8 h. The ERs in combi-CLEAs could
keep 65.2% of its initial activity, whereas free ER and GDH had approximately only maintained
9.2% and 19.4% of their initial activity, respectively. The reasons for the improved thermostability of
immobilized enzymes might be the suitable microenvironment and the steric constrained structure
created by the immobilization of the enzyme molecules. In addition, the activity of ERs in combi-CLEAs
could maintain 110% of their initial activity after 14 cycles. The co-immobilized combi-CLEAs were
successfully constructed and the stability of the enzymes was improved, which could be implemented
in the cofactor regeneration.
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3.8. Peroxidase and Glucose Oxidase

Combi-CLEAs of Versatile peroxidase (VP) and glucose oxidase (GOD) were obtained by Taboada
et al. [71]. In their report, the detailed conditions were 0.5 mg of VP, 0.35 mg of GOD, 900 µL of
70% polyethylene glycol, 72 mM glutaraldehyde and cross-linking for 21.5 h at 30 ◦C. The obtained
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biocatalysts were collected by centrifugation. The combi-CLEAs provided an integrated system in
which GOD oxidized glucose in situ produced hydrogen peroxide required by VP. The activity of
VP is easily affected by the concentration of hydrogen peroxide. However, the immobilization could
increase the stability of VP against hydrogen peroxide. The combi-CLEAs was more stable than free
VP, and their results showed that the residual activities of combi-CLEAs and free VP were 50% and
10% at 20 mM hydrogen peroxide, respectively. The improved stability of the immobilized enzymes
could be concluded that the technique of cross-linking enzyme can protect the enzyme structure.
In batch experiments, four endocrine disrupting chemicals (bisphenol A, nonylphenol, triclosan,
17α-ethinylestradiol, and the hormone 17β-estradiol) were eliminated by either combi-CLEAs or the
free enzymes.

3.9. Glucose Oxidase and Horseradish Peroxidase

Glucose oxidase (GOx) and horseradish peroxidase (HRP) were combined into CLEAs [106].
This preparation was performed in a self-made millifluidic reactor that consisted of an inner capillary
(ID 0.3 mm, OD 0.4 mm) and an outer capillary (ID 0.8 mm, OD 1.0 mm). The inner capillary was
fixed by a T-shape connector at the center of the outer capillary. The distance from the confluence
point to the outlet was 20 mm. The enzyme mixture flowed through inner capillary while acetonitrile
containing 0.5 mM of glutaraldehyde was in the outer capillary. When the weight ratio of GOx/HRP
was 150 and the flow rate of the inner and outer capillary was 20 µL/min, the combi-CLEAs
could retain 96.5% of free enzyme activity. Glucose is the substrate of GOx and the product
hydrogen peroxide is the substrate of HRP (Figure 8). The apparent Km value of combi-CLEA
(12.4 ± 0.03 mM) was lower than that of the free enzyme (19.3 ± 0.09 mM). The apparent Vmax value
of combi-CLEA (15.8 ± 0.05 µM/min) was closed to that of the free enzyme (15.6 ± 0.09 µM/min).
Moreover, the catalytic efficiency (kcat/Km) of combi-CLEA was 1.47 times higher than the free enzyme.
These results indicated that combi-CLEA led to a slightly higher reaction rate than free enzymes.
The increased reaction rate could be attributed to the in situ fast consumption of hydrogen peroxide by
HRP inside the combi-CLEAs.
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3.10. Alcohol Dehydrogenase and Glucose Dehydrogenase

Another example for the cofactor regeneration system is combi-CLEAs of alcohol dehydrogenase
(ADH) and glucose dehydrogenase (GDH) [89]. In this work, 90% acetone was added to the
crude ADH and GDH solution for 30 min at 4 ◦C and then cross-linked with 2.5% glutaraldehyde
(glutaraldehyde:total protein at 0.5:1) for 1.5 h at ambient temperature. The combi-CLEAs
were collected by centrifugation. The obtained immobilized catalysts catalyze the reduction of
1-(2,6-dichloro-3-fluorophenyl) acetophenone and they retained 81.90% (ADH) and 40.29% (GDH) of
the initial activity, respectively. The optimum pH was found to be 7 for free enzymes and combi-CLEAs.
Meanwhile, combi-CLEAs showed a higher stability under acidic conditions for cofactor regeneration.
Since the cofactor recycling will lead to the continuous better acidification of the reaction system,
this result especially benefits the reductive coupling reactions of ADH and GDH. This allows the use
of these biocatalysts more efficiently in a broader pH region compared to free ADH/GDH (Figure 9).
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3.11. Ketoreductase and Glucose Dehydrogenase

Combi-CLEAs composed of ketoreductase and D-glucose dehydrogenase were prepared according
to the work of Ning et al. [107]. They added 1,2-Dimethoxyethane prechilled at 4 ◦C into the enzyme
mixture to a final concentration of 90% (v/v) at 4 ◦C for 20 min, and the CLEAs were obtained by
cross-linking with 0.2% (w/v) glutaraldehyde at 20 ◦C for 1 h. The whole process was under shaking
at 200 rpm. These combi-CLEAs had been demonstrated to be a robust regeneration system for
pyridine nucleotide cofactor (Figure 10). The results indicated it is an effective cofactor regeneration
system and the optimal substrate concentration in a biphasic system of combi-CLEAs was 300 mM.
The improvement of affinity for substrate suggesting that combi-CLEAs had a positive effect on
volumetric productivity.
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4. Conclusions and Prospects

Combi-CLEA includes multiple enzymes and it is a promising immobilization method without
carriers that combined purification and immobilization into one step and do not require highly pure
enzymes. However, enzymes from different sources require the optimization of the precipitation
and cross-linking parameters. Although the precipitant and cross-linker are the priorities for the
preparation of combi-CLEA, all the parameters should be considered carefully because of the
interactions among them. Generally, combi-CLEAs can improve enzyme stability and apparent
catalytic rate. These will definitely benefit the biotransformation in industrial applications, especially
in the cofactor regeneration systems. When combi-CLEAs are used for cofactor regeneration,
some advantages such as a high selectivity, high efficiency, and low diffusional limitation are obvious.
Due to most oxidoreductases require stoichiometric amounts of expensive cofactors such as NAD+,
the Combi-CLEAs of oxidoreductases or can ensure the reuse of cofactors to reduce the cost. It is
a robust regeneration system which could be prepared in a simple, rapid, and economical way.

With the development of biomolecular engineering, tailor-made enzymes with specific
modifications are produced in a bench scale. Chemical or biological modifications of enzyme
surface residues with the specific incorporation of unnatural or functional amino acids will make the
preparation of combi-CLEA easier. Some unnatural amino acids with azide (e.g., L-azidohomoalanine,
p-azidophenylalanine, and 5-azidopentanoic acid) and alkyne (e.g., L-homopropargylglycine) could be
used for bioorthogonal reactions with “click” linking, so the cross-linking reaction could be achieved
easily by coupling both the residue-specific and site-specific incorporation of unnatural amino acids
into a single protein or different proteins. As a consequence, these enzymes could be conjugated
directly to form combi-CLEAs without a cross-linker. If so, combi-CLEAs will be applied to a wide
field of cascade processes of unprecedented complexity, efficiency, and elegance.
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