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Abstract: Cross-linked enzyme aggregates (CLEA®) technology is a well-established method in
the current literature for the low-cost and effective immobilization of several enzymes. The main
advantage of this particular method is the simplicity of the process, since it consists of only two
steps. However, CLEA immobilization must be carefully designed for each desired enzyme, since the
optimum conditions for enzymes can vary significantly, according to their physicochemical properties.
In the present study, an investigation of the optimum CLEA immobilization conditions was carried
out for eight feruloyl esterase preparations. Feruloyl esterases are a very important enzyme group in
the valorization of lignocellulosic biomass, since they act in a synergistic way with other enzymes
for the breakdown of plant biomass. Specifically, we investigated the type and concentration of
precipitant and the crosslinker concentration, for retaining optimal activity. FAE68 was found to
be the most promising enzyme for CLEA immobilization, since in this case, the maximum retained
activity, over 98%, was observed. Subsequently, we examined the operational stability and the
stability in organic solvents for the obtained CLEA preparations, as well as their structure. Overall,
our results support that the maximum activity retaining and the stability properties of the final
CLEAs can vary greatly in different FAE preparations. Nevertheless, some of the examined FAEs
show a significant potential for further applications in harsh industrial conditions.
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1. Introduction

The immobilization of enzymes using cross-linked enzyme aggregates (CLEA) technology has gained
significant attention in the last 20 years, with a wide variety of enzymes and enzyme mixtures being
immobilized with standard or modified CLEA methodologies. The popularity of CLEA immobilization
is mainly due to the simplicity and the low cost of the process. CLEA immobilization consists of
only two steps: the precipitation and the cross-linking step [1]. The crosslinking of the proteins is
unspecific, and thus, inexpensive, bulk chemicals can be used as reactants for the completion of the
process. Moreover, the overall process does not require any solid support, minimizing the cost of the
procedure and making it competitive with other immobilization methods, where a solid matrix is
required, which often has to be tailored to the individual nature of the target enzyme (such as size,
hydrophilicity, etc.) [2]. However, due to the very low specificity of the process, the optimal conditions
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of the immobilization must be very carefully chosen for the desired biocatalyst, because even enzymes
with very similar physicochemical characteristics might require quite different conditions for optimum
retention of activity after immobilization. For this purpose, a detailed optimization protocol is required
for the efficient CLEA immobilization of any given biocatalyst.

Various different enzymes have been immobilized in CLEA form, among them lipases, esterases,
laccases, hydrolases and others [1]. For some of these enzymes, a great loss of activity is observed in the
final product [3], while in several cases, an improved activity is achieved [4] and even modifications of
the original properties, such as the substrate specificity [5]. Nonetheless, most of the available data
support a certain degree of improved stability in the immobilized enzymes, such as thermostability
and solvent stability, as well as operational stability properties [6]. All these characteristics are very
attractive for the design of biocatalysts for industrial use, and for this purpose, some groups have tried
to design bioreactor configurations, dedicated to the optimum large-scale use of CLEAs, for various
biotransformations [7,8].

Feruloyl esterases (FAEs, 4-hydroxy-3-methoxycinnamoyl-sugar hydrolase EC 3.1.1.73) belong
to the enzymatic machinery of various lignocellulose-degrading microorganisms, and their specific
role is the hydrolysis of the ester bond between the hydroxycinnamic acids and sugar moieties of
hemicellulose [9]. The most studied example of such a reaction is the cleavage of the bond between ferulic
acid and arabinose. In this sense, these enzymes act synergistically with xylanases for the degradation of
plant biomass. FAEs have been widely used for the production of free ferulic acid (FA) from renewable
resources, such as wheat bran [10], wheat straw [11], brewer’s spent grain [12] and others. FA is widely
known for its antioxidant properties, and for this purpose, it is used today in cosmetic products, such
as C E FERULIC® Serum by the company SkinCeuticals, as a food preservative [13] and as a building
block for the production of several chemicals, such as polymers, protocatechuic acid derivatives and
catechol derivatives, mainly vanillin [14]. Therefore, the widespread industrial use of FA has led to
significant research efforts for the discovery, characterization, heterologous expression and mode of
action of several FAEs [14–17], aiming at the complete elucidation of their action mechanism, on the
one hand, and at the development of industrially-attractive biocatalyst preparations, on the other.
The main focus of the present work was the improvement of the stability and reusability properties
of eight different commercial FAE preparations, through CLEA immobilization. To elucidate this,
we investigated the optimum conditions for CLEA formation, and subsequently, we characterized the
resulting FAE preparations.

2. Results

2.1. Effect of Precipitants on CLEA Preparation

The selection of the precipitating agent is of crucial importance for CLEA preparations, because it
should not have a detrimental effect on the enzyme activity. In the present study, four precipitants
were tested towards their effect on the residual FAE activity: saturated ammonium sulfate, tert-butanol,
acetone and PEG-4000. The results are presented in Figure 1.

It is obvious that the precipitating agent is of crucial importance for the residual activity recovered
after CLEA formation. In most cases, the tert-butyl alcohol and acetone seem to have a detrimental
effect on the activity of the FAEs CLEA, except from FAEA2 and FAEB1, where they were found to
be among the best precipitants. On the other hand, ammonium sulfate or PEG-4000 were found to
be the best for all other FAEs, with maximum recovery of activity 98.7% in the case of the PEG-4000
precipitation of FAE68. FAE68, on the other hand, seems to perform best after CLEA immobilization,
seeing that in this case, the maximum residual activities were observed after cross-linking. Similar
to the other FAEs, FAE68 retains less than 40% of the initial activity when acetone and tert-butyl
alcohol were used as precipitants, but in the case of ammonium sulfate or PEG-4000, FAE68 retains
almost completely the initial activity after immobilization (83.8% and 98.7% for ammonium sulfate
and PEG-4000, respectively). For the subsequent experiments, ammonium sulfate was selected for
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FAEs A1, B1, B2 and 125; PEG-4000 was selected for FAEs 68, 7262 and MtFae1a; and tert-butyl alcohol
was selected for FAEA2.Catalysts 2018, 8, x FOR PEER REVIEW  3 of 15 

 

 
Figure 1. Effect of precipitants on the activity of cross-linked enzyme aggregates (CLEA)-immobilized 
FAEs. Activity is presented as a percentage of the initial activity of the free enzyme. Reactions were 
performed as described in Section 4.2. Initial activity values for each FAE were as follows: FAEA1  
4.99 U mL−1, FAEA2 1.29 U mL−1, FAEB1 3.65 U mL−1, FAEB2 1.84 U mL−1, FAE125 1.25 U mL−1, FAE68 
4.99 U mL−1, FAE7262 3.38 U mL−1, MtFae1a 2.71 U mL−1. 
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in CLEAs. Low concentrations of the cross-linker might result in loss of CLEA activity due to free 
enzyme, but very high concentrations of the cross-linker might also lead to significant activity loss, 
due to the production of bigger aggregates with substrate mass diffusion limitations, as well as higher 
rigidity of the enzyme. As a result, the concentration of the cross-linker must be minutely fine-tuned, 
in order to obtain the best possible results. In the present study, glutaraldehyde was used as a cross-
linker in four different concentrations, using the optimum precipitants selected from the previous 
optimization step. Glutaraldehyde is a very common cross-linker for CLEA formation, being 
applicable to most enzymes [1]. The results of the effect of glutaraldehyde concentration on the CLEA 
activity are shown in Figure 2.  

Figure 1. Effect of precipitants on the activity of cross-linked enzyme aggregates (CLEA)-immobilized
FAEs. Activity is presented as a percentage of the initial activity of the free enzyme. Reactions were
performed as described in Section 4.2. Initial activity values for each FAE were as follows: FAEA1
4.99 U mL−1, FAEA2 1.29 U mL−1, FAEB1 3.65 U mL−1, FAEB2 1.84 U mL−1, FAE125 1.25 U mL−1,
FAE68 4.99 U mL−1, FAE7262 3.38 U mL−1, MtFae1a 2.71 U mL−1.

2.2. Effect of Glutaraldehyde Concentration on CLEA Activity

Cross-linker concentration is also a very important parameter for the immobilization of enzymes
in CLEAs. Low concentrations of the cross-linker might result in loss of CLEA activity due to free
enzyme, but very high concentrations of the cross-linker might also lead to significant activity loss,
due to the production of bigger aggregates with substrate mass diffusion limitations, as well as
higher rigidity of the enzyme. As a result, the concentration of the cross-linker must be minutely
fine-tuned, in order to obtain the best possible results. In the present study, glutaraldehyde was used
as a cross-linker in four different concentrations, using the optimum precipitants selected from the
previous optimization step. Glutaraldehyde is a very common cross-linker for CLEA formation, being
applicable to most enzymes [1]. The results of the effect of glutaraldehyde concentration on the CLEA
activity are shown in Figure 2.

In accordance with the results of the previous experiment, FAE68 was found to retain the
initial activity almost completely, seeing that in all glutaraldehyde concentrations, the residual
activity observed was >97%. On the other hand, glutaraldehyde was found to lower the activity
of FAE7262 significantly: the maximum residual activity in this case was observed in the lower
glutaraldehyde concentration tested (10 mM). FAEA2 was the enzyme with the lowest CLEA yield for
all glutaraldehyde concentrations, while the residual activity of FAEB2 reached 68.8% with 300 mM
glutaraldehyde (Figure 2). The remaining soluble FAE activity in the supernatant of the crosslinking
reaction was also measured, and for most FAEs, the increase in glutaraldehyde concentration led to
lower residual activity for soluble enzymes (Figure S1). The optimum glutaraldehyde concentration
for the cross-linking of each enzyme was selected for further experiments, as follows: FAEA1: 200 mM,
FAEA2: 50 mM, FAEB1: 200 mM, FAEB2: 300 mM, FAE125: 200 mM, FAE68: 200 mM, FAE7262:
10 mM, MtFae1a: 10 mM.
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Figure 2. Effect of glutaraldehyde concentration on the activity of CLEA-immobilized FAEs. Residual
activity is presented as a percentage of the initial activity of the corresponding free enzymes. Reactions
were performed as described in Section 4.2. Initial activity values for each FAE were as follows: FAEA1
1.85 U mL−1, FAEA2 3.36 U mL−1, FAEB1 3.57 U mL−1, FAEB2 2.62 U mL−1, FAE125 1.25 U mL−1,
FAE68 4.98 U mL−1, FAE7262 3.38 U mL−1, MtFae1a 2.71 U mL−1.

2.3. Stability of CLEAs in Organic Solvents

The stability of the obtained CLEAs, at optimum immobilization conditions, was tested in regard
to several organic solvents, commonly used in various applications. The results of the residual activity,
after 24 h of incubation at 25 ◦C, are shown in Figure 3 and are expressed as a percentage of residual
activity with respect to control incubations in MOPS-NaOH buffer 100 mM, pH 6.Catalysts 2018, 8, x FOR PEER REVIEW  5 of 15 
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Figure 3. Stability of FAE CLEAs in organic solvents. The CLEAs were incubated at 25 ◦C for
24 h, and the residual activity was expressed as a percentage of the activity of control incubations,
in MOPS-NaOH buffer (100 mM, pH 6). Reactions were performed as described in Section 4.2.
Initial activity values for each FAE were as follows: FAEA1 0.63 U mL−1, FAEA2 0.08 U mL−1, FAEB1
1.73 U mL−1, FAEB2 0.64 U mL−1, FAE125 0.13 U mL−1, FAE68 4.98 U mL−1, FAE7262 0.75 U mL−1,
MtFae1a 1.46 U mL−1.
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From the results shown in Figure 3, it is obvious that stability in organic solvents varies
significantly according to the tested enzyme and the solvent. For example, FAE125 retains most
of its activity in all the tested solvents, except 2-butanone, where the activity is significantly lower.
Generally, 2-butanone was found to have the most damaging effect in all the enzymes tested, seeing
that the maximum residual activity observed for this solvent was 58.7% for FAE125. On the other hand,
all enzymes seem to tolerate the non-polar solvents tested, such as hexane and octane, better; in this
case, the residual activities obtained from most enzymes exceeded 70%. Alkanes were even found to
enhance enzyme activity, with residual activities exceeding 100% of the initial, for FAEB2 and FAE125.
This could be partly explained by the fact that these solvents are not miscible with water, and as a
result, when the enzymes are introduced in such a solvent, they tend to form hydrophilic balls, where
the enzyme is protected by the enclosed space. Most enzymes seemed to perform well in the presence
of acetone, with residual activities ranging from 103% for FAE125 to 44% for FAEB2, with FAEA2 and
MtFae1a having the lowest residual activities in this case, 20.4% and 29.2%, respectively.

2.4. Operational Stability

Reusability is a very important factor for the selection of industrial biocatalysts for commercial
applications, and CLEA use is offering this advantage in comparison to soluble enzymes. In the present
work, the operational stability of the obtained FAE CLEAs was tested on eight consecutive cycles of
methyl ferulate hydrolysis reactions. The results are shown in Figure 4.Catalysts 2018, 8, x FOR PEER REVIEW  6 of 15 
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molecule, seems to lead to the formation of slightly different aggregates: in the case of FAEB2, for 
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Figure 4. Operational stability of the obtained CLEAs. The residual activity is expressed as a percentage
with respect to the activity determined at the first round of reactions. Reactions were performed
as described in Section 4.2. Initial activity values were as follows: FAEA1 0.75 U mL−1, FAEA2
0.32 U mL−1, FAEB1 0.92 U mL−1, FAEB2 0.54 U mL−1, FAE125 0.2 U mL−1, FAE68 0.99 U mL−1,
FAE7262 0.77 U mL−1, MtFae1a 0.88 U mL−1.

The most stable CLEA was found to be FAE68, retaining almost complete activity after eight
cycles of hydrolysis reactions, followed by FAEA1 and FAEB2 with 81.4% and 84.2% residual activity,
respectively. FAE7262 was found to be the least stable CLEA, with only 25.7% residual activity
remaining after eight cycles. However, most enzymes seem to retain at least 50% of their initial activity
after three cycles of methyl ferulate (MFA) hydrolysis.



Catalysts 2018, 8, 208 6 of 15

2.5. Structure of the Obtained CLEAs

The SEM photographs from all CLEAs obtained at the optimum conditions are shown in Figure 5.Catalysts 2018, 8, x FOR PEER REVIEW  7 of 15 
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The depicted CLEAs were prepared in optimum conditions for each FAE, namely: ammonium sulfate, 
100 mM glutaraldehyde for FAEA1 and FAE125, t-butyl alcohol, 100 mM glutaraldehyde for FAEA2, 
ammonium sulfate, 200 mM glutaraldehyde for FAEB1, ammonium sulfate, 300 mM glutaraldehyde 
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Figure 5. SEM photographs of the CLEAs obtained from all tested FAEs, at a magnification of ~3500×.
(a) FAEA1, (b) FAEA2, (c) FAEB1, (d) FAEB2, (e) FAE125, (f) FAE68, (g) FAE7262 and (h) MtFae1a.
The depicted CLEAs were prepared in optimum conditions for each FAE, namely: ammonium sulfate,
100 mM glutaraldehyde for FAEA1 and FAE125, t-butyl alcohol, 100 mM glutaraldehyde for FAEA2,
ammonium sulfate, 200 mM glutaraldehyde for FAEB1, ammonium sulfate, 300 mM glutaraldehyde
for FAEB2, PEG4000, 200 mM glutaraldehyde for FAE68, and PEG4000, 10 mM glutaraldehyde for
FAE7262 and MtFae1a.
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Most enzyme preparations seem to form small aggregates of irregular shape, such as FAEA1,
FAEA2, FAEB1, FAEB2 and FAE125. These aggregates, according to Schoevaart et al. [18], belong to
the Type 2 aggregates, formed by glycosylated, hydrophilic protein molecules. However, some of the
enzymes seem to form slightly more round-shaped, bigger aggregates, such as FAE68 and FAE7262.
At a larger magnification (Figure 6), the Type 2 small aggregates, less than 0.1 µm in diameter, are
shown for FAEs B1, B2, 125 and MtFae1a, whereas FAEs 68 and 7262 seem to form round, bigger
aggregates, larger than 1 µm in diameter, clustered together and forming bigger surfaces.Catalysts 2018, 8, x FOR PEER REVIEW  8 of 15 
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Figure 6. SEM photographs of the CLEAs obtained from FAEB1 (a), FAEB2 (b), FAE68 (c), FAE125 (d),
FAE7262 (e) and MtFae1a (f), at a magnification of ~12,200×. The depicted CLEAs were prepared in
optimum conditions for each FAE, namely: ammonium sulfate, 200 mM glutaraldehyde for FAEB1,
ammonium sulfate, 300 mM glutaraldehyde for FAEB2, PEG4000, 200 mM glutaraldehyde for FAE68,
and PEG4000, 10 mM glutaraldehyde for FAE7262 and MtFae1a.
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In an attempt to investigate the role of the precipitant in the structure formation of CLEAs,
we also studied the structure of the obtained CLEAs with all tested precipitants for FAEs B2 and 7262.
The results are shown in Figure 7.Catalysts 2018, 8, x FOR PEER REVIEW  9 of 15 
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Figure 7. SEM photographs of the CLEAs obtained from FAE7262 (a,c,e,g) and FAEB2 (b,d,f,h) with
different precipitants (ammonium sulfate (a,b); acetone (c,d); tert-butyl alcohol (e,f); PEG-4000 (g,h)) at
magnifications of ~3700×. The cross-linking was achieved with 10 mM glutaraldehyde for FAE7262
CLEAs and with 300 mM for FAEB2 CLEAs.
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Acetone and tert-butyl alcohol seem to enhance the production of large clusters of small and
irregular aggregates, in both enzyme preparations (Figure 6c–f). Ammonium sulfate leads to the
formation of smaller size aggregates, also with irregular shape, for FAE7262, but not for FAEB2, where
big clusters can be seen (Figure 6a,b). On the other hand, PEG-4000, a large hydrophilic molecule,
seems to lead to the formation of slightly different aggregates: in the case of FAEB2, for example,
the aggregates clearly belong to Type I, typical balls, 1–10 µm in diameter (Figure 5h). From these
results, it is apparent that the type of aggregate does not always depend on the hydrophilicity of the
protein sample, but also on the conditions of the immobilization, i.e., the environment of the protein
sample at the time of the cross-linking.

3. Discussion

As mentioned earlier, CLEA immobilization is a method with significant advantages, such as low
cost and simplicity, but it has to be carefully optimized for each enzyme, since the activity yield can
vary greatly with the immobilization conditions [19]. In the present work, the effect of the precipitant
used, together with the concentration of glutaraldehyde as a cross-linker, were tested on the residual
activity of eight FAE preparations. As regards the type of the precipitant, the selected precipitants
were ammonium sulfate, a very common precipitant for CLEA preparations, due to its low cost and
mild effect on the protein structure; acetone, which has been used extensively in the past for the
precipitation and subsequent purification of esterases [20,21]; tert-butyl alcohol, previously shown to
be a suitable precipitant for FAE CLEAs [4]; and PEG-4000, a hydrophilic polymer with a stabilizing
effect on the protein structure [22] that has been used before for CLEA preparation [23]. The selection
of a proper precipitant might even enhance the residual activity of the obtained CLEAs, by stabilizing
their structure, or by inducing a more favorable conformation of the active site towards the substrate,
as shown in previous studies [4,24,25]. Especially acetone is reported to enhance the activity of
FAEs, even in soluble form [26], while the stabilizing effects of acetone on enzyme activity have been
known since 1967 [27]. For this purpose, the selection of the optimum precipitant was based on the
residual activity of CLEAs after cross-linking of the precipitated FAEs. The residual activity of the
obtained CLEAs was in agreement with the available data from the literature: for example, in the
work of Cruz-Izquierdo et al. [28], the maximum retention of activity from Candida antarctica lipase
(48%) was observed in the case where ammonium sulfate was used as the precipitant, while the
maximum residual activity of halohydrin dehalogenase from Agrobacterium radiobacter in the same
conditions was 70.5% [29]. On the other hand, in most samples precipitated with acetone and tert-butyl
alcohol, a single aggregate could be observed, which could not be broken into smaller aggregates with
prolonged agitation, or ultrasound treatment, in accordance with the findings of Perzon et al. [24].
These CLEAs exhibited lower residual activities, probably due to severe mass transfer limitations.
These limitations might be partly due to the precipitant concentration used in this study (90%).

Glutaraldehyde concentration seems to have a diverse impact on the residual activity of FAE CLEAs.
For most FAE CLEAs, the maximum residual activity was observed in moderately high concentrations of
glutaraldehyde, in agreement with the literature data [4,29,30]. As reported previously, glutaraldehyde
concentration must be selected carefully, because too low concentrations can lead to enzyme leakage,
but too high concentrations can lead to extensive clustering and therefore to a significant activity
loss [31]. However, in some cases, the effect was quite different, as was the case for FAE7262 and
MtFae1a, where glutaraldehyde severely hinders the enzyme activity.

The increased stability in organic solvents is one of the most important advantages of CLEAs
in various synthetic applications. Feruloyl esterases have been used extensively in the literature for
various (trans)esterifications [4,32] and in non-conventional systems, and thus, a certain degree of
stability in non-aqueous media is necessary. In the present study, the stability in organic solvents
was found to be comparable to the respective soluble FAEs. Free FAEs from Talaromyces wortmannii
FAE68, FAE7262 and FAE125 showed increased stability towards apolar solvents (hexane, octane),
maintaining 100% of their initial activity. However, they were less stable towards polar solvents
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(2-butanone, acetone), maintaining only 30% of their initial activity (unpublished data, [33]). In CLEA
form, the destabilizing effect of 2-butanone is apparently present, but this is not the case for acetone,
where their stability seems significantly improved after immobilization (Figure 3). Soluble FAEs FAE68
and FAE7262 maintained 100% of their initial activity after incubation in t-butanol, while FAE125
maintained only 52% (unpublished data, [33]). Again, the stability of FAE125 in t-butanol is enhanced
after immobilization. Acetone, tert-butanol, hexane and octane were even found to enhance the
activity of some CLEAs, in accordance with previous reports for soluble FAEs [26], as well as subtilisin
CLEAs [34] and tyrosinase CLEAs [35]. Overall, the results regarding the enzyme stability in organic
solvents can guide the selection of the most suitable solvent for a specific application, involving either
a hydrolytic or a synthetic reaction.

The operational stability of most FAEs CLEA was very satisfactory, seeing that CLEAs of FAEs
A1, B1, B2, 68 and 125 were found to maintain at least 60% of their initial activity after eight
cycles of hydrolysis reactions, in accordance with relevant studies. For example, Penicillium notatum
lipase CLEAs were found to maintain over 60% of their initial activity after 10 cycles of hydrolytic
reactions [36], while 68% of initial activity was maintained by subtilisin CLEAs after 11 cycles of
use [34], and combined glucose oxidase and peroxidase magnetic CLEAs were shown to maintain
around 55% of their original activity after eight cycles of use [37]. These data indicate the potential of
such biocatalyst preparations for use in continuous or batch commercial processes.

From all the FAE preparations tested, FAE68 was found to be the best performing enzyme
in terms of immobilization yield, as well as solvent stability and reusability. The properties of
FAE68 CLEAs reveal a significant potential of this biocatalyst in industrial applications regarding the
isolation of ferulic acid from lignocellulosic feedstocks. This result might be partly explained by the
physicochemical characteristics of FAE68 (Figure S1): this was the enzyme with a higher MW in this
study, containing more lysine residues and more predicted glycosylation sites than the other FAEs.
Higher lysine content might lead to better immobilization yields for obvious reasons, but also the
formation of CLEA particles could have a stabilizing effect on the enzyme structure, due to the large
size of the enzyme molecule.

As regards the structure of the FAE CLEAs, significant differences were observed between the
CLEAs of the various FAE preparations, as well as the CLEAs of the same FAEs, but with different
precipitants. The prevailing classification in the literature is the one of Schoevaart et al. [18], where
typical CLEAs are classified in two types: Type I, around 1 µm in diameter, with a spherical shape,
and Type II, with a less structured texture and smaller size (0.1 µm). In the present study, most of the
FAEs seem to form Type II CLEAs, with the exceptions of MtFae1a and FAEA2, where larger clusters
could be observed, similar to chemical aggregates reported previously [38]. These results are consistent
with the relevant literature, since Type II aggregates are usually formed by hydrophilic, glucosylated
enzymes [39] and most FAEs share these properties (Table S1). However, some variations could be
observed among the FAEs studied: for example, the structures observed for FAE CLEAs 68 and 7262
appear to be more similar to the spherical shapes of Type I CLEAs. Previous studies do not indicate
a correlation between the type of precipitant used and the structure of the resulting CLEAs [34],
although there are a few reports correlating the structure with the precipitation conditions [40].
Our results support a certain differentiation of the final morphology depending on the precipitants
used: For FAEB2, the use of ammonium sulfate, tert-butyl alcohol and acetone leads to the formation of
amorphous chemical aggregates, while this kind of aggregate was formed with the use of PEG4000 in
the case of FAE7262. On the other hand, Type I spherical aggregates appeared in the case where FAEB2
was precipitated with PEG4000. Type I aggregates are usually attributed to hydrophobic protein
molecules with low glycosylation levels [18], but our results support the role of other parameters, such
as the type of the precipitant used, for the morphology of the final product.
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4. Materials and Methods

4.1. Materials and Enzymes

Methyl ferulate (MFA) was purchased from Alfa Aesar (Karlsruhe, Germany), while FA, MOPS
solution 1 M and other materials and solvents were purchased from Sigma-Aldrich (Saint Louis,
MO, USA).

The T. thermophila C1 genes encoding the FAEs (A1, A2, B1 and B2) were over-expressed
individually in designated C1 strains with low-cellulase production background [41,42]. Genomic DNA
sequences encoding the three putative feruloyl esterases (FAEs 68, 7262 and 125) were synthesized
(GeneArt, Regensburg, Germany) and cloned in a transformation vector as previously described [42].
In each case, the resulting expression cassette containing the gene of interest under the control of a
strong promoter was co-transformed with a selection marker in a C1 production strain. Following,
the production strains were grown aerobically in a fed-batch system in minimal medium supplemented
with trace elements [43]. After fermentation, the broth was centrifuged, concentrated and dialyzed
to 10 mM phosphate buffer pH 6.5. Samples were subsequently freeze-dried for storage. The FAE
MtFae1a, sharing the same primary sequence with FAEB2, was overexpressed in Pichia pastoris as
described previously [44]. The main physicochemical properties of the studied FAEs are presented
in Table S1.

4.2. Enzyme Activities

FAEs hydrolytic activity was measured using methyl ferulate as the substrate. Duplicate enzyme
samples were incubated in MOPS-NaOH buffer pH 6, 100 mM with 1 mM MFA, for 10 min at 45 ◦C
and 1300 rpm in an Eppendorf Thermomixer Comfort (Eppendorf, Hamburg, Germany). The reaction
was terminated with a 10-min incubation in 100 ◦C. The amount of released ferulic acid was quantified
with HPLC, as previously described [45], using the appropriate standard curves. One unit of enzyme
activity corresponds to the amount of enzyme releasing 1 µmol of free ferulic acid per minute in the
above conditions.

4.3. Immobilization of Enzymes

The FAEs preparations were immobilized to CLEAs as previously described [4], following the
procedure of Schoevaart et al. [18]. Briefly, 10 µL of enzyme solution with 10% (w/v) protein content
were added to 90 µL of the selected precipitant, followed by 15 min incubation at room temperature
and 1300 rpm. Then, 5 µL of glutaraldehyde solution (70 mM) was added to the mixture, and the
crosslinking was left to proceed for 3 h in room temperature and 1300 rpm. The mixture was quenched
in 900 µL 100 mM MOPS-NaOH buffer pH 6 and centrifuged. The supernatant was assayed for
FAE activity. After isolation of the precipitated CLEAs, two washing steps were performed with
MOPS-NaOH buffer to remove unreacted enzyme and glutaraldehyde. Supernatants were also
assayed for FAE activity, where no enzyme leakage was observed. Finally, the CLEAs were dispersed
in 1 mL MOPS-NaOH buffer, and an aliquot was withdrawn in order to measure the activity.

4.4. Stability of CLEAS in Organic Solvents

The stability of the CLEA preparations towards organic solvents was tested as follows: 0.5 mg of
freeze-dried CLEAs was incubated with a mixture of 96.8:3.2 (v/v) solvent: 100 mM MOPS-NaOH
pH 6.0, for 24 h at 25 ◦C in an Eppendorf thermomixer (Eppendorf, Hamburg, Germany). The tested
solvents were alkanes, like hexane and octane, alcohols, like t-butanol, and ketones, like 2-butanone
and acetone. After 24 h, a 20-µL aliquot was withdrawn and assayed for FAE activity. For the sampling
of hexane- and octane-CLEAs mixtures, where the enzyme and the buffer formed a separate water
phase, the solvent was removed, and the water phase was diluted to 1 mL with buffer, before sampling
for the activity assay. The residual activity is expressed as a percentage of remaining activity compared
with the incubation of the appropriate amount of CLEAs in dH2O for 24 h at 25 ◦C.
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4.5. Operational Stability

In order to estimate the operational stability of the obtained CLEAs on the hydrolysis of MFA,
100 µL of CLEA suspensions were added to 900 µL MOPS-NaOH buffer (100 mM, pH 6), with 1 mM
MFA. The mixture was incubated for 10 min at 45 ◦C at 1300 rpm in an Eppendorf thermomixer.
The CLEA particles were recovered by centrifugation at 4 ◦C, while the supernatant was boiled for
10 min, in order to deactivate possible leached enzyme activity. The obtained CLEAs were then used for
the next round of reactions, while the supernatant was analyzed with HPLC as previously described.
Overall, the residual activity of the CLEAs was studied for eight reaction cycles, and it is expressed as
a percentage with reference to the initial activity.

4.6. Structure of CLEAs

Prior to the structural analysis, freeze-dried CLEA samples were coated with a thin layer of gold.
A high-resolution field-emission gun scanning electron microscope, Zeiss Merlin, fitted with an Oxford
Instruments large-area energy dispersive spectrometer (FEG-SEM-EDS) was then used for the structure
analysis of the CLEA samples. The analytical settings used were an accelerating voltage of 3.0 kV and
a 207-pA beam current.

5. Conclusions

In the present work, a wide selection of feruloyl esterase preparations was immobilized using the
CLEA® technology. The optimum immobilization conditions were investigated for every FAE, and the
resulting CLEAs were characterized. Our results support the necessity of the optimization of the
CLEA formation parameters for each enzyme, due to great variations in the optimum immobilization
conditions found for the tested preparations. From the SEM analysis, we concluded that the precipitant
selection is a critical parameter for the structure of the final product, but the nature of the enzyme
is also affecting the resulting aggregates. Most of the obtained CLEAs showed a very satisfactory
reusability and stability in organic solvents. Overall, we concluded that CLEA immobilization of
industrially-relevant biocatalysts has the potential to significantly lower the cost of commercial
lignocellulose biorefinery applications, with the ability to reuse the catalysts several times, or by
implementing a continuous process.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/8/5/208/s1.
Table S1: Physicochemical properties of the studied FAEs. Figure S1: Residual FAE activity (%) of the soluble
enzyme in the supernatant after CLEA removal, for all tested glutaraldehyde concentrations. Residual activity is
presented as a percentage of the initial activity of the corresponding free enzymes. Reactions were performed
as described in Section 4.2. Initial activity values for each FAE were as follows: FAEA1 1.85 U mL−1, FAEA2
3.36 U mL−1, FAEB1 3.57 U mL−1, FAEB2 2.62 U mL−1, FAE125 1.25 U mL−1, FAE68 4.98 U mL−1, FAE7262
3.38 U mL−1, MtFae1a 2.71 U mL−1.
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