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A B S T R A C T   

The coimmobilization of lipases from Rhizomucor miehei (RML) and Candida antarctica (CALB) has been intended 
using agarose beads activated with divinyl sulfone. CALB could be immobilized on this support, while RML was 
not. However, RML was ionically exchanged on this support blocked with ethylendiamine. Therefore, both en-
zymes could be coimmobilized on the same particle, CALB covalently using the vinyl sulfone groups, and RML 
via anionic exchange on the aminated blocked support. However, immobilized RML was far less stable than 
immobilized CALB. To avoid the discarding of CALB (that maintained 90% of the initial activity after RML 
inactivation), a strategy was developed. Inactivated RML was desorbed from the support using ammonium 
sulfate and 1% Triton X-100 at pH 7.0. That way, 5 cycles of RML thermal inactivation, discharge of the inac-
tivated enzyme and re-immobilization of a fresh sample of RML could be performed. In the last cycle, immo-
bilized CALB activity was still over 90% of the initial one. Thus, the strategy permits that enzymes can be 
coimmobilized on vinyl sulfone supports even if one of them cannot be immobilized on it, and also permits the 
reuse of the most stable enzyme (if it is irreversibly attached to the support).   

1. Introduction 

Lipases are among the most employed enzymes both, in industry and 
academia [1–6], because of their high activity and stability in a wide 
diversity of reaction media and conditions [7–12] and the lack of co-
factors. Moreover, lipases accept a wide variety of substrates (they have 
low specificity), although, in certain cases, they exhibit a high enan-
tiospecificity or regio- or enantio-selectivity [13]. In fact, lipases are 
recurrent examples of enzymes with promiscuous activities [14]. 

They have a specific catalytic mechanism, called interfacial activa-
tion [15]. It is based on the existence of two conformational structures, 
one where the active center is isolated from the medium by a lid (closed 
form), and an open form, where the lid moves and exposes a large hy-
drophobic pocket [15]. This open form can strongly adsorb on drops of 
hydrophobic substrates, and also on any other hydrophobic surface 
(such as other lipases [16,17], hydrophobic proteins [18,19] or supports 

[20–22]). Simultaneously, their active center flexibility makes lipase 
properties easily alterable by genetic alterations [23–25], chemical 
modification [26,27] or immobilization following different protocols 
[28–34]. 

One important application of lipases is related to the modification of 
their physiological substrates, oils and fats, with interest in the pro-
duction of fatty acids, structured lipids [35], biodiesel [36–38] bio-
surfactants [39–41] or biolubricants [42–46]. Oils and fats are in fact 
multifunctional and heterogeneous (mono, di or triglycerides, different 
fatty acids) substrates [47]. The lipase specificity becomes now a 
problem that can prevent the total transformation of an oil in the target 
product [47]. It has been reported that the joint utilization of different 
lipases may be advantageous for both increasing the final yield and the 
reacting velocity [48,49,58–67,50,68–70,51–57]. Moreover, when the 
experimental conditions change during the reaction course (pH, sub-
strate concentration, substrate/product concentrations ratio), it may 
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also be advantageous to use some different lipases [47]. 
A further step is the coimmobilization of all utilized lipases, which 

some authors claim as convenient for these reactions [71–73]. However, 
standard enzyme coimmobilization has several drawbacks (as it has 
been recently reviewed) [74]. For example, the same chemistry and 
protocol should be involved in the immobilization of all enzymes. That 
may be a problem if the best protocol for one enzyme is unsuitable for 
the other enzyme, as immobilization is no longer just a strategy to 
recover and reuse enzymes, but a powerful instrument to enhance 
enzyme features [75]. That way, an adequate enzyme immobilization 
may increase enzyme activity (mainly under tough conditions) and 
stability (increasing the operational window of the enzyme) [76–85]. 
Moreover, the enzyme selectivity and specificity may be altered [77], 
the inhibitions lowered [86] or the resistance to chemicals augmented 
[87]. Furthermore, purification and immobilization may be coupled 
[88]. That way, it is possible that all advantages of the immobilization to 
enhance the enzyme features are not utilized if the immobilizations 
protocols are reduced to those useful for all enzymes [74,75]. 

Another usually overlooked difficulty is the possibility of using 
coimmobilized enzymes with very different stabilities. In these cases, it 
is possible that the most stable enzyme remains fully active while the 
activity of least stable one is under the threshold value to discard it. That 
means that a immobilized enzyme may be discarded even maintaining 
the initial activity [74,75]. There are several recent methodologies 
aiming to solve this problem [89–93]. For example, the use of octyl- 
glyoxyl agarose beads enabled the covalent immobilization of the 
most stable enzyme, while the least stable ones were immobilized only 
via interfacial activation [89,90]. This way, after the inactivation of the 
least stable enzyme, this could be released by incubation in detergents, 
and the most stable enzyme could be reused to build a new combilipase 
[89,90]. Other strategy involved the coating of the most stable enzymes 
after their immobilization with polyethylenimine, and the immobiliza-
tion on this polymeric bed of the least stable enzyme [91–93]. After the 
least stable enzyme inactivation, it could be released via incubation at 
high ionic strength and the most stable immobilized enzyme could be 
reused to prepare a new combienzyme [91–93]. Other possibility is the 
use of vinyl sulfone supports, that also enables the coimmobilization of 
enzymes using different immobilization phenomena [94–102]. This 
support is very adequate to stabilize enzymes via multiple covalent 
immobilization [78,103,104]. Thus is due to the high reactivity of vinyl 
sulfone with different moieties of the amino acids: imidazole of His, thiol 
groups of Cys, ∊-amino of Lys, phenol of Tyr [103,104]. The advantages 
and possibilities of this support to stabilize enzymes via multipoint co-
valent attachment have been recently reviews [78]. After enzyme 
immobilization, a blocking step is recommended to avoid undesirable 
enzyme-support reactions [103,104]. This step permitted to introduce 
the least stable enzyme in the support groups able to immobilize via a 
reversible immobilization mechanism (e.g., ion exchange) [105]. That 
way, the blocking step becomes a critical advantage to solve the coim-
mobilization drawback based in dissimilar enzyme stabilities. This 
strategy may be used with any enzyme (not being reduced to lipases like 
the use of octyl agarose [89,90]) and do not require the further modi-
fication of the immobilized enzymes (like the use of enzymes coated 
with PEI [91–93]). 

As model enzymes, we have selected the lipase B from Candida 
antarctica (CALB) [106–110] and the lipase from Rhizomucor miehei 
(RML) [111,112] that are among the most employed lipases in the 
literature and have quite dissimilar stabilities when immobilized on 
octyl agarose [91]. 

2. Materials and methods 

2.1. Materials 

The liquid protein formulations Palatase® 20,000 L (lipase from 
Rhizomucor miehei, 3.7 mg of protein per mL of enzyme solution) (RML) 

and Lipozyme® CALB L (lipase B from Candida antarctica, 7.7 mg of 
protein per mL of enzyme solution) (CALB) were a kind gift of Novo-
zymes (Alcobendas, Spain). Agarose beads standard matrix (4% BCL) 
was acquired from ABT (Madrid, Spain). Low molecular weight (LMW) 
calibration kit for SDS electrophoresis (14.4–97 kDa) was supplied by 
GE Healthcare (Alcobendas, Spain). p-Nitrophenyl butyrate (pNPB), 
Triton X-100, ethylenediamine (EDA) and diethyl p-nitro-
phenylphosphate (D-pNPP) were from Sigma Aldrich Spain (Madrid, 
Spain). Ammonium sulfate and divinyl sulfone were from Thermo Fisher 
scientific Spain (Madrid, Spain). Other solvents and chemicals were of 
analytical grade. Bradford method was employed to determine protein 
concentration [113], utilizing bovine serum albumin as reference. 

2.2. Methods 

The data are the results of at least 3 independent assays, they are 
utilized as mean values and standard deviation. 

2.2.1. Determination of enzyme activity 
The enzymatic activity was determined by determining the augment 

in the absorbance at 348 nm provoked by the p-nitrophenol (pNP) 
produced by the hydrolysis of pNPB at 348 nm (isobestic point). A Jasco 
spectrophotometer (V-730) (Jasco, Madrid, Spain) was utilized to 
perform the measurements. Under these conditions the pNP extinction 
coefficient is 5150 M− 1 cm− 1 [114]. In a cuvette containing 2.5 mL of 25 
mM sodium phosphate at pH 7.0, 50 µL of 50 mM pNPB (dissolved in 
acetonitrile) was added. 50 µL of free or immobilized enzyme was then 
added. The temperature was controlled at 25 ◦C under magnetic stirring. 
One enzyme activity unit (U) was defined as µmol of substrate hydro-
lysed per minute under the assay conditions. 

2.2.2. Preparation of vinyl sulfone agarose support 
A volume of 400 mL of 333 mM sodium carbonate at pH 11.5 was 

mixed with 15 mL of divinyl sulfone (final concentration was 0.35 M). 
This mixture was vigorously stirred until a homogeneous solution was 
achieved. Next, 20 g of agarose beads was added. The suspension was 
submitted to mild stirring for 2 h. After, the activated support was 
vacuum filtered employing a sintered glass funnel, exhaustively washed 
with distilled water and stowed at 6–8 ◦C. 

2.2.3. Enzyme immobilization 
Immobilizations were characterized by immobilization yield (pro-

portion of immobilized enzyme in %) and expressed activity (observed 
activity/theoretic activity) [115]. 

2.2.3.1. Immobilization of lipases on vinyl sulfone agarose beads. Briefly, 
1 g of vinyl sulfone agarose beads per 10 mL or 3 mL of enzyme solutions 
(2 mg of enzyme per g of support for RML and 1 mg of enzyme per g of 
support for CALB) was utilized [116]. The immobilization of CALB on 
this support and the features of the immobilized enzyme is described in 
[116]. The immobilization was carried out in 10 mM sodium carbonate 
at pH 9.0 (RML) or pH 10.0 in the presence of 0.3% (v/v) Triton X-100 
(CALB) at 25 ◦C. The detergent was employed to eliminate lipase 
interfacial activation adsorption on the support [116,117]. After enzyme 
immobilization, the CALB biocatalyst was washed to eliminate the 
detergent. The immobilized CALB biocatalyst was incubated in 100 mM 
sodium carbonate at pH 10.0 and 25 ◦C for 72 h. As a reaction end point, 
the heterogeneous CALB biocatalyst was incubated in 2 M of ethyl-
enediamine at pH 10.0 and 25 ◦C for 24 h to modify the residual vinyl 
sulfone moieties. Finally, using a sintered glass funnel, the immobilized 
preparation was vacuum filtered, washed with abundant distilled water 
and placed in a fridge at 6–8 ◦C [116]. 

2.2.3.2. Enzyme immobilization of RML via ion exchange on vinyl sulfone 
agarose beads blocked with ethylendiamine. 1 g vinyl sulfone agarose 
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beads blocked with ethylendiamine was added to 10 mL of enzyme so-
lution (2 mg of enzyme per g of support of RML) in 10 mM sodium 
phosphate at pH 7.0 and 25 ◦C. Next, the biocatalyst was vacuum 
filtered employing a sintered glass funnel, washed with distilled water 
and placed in a fridge at 6–8 ◦C 

2.2.4. Desorption of RML from aminated agarose beads 
The enzyme is ionically exchanged on the support, and the use of 

high ionic strength should be enough to release the enzyme from the 
support [81–93]. The release of the enzyme in the presence of growing 
concentrations of ammonium sulfate was studied. To this goal, ammo-
nium sulfate solutions at different concentrations (0 mM, 50 mM, 100 
mM, 250 mM, 500 mM or 1000 mM) in 10 mM Tris at pH 7.0 and 25 ◦C 
were prepared, in some instances adding 1% (v/v) Triton X-100. Then, 1 
g of ionically exchanged RML was incubated in 10 mL of these solutions. 
After 2 h, the incubated biocatalysts were vacuum filtered employing a 
sintered glass funnel, washed 4 times utilizing 20 mL of the same in-
cubation solution per gram of biocatalysts. The activities of the super-
natant before and after the enzyme desorption were measured utilizing 
the p-NPB assay described above. The washed biocatalysts were sub-
mitted to sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) as detailed below. 

2.2.5. SDS-PAGE of the immobilized enzymes 
SDS-PAGE analyses were carried out following the method described 

by Laemmli [118]. The concentration gel was prepared utilizing 5% 
polyacrylamide, while the resolution gel was obtained using 12% 
polyacrylamide. After preparing the rupture buffer (8% (w/v) SDS and 
10% mercaptoethanol (v/v)), the immobilized enzymes were added 
(calculating a maximum final protein concentration of 0.25–0.3 mg of 
protein per mL of solution). This suspension was boiled for 8 min, and 
later, they were centrifuged. This protocol releases the no-covalently 
enzyme molecules presented in the support [77]. Finally, 8 µL of low 
molecular weight (LMW) marker and 15 µL samples of the supernatants 
were loaded in the gel. A current of 100 V was employed in the exper-
iments. The gels were tainted with Coomassie brilliant blue. 

2.2.6. Thermal inactivations of the lipase biocatalysts 
Biocatalysts were incubated in 10 mM Tris at pH 7.0. The pH was 

settled at 25 ◦C, thus some variations in the actual pH value could occur. 
However, this is not relevant for our objectives. Tris was employed to 
prevent the destabilization of immobilized lipase promoted by the 
presence of phosphate anions [119,120]. Periodically, aliquots of the 
inactivation suspensions were taken and their remaining activities were 
determined utilizing the pNPB method detailed above. This value was 
expressed taking the biocatalysts initial activity as 100%. 

2.2.7. Reuses of the most stable enzyme to build new combi-lipase 
biocatalyst: Cycles of inactivation, release of the inactivated least stable 
enzyme, coimmobilization of a new batch of the least stable enzyme and 
reusing the most stable and immobilized enzyme 

After the inactivation of the least stable lipase at 53 ◦C in 10 mM Tris 
at pH 7.0, the biocatalysts were incubated in 10 mM Tris containing 500 
mM ammonium sulfate and 1% Triton X-100 (1 g of biocatalyst in 10 mL 
of desorption mixture), washed 4 folds with 10 volumes of this solution 
and 50 times with 10 volumes of distilled water to eliminate the 
detergent [90]. Then, a fresh batch of lipase was coimmobilized. The 
cycle of RML immobilization, incubation at 53 ◦C, and release of the 
partially inactivated RML was repeated five times, reutilizing the 
immobilized CALB. 

2.2.8. Irreversible inhibition by D-pNPP of immobilized CALB 
The biocatalyst was suspended in 100 mM sodium phosphate at pH 

7.0 and 25 ◦C in a relation 1:20. To have an inactive CALB biocatalyst, 
solid D-pNPP was added to have a concentration of 30 mM [121]. Each 
15 min, new batches of D-pNPP were added to reduce the residual 

activity of the biocatalysts under 5%. Next, the biocatalyst containing an 
irreversibly inhibited enzyme was washed with abundant distilled water 
to eliminate all of D-pNPP. 

3. Results and discussion 

3.1. Immobilization of CALB and RML on vinyl sulfone activates agarose 
beads 

CALB was immobilized on vinyl sulfone agarose beads (Fig. 1A), with 
detergent to prevent its immobilization via interfacial activation on the 
support, as previously described [116]. Using a ratio of 1 g of support 
per 10 mL of enzyme solution, the immobilization was very slow, that 
way 1 g of support per 3 mL of enzyme was used (Fig. 1B). All enzyme 
activity was immobilized after 24 h and it was maintained fairly close to 
the initial activity. Fig. 2 shows that all CALB molecules were covalently 
immobilized on the support. 

However, RML is not immobilized on this support, even in absence of 
detergent (Fig. 3A). This result agrees with previous trials of immobi-
lizing this enzyme on this support [117]. That way, this support seems to 
be not valid to coimmobilize both enzymes. However, it was possible to 
rapidly adsorb RML on the support blocked with ethylendiamine via 
anion exchange. Moreover, this promoted an increment of RML activity 
of 2.5 folds (Fig. 3B). 

3.2. Characterization of the thermal stability of immobilized CALB and 
RML 

The inactivation courses of both immobilized biocatalysts at pH 7.0 
and different temperatures are shown in Fig. 4. RML ionically exchanged 
on ethylendiamine blocked support was much less stable than CALB 
covalently immobilized on vinyl sulfone. Both preparations hardly 
became inactivated at 50 ◦C (Fig. 4A), while at 53 ◦C CALB maintained 
90% of the initial activity after 2 h, and RML was almost fully inacti-
vated after only 30 min (Fig. 4B). At 60 ◦C (Fig. 4C), RML was inacti-
vated in only 15 min, but CALB also lost a significant percentage of the 
initial activity (CALB immobilized on octyl agarose remained fully 
active under these conditions). That way, 53 ◦C and pH 7.0 were con-
ditions where CALB was almost fully active while RML became almost 
fully inactivated were found. 

This situation makes this case a good model case for our coimmo-
bilization strategy, aiming to reuse the most stable coimmobilized 
lipase. 

3.3. Release of RML from ethylendiamine activated agarose beads 

To really be able to reuse the immobilized CALB to build a new 
combi-lipase, it was necessary to find mild conditions where RML could 
be released from the aminated supports. RML immobilization on the 
aminated support was mainly due to ion exchange. That way, we tried to 
release the enzyme from the support using an increasing concentration 
of ammonium sulfate. This reagent has been shown to even stabilize 
these lipases, making unnecessary to consider a negative effect of this 
compound on the activity of immobilized CALB, while sodium phos-
phate presented negative effects [119,120]. This permitted to release 
(Fig. 5) about 85% of the enzyme using 500 mM ammonium sulfate. This 
value was not improved when using 1 M ammonium sulfate. The SDS- 
PAGE analysis of the biocatalysts revealed very tiny RML proteins 
bands even using 1 M ammonium sulfate (Fig. 6). The SDS-PAGE shows 
that RML (of around 31 kDa) is immobilized via ion exchange with one 
contaminant of the commercial extract of higher molecular size. 

This could be caused by the hydrophobicity of the vinyl sulfone arm, 
which could permit some interactions with the enzyme [116]. For this 
reason, 1% (v/v) of Triton X-100 was added to the desorption mixture. 
Fig. 5 shows that now, almost 100% of the RML activity could be 
released from the support, and Fig. 7 confirms that there are not even 
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small traces of RML remained on the support (there is not bands of RML 
on the SDS-PAGE). That way, all the pieces required to develop our 
strategy seemed to work. Next, we try to build a combi-lipase immobi-
lized biocatalyst where CALB could be reused after RML inactivation. 

3.4. Building of the combi-lipase 

CALB was immobilized on vinyl sulfone agarose beads (see Fig. 1) for 
24 h and then incubated for 72 h, to be finally blocked with 2 M eth-
ylendiamine (this had scarce effect on the enzyme activity, that 
remained close to 95% of the initially offered to the support). Next, RML 
was immobilized via anion exchange on the CALB biocatalysts (see 
Fig. 3). Fig. 8 shows the whole preparation of the combi-biocatalyst, 
measured using pNPB as substrate. Even after hyperactivation, the 
contribution of RML to the activity of the combi-lipase was lower than 
that of CALB (50 U per g of biocatalyst versus 30 U per g of biocatalyst, 
for a total of 80 U per g of biocatalyst). Together with this combi- 
biocatalyst, a CALB-vinyl sulfone biocatalyst was prepared. Then, a 
portion of this biocatalyst was inhibited as described in methods and 
RML was immobilized via ion exchange on it. Both individual bio-
catalysts were employed as “reference” of the enzyme behavior and 
submitted exactly to the same protocol than the combi-biocatalyst. 

3.5. Reuse of immobilized CALB to build a new combi-biocatalyst after 
RML inactivation 

Next, the combi-biocatalyst was incubated at 53 ◦C and pH 7.0 
(Fig. 9). Initially, the activity decreased quite rapidly, to around 60% 
after 15 min, and then remained almost unaltered. Focusing the atten-
tion on the inactivation of the individual biocatalysts (Fig. 10), 10% of 
the activity of CALB decreased in 15 min and then remained unaltered. 
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Fig. 1. Immobilization of CALB on vinyl sulfone agarose beads. The immobilization was performed in 10 mM sodium carbonate and 0.3% (v/v) Triton X-100 at 25 ◦C 
and pH 10.0. The support/enzyme solution was 1/10 (A) or 1/3 (B). Reference solution: Open circles and dotted line; Suspension: Solid squares and solid line; 
Supernatant: Solid circles and solid lines. Other specifications are described in Methods. 

CALB

Fig. 2. SDS-PAGE of CALB immobilized in vinyl sulfone agarose beads to check 
the covalent immobilization. Experiments were performed as described in 
Methods. Lane 1: LMW markers; Lane 2: Free CALB; Lane 3: Immobilized CALB. 
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Fig. 3. Immobilization of RML on vinyl sulfone agarose beads (A) or vinyl sulfone agarose beads blocked with ethylendiamine (B). Reference solution: Open circles 
and dotted line; Suspension: Solid squares and solid line; Supernatant: Solid circles and solid lines. Experiments were carried out as described in Methods. (A): The 
immobilization was performed in 10 mM sodium carbonate at 25 ◦C and pH 9.0, using a ratio of support to enzyme solution 1/10. (B): The immobilization was 
performed in 10 mM sodium phosphate at 25 ◦C and pH 7.0, using a ratio of support to enzyme solution 1/10. 
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As expected, more than 90% of the activity of RML was lost after 15 min 
under that conditions (Fig. 10). After incubation in ammonium sulfate 
solution and washing to eliminate RML, the CALB biocatalyst recovered 
almost 100% of the initial activity. This could be just the effect of 
incubating the biocatalysts under milder conditions, that enable enzyme 
recovery of the initial conformation (as it has been previously reported) 
[28]. 

As expected, the RML biocatalyst activity became 0 (Fig. 10) after 
incubation and washing, and the activity of the washed combi- 
biocatalyst fits that of the individual CALB (Figs. 9 and 10). Then, a 
fresh batch of RML was immobilized on the combi-lipase (both, those 
having active CALB and inhibited CALB), recovering the initial activity 
(Figs. 9 and 10). This was repeated for 5 cycles, with very similar results 
the activity of the combi-biocatalyst and the individual biocatalysts, 
suggesting that the employed protocol permitted to eliminate all 
detergent molecules and that the presence of RML molecules have no 

effect on the stability/activity of immobilized CALB (the used enzyme 
loading was reduced to prevent effect of enzyme-enzyme interactions) 
[32,122,123]. The final activity of the CALB biocatalyst after the last 
cycle was higher than 90% of the initial value (both, using the individual 
and the recovered combi-lipase biocatalysts) (Figs. 9 and 10), and the 
last combi-biocatalyst presented an activity fairly similar to the initial 
one (Fig. 9). 
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Fig. 4. Thermal inactivation courses of immobilized CALB and RML in 10 mM Tris at pH 7.0 and 50 (A), 53 (B) or 60 (C) ◦C. Experiments were performed as 
described in Methods. Solid squares: CALB covalently immobilized on vinyl sulfone, incubated for 72 h and blocked with ethylendiamine. Open circles: RML 
immobilized on ethylendiamine blocked vinyl sulfone agarose beads. 
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Fig. 5. Desorption of RML from ethylendiamine blocked vinyl sulfone agarose 
beads. The immobilized enzyme was incubated in growing concentrations of 
ammonium sulfate [(NH4)2SO4] in the absence (solid circles, solid lines) or 
presence (open circles, dotted lines) of 1% (v/v) Triton X-100. 100% is the 
initial activity of the immobilized enzyme. Other specifications are described 
in Methods. 

RML

Fig. 6. SDS-PAGE of RML immobilized on ethylendiamine blocked vinyl sul-
fone agarose beads after incubation and washing with different ammonium 
sulfate concentration in 10 mM Tris at pH 7.0 and 25 ◦C. Experiments were 
carried out as described in Methods. Lane 1: LMW markers; Lane 2: Initial RML 
biocatalyst; Lane 3: Protein remaining in the biocatalysts after incubation and 
washing with 10 mM Tris; Lane 4: Protein remaining in the biocatalysts after 
incubation and washing with 1 M ammonium sulfate. 
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That way, the CALB could be reused to prepare a new combi-lipase 
for 5 cycles of RML inactivation, release and re-immobilization, with 
very high recovered activity. 

4. Conclusion 

This strategy of enzyme by enzyme immobilization on vinyl sulfone 
supports may be a good solution for other enzymes that must be coim-
mobilized and cannot be performed using this protocol. This strategy is 
summarized in Fig. 11. More interestingly, it becomes an example of the 
problems generated by the coimmobilization of enzyme presenting very 
different stability, and it is a way to reuse the most stable enzyme to 
build new combi-biocatalysts after inactivation of the least stable 
enzymes. 

This paper shows an example of the coimmobilization of two en-
zymes on vinyl sulfone agarose beads, when one of the enzymes cannot 
be immobilized on it. To reach this goal, one of the enzymes was 
covalently immobilized, and after blocking the support with ethylendi-
amine, and converting the support in an anion exchanger, the other 
enzyme was immobilized on the support. The covalently immobilized 
CALB was far more stable than the ionically exchanged RML, that way 
the combi-lipase biocatalyst should be discarded when 90% of the CALB 
activity was maintained. The release of the inactivated RML with 
ammonium sulfate and detergent permitted to recover an immobilized 
CALB biocatalyst almost identical to the first CALB biocatalysts, and the 
coimmobilization of a fresh batch of RML permitted to recover an almost 
identical combi-biocatalyst. Together to a model example of the po-
tential of this support to be use in the solution of the problem of coim-
mobilization of enzymes with different stability, as commented in 
introduction, the prepared biocatalyst can have application in the 

RML

Fig. 7. SDS-PAGE of RML immobilized on ethylendiamine blocked vinyl sul-
fone agarose beads after incubation and washing with different ammonium 
sulfate concentrations in 10 mM Tris/ 1% (v/v) Triton X-100 at pH 7.0 and 
25 ◦C. Experiments were carried out as described in Methods. Lane 1: LMW 
markers; Lane 2: Initial RML biocatalyst; Lane 3: Protein remaining in the 
biocatalysts after incubation and washing with 10 mM Tris; Lane 4: Protein 
remaining in the biocatalysts after incubation and washing with 10 mM Tris/ 
1% Triton X-100, Lane 5: Protein remaining in the biocatalysts after incubation 
and washing with 0.5 M ammonium sulfate/ 1% Triton X-100. 
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Fig. 8. Preparation of the combi-biocatalysts. Activity evolution in the different 
steps of the enzyme per enzyme coimmobilization of CALB and RML (including 
CALB immobilization on vinyl sulfone agarose beads (24 h), long term incu-
bation at pH 10.0 and 25 ◦C during 72 h, blocking with 2 M of ethylendiamine 
(EDA) for 24 h and ionic adsorption of RML). Each step is indicated by an 
arrow. Other specification may be found in Methods. Dotted lines, open circles: 
Enzymes reference solutions; Solid lines, solid squares: Suspension; Solid lines, 
solid circles: supernatants. 
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Fig. 9. Reuses of immobilized CALB in the CALB/RML coimmobilized biocat-
alyst. The figure shows its activity evolution when submitted to diverse cycles 
of thermal inactivations at 53 ◦C and pH 7.0, release of RML by incubation and 
washing with 0.5 M ammonium sulfate (AS)/ 1% (v/v) Triton X-100 in 10 mM 
Tris at pH 7.0 and 25 ◦C, washing with water to eliminate the detergent and 
coimmobilization of a new batch of fresh RML. Each cycle is marked with a 
dotted arrow. Experiments were carried out as described in Methods. 
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Fig. 10. Effect of the full inactivation and recycling treatments on the activity 
of individually immobilized biocatalyst of RML and CALB. The figure shows the 
activity evolution of CALB immobilized in vinyl sulfone (solid line, solid 
squares) and RML coimmobilized with inhibited CALB (dotted line, open cir-
cles). Both were submitted to diverse cycles of thermal inactivations at 53 ◦C 
and pH 7.0, incubation and washing with 0.5 M ammonium sulfate/ 1% (v/v) 
Triton X-100 in 10 mM Tris at pH 7.0 and 25 ◦C and washing with water to 
eliminate the detergent. Each cycle is marked with an arrow. In the case of 
RML, in each cycle a new batch of fresh RML was immobilized. Experiments 
were carried out as described in Methods. 
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production of free fatty acids from oil hydrolysis, or of biodiesel, bio-
lubricants or biosurfactants from oils of free fatty acids, as all of these 
process involve heterogeneous substrates really composed of many 
different components, and the enzyme specificity may be a problem for 
their full conversion. 
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B. Torrestiana-Sanchez, A. Rosales-Quintero, R. Fernandez-Lafuente, Evaluation 
of different lipase biocatalysts in the production of biodiesel from used cooking 
oil: critical role of the immobilization support, Fuel 200 (2017) 1–10, https://doi. 
org/10.1016/j.fuel.2017.03.054. 

[34] V.G. Tacias-Pascacio, S. Peirce, B. Torrestiana-Sanchez, M. Yates, A. Rosales- 
Quintero, J.J. Virgen-Ortíz, R. Fernandez-Lafuente, Evaluation of different 
commercial hydrophobic supports for the immobilization of lipases: tuning their 
stability, activity and specificity, RSC Adv. 6 (102) (2016) 100281–100294. 

[35] X. Xu, Production of specific-structured triacylglycerols by lipase-catalyzed 
reactions: a review, Eur. J. Lipid Sci. Technol. 102 (2000) 287–303, https://doi. 
org/10.1002/(sici)1438-9312(200004)102:4<287::aid-ejlt287>3.3.co;2-h. 

[36] A. Bajaj, P. Lohan, P.N. Jha, R. Mehrotra, Biodiesel production through lipase 
catalyzed transesterification: an overview, J. Mol. Catal. B Enzym. 62 (2010) 
9–14, https://doi.org/10.1016/j.molcatb.2009.09.018. 

[37] X. Zhao, F. Qi, C. Yuan, W. Du, D. Liu, Lipase-catalyzed process for biodiesel 
production: enzyme immobilization, process simulation and optimization, 
Renew. Sustain. Energy Rev. 44 (2015) 182–197, https://doi.org/10.1016/j. 
rser.2014.12.021. 

[38] R.R.C. Monteiro, S. Arana-Peña, T.N. da Rocha, L.P. Miranda, Á. Berenguer- 
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