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Abstract: Lipases from Candida antarctica (isoform B) and Rhizomucor miehei (CALB and RML) have
been immobilized on octyl-agarose (OC) and further coated with polyethylenimine (PEI) and dextran
sulfate (DS). The enzymes just immobilized on OC supports could be easily released from the support
using 2% SDS at pH 7, both intact or after thermal inactivation (in fact, after inactivation most enzyme
molecules were already desorbed). The coating with PEI and DS greatly reduced the enzyme release
during thermal inactivation and improved enzyme stability. However, using OC-CALB/RML-PEI-DS,
the full release of the immobilized enzyme to reuse the support required more drastic conditions:
a pH value of 3, a buffer concentration over 2 M, and temperatures above 45 ◦C. However, even
these conditions were not able to fully release the thermally inactivated enzyme molecules from the
support, being necessary to increase the buffer concentration to 4 M sodium phosphate and decrease
the pH to 2.5. The formation of unfolded protein/polymers composites seems to be responsible for
this strong interaction between the octyl and some anionic groups of OC supports. The support could
be reused five cycles using these conditions with similar loading capacity of the support and stability
of the immobilized enzyme.

Keywords: enzyme physical crosslinking with polymers; octyl-agarose; lipase immobilization;
enzyme desorption; support reuse; enzyme inactivation

1. Introduction

Enzyme immobilization is a requirement in the design of most biocatalysts to solve the problem
of enzyme solubility [1]. Considering this, many authors have tried to develop strategies that allow
improving other enzyme properties during this step. This way, stability, activity, resistance to inhibitors,
selectivity, specificity or even purity may be improved if a proper immobilization protocol is applied [2–15].

Reversible physical immobilization of enzymes has some advantages regarding covalent
immobilization: the support may be reused after inactivation, saving costs of support expenses
and disposal, especially when it is not biodegradable, the support groups are stable for long time
periods even under non-controlled temperatures, and immobilization protocols are very simple [16].
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However, these strategies have two main problems. First, there is the risk of enzyme desorption
during operation. This produces apparent inactivation of the biocatalyst by loss of active protein and
product contamination by the enzyme. Second, stabilization achieved via physical immobilization
is usually moderate, because the support remains necessarily physically active (inert supports are
preferred to prevent enzyme-support undesired interactions) [17], and usually cannot compete with
multipoint covalent attachment [16].

However, there are some examples where physical adsorption is very strong and the enzyme
stability is improved significantly. For example, when a multimeric enzyme is immobilized via ion
exchange involving all enzyme subunits, and dissociation is no longer possible [18,19]. There is a case
where stability using physical adsorption is even higher than those obtained via multipoint covalent
attachment [20,21]. This is the case of lipases adsorbed on hydrophobic supports via interfacial
activation [22]. Lipases are enzymes that exhibit a peculiar mechanism of action, presenting in
homogeneous media the active center isolated from the medium by a polypeptide chain called
lid [23–27]. The surroundings of the active center and the internal face of the lid are hydrophobic.
This characteristic makes the open form of lipases unstable in homogenous aqueous media. Lipase open
forms are strongly adsorbed on drops of apolar substrates (e.g., oil or fats). That way the active center
becomes accessible to substrates and the enzyme may act in the interface [28–33]. This mechanism of
action has permitted to develop strategies for the one step purification, immobilization, hyperactivation
and stabilization of lipases. It is based on the use of hydrophobic supports and performing the
immobilization at low ionic strength [34,35]. The adsorbed open form is far more stable than the
lipases in equilibrium between closed and open forms [36], and these preparations become more
thermostable even than lipases submitted to an intense multipoint covalent attachment [20,21].

Lipases are enzymes widely used in biocatalysis due to their high stability, wide specificity coupled to a
strict selectivity or specificity in certain cases, ability to catalyze different reactions, etc. [23,37–39]. Although
lipase immobilization on hydrophobic supports is strong, the lipase may be released from the support
(e.g., using detergents), and the support may be reused [34,35]. Unfortunately, enzyme desorption
may also occur under drastic conditions (high temperature, presence of organic solvents) [40], and
some substrates or products may even facilitate enzyme release (e.g., free fatty acid, monoacetin o
monobutyrin) [41]. The coating of the immobilized lipases with PEI and dextran sulfate revealed
itself as a powerful tool to prevent enzyme desorption and to improve enzyme stability. This is due,
among other reasons, to the fact that it may prevent enzyme desorption via intermolecular physical
crosslinking [42–44]. This treatment remains only a physical one, and it has been stated as reversible
even though desorption of the crosslinked lipases becomes quite difficult and it requires the use of
ionic detergents, high ionic strength, low pH value and moderate temperature [43,44].

On the other hand, it has been shown that ionic exchangers may adsorb the inactivated enzyme
molecules much more strongly than native ones, because the inactivated enzyme is unfolded, thus
maximizing the number of enzyme/support interactions and that way, making enzyme desorption
from anion exchangers harder [45].

The use of octyl agarose beads to immobilize lipase is apparently different, as the immobilization
is based in a pseudo-affinity between the enzyme and the octyl layer in the surface of the support [22].
Moreover, the enzyme is released to the medium during both thermal and solvent inactivations,
making the desorption of the lipase molecules from the support easy [40]. However, it has been
reported that this support presents some anionic groups on its surface, making the adsorption of
PEI molecules on the support surface possible [46]. This possible interaction between PEI molecules
and the anionic groups of octyl agarose beads may complicate the regeneration of the support (for
reuse the support, it is convenient to have a fully clean one) after enzyme inactivation. First, the PEI
may become strongly adsorbed on the support during heating by an increase in its mobility. Second,
if some molecules of lipase are unfolded in contact with the PEI, they can also maximize the interaction
with the PEI, as it is the case of immobilized PEI molecules and proteins [46]. This may permit some
inactivated and unfolded enzyme molecules to become strongly adsorbed onto octyl agarose via
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a mixed ion exchange/hydrophobic interaction with the octyl and the PEI groups. That way, the
recovery of an octyl-agarose support completely free of enzyme, once inactivation of lipases occurs,
may become far harder in the case of inactivated lipases coated with PEI and dextran sulfate than in
the case of intact immobilized lipases.

In this paper, we have analyzed the possibility that this strong adsorption of PEI-unfolded protein
composite may really exist, and, if it does occur, to develop protocols that permit full desorption of
the lipase and the PEI from the octyl agarose beads support. This will be also valid to regenerate the
support when the lipase immobilized in octyl support is coated with PEI and used to immobilize a
second enzyme over it, as described in [47].

2. Results and Discussion

2.1. Recovery of Octyl-Agarose from OC-CALB and OC-RML Preparations

Figure 1 shows that the enzyme stability of the OC preparations was higher than that of the free
enzyme. When analyzing the enzyme remaining in the support after inactivation, most of the enzyme
had been released to the medium (results not shown), as previously reported [40]. Incubation of the
enzyme with 2% Triton X-100 (v/v) or SDS (w/v) in 25 mM sodium phosphate at pH 7 is enough to
recover a fully clean support both, before and after enzyme inactivation.
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Figure 1. Thermal inactivation courses of different octyl-lipase biocatalysts. (a) CALB preparations
inactivated at pH 7 and 68 ◦C; (b) RML preparations inactivated at pH 7 and 45 ◦C. Dashed line,
open circles: lipase free; close circles: OC-lipase; triangles: OC-lipase-PEI; squares: OC-lipase-PEI-DS.

2.2. Recovery of Octyl-Agarose from OC-CALB-PEI-DS and OC-RML-PEI-DS Preparations

Figure 1 shows that enzyme stability was greatly improved after the polymer coating of the OC
immobilized enzymes, mainly in the case of RML. This was attributed to the intermolecular physical
crosslinking of the immobilized lipases. Now enzyme desorption during thermal inactivation is
significantly reduced [43,44].

However, when trying to reuse the support, it was found that the enzyme release was greatly
hindered compared to using the untreated OC lipase preparation. Figure 2 shows the SDS-PAGE
analysis of the protein that remained attached to the support after being submitted to different washing
protocols. The results show how the recovery of a fully clean support using OC-CALB-PEI-DS is
more difficult than when using OC-CALB. Now, using 2% SDS at pH 7 and 25 ◦C, (conditions that
permitted the full release of the untreated enzyme) a large amount of enzyme molecules remained
attached to the support using the polymer coated biocatalyst. This should be related to the physical
intermolecular crosslinking of the enzymes. After enzyme coating with the polymers, it is necessary
to simultaneously desorb all the enzyme molecules that are physically crosslinked, this is far more
complex that to desorb an individual lipase molecule. This is a new evidence that the main effect of



Molecules 2017, 22, 91 4 of 12

coating the immobilized lipases with ionic polymers is the prevention of enzyme desorption during
inactivation [43,44]. However, when the aim is to desorb the immobilized enzyme molecules, this may
become a problem. To reach the objective of making enzyme desorption easier, ionic strength was
increased and the pH was lowered to weaken the enzyme-PEI interactions. Figure 2 shows that the
consecutive use of a higher buffer concentration, a lower pH value (to decrease ionic interactions),
and the increase of the Temperature to 45 ◦C were necessary to get a full desorption of the enzyme
immobilized in the support. This demonstrated the high efficiency of the system to prevent enzyme
desorption, as it was intended [42,44].
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Figure 2. SDS-PAGE analysis of OC-CALB biocatalysts coating with polyethylenimine and dextran
sulfate after desorption of the lipase without inactivation process. The biocatalyst was submitted to
the processes described in the Experimental section. Gel shows the enzyme that remains bound to the
support after desorption. Unless otherwise indicated, all the desorption experiments were performed
at 25 ◦C. Lane 1: molecular weight marker. Lane 2: OC-CALB derivative. Lane 3: OC-CALB-PEI-DS
derivative. Lane 4: after desorption with 2% SDS (pH 7). Lane 5: desorption with 2% SDS in 2 M
sodium phosphate (pH 7). Lane 6: desorption with 2% SDS in 2 M sodium phosphate (pH 3). Lane 7:
desorption with 2% SDS in 2 M sodium phosphate (pH 3) at 45 ◦C.

When the immobilized and polymer coated biocatalyst was submitted to inactivation, a significant
amount of enzyme remained immobilized (Figure 3). To have a clean support, it is necessary to release
this enzyme from the support. However, in this case, the use of 2% SDS in 2 M sodium phosphate at
pH 3 and 45 ◦C was not enough for fully release the enzyme from the support. Only increasing the
ionic strength to 4 M sodium phosphate, lowering the pH at 2.5 and working at 45 ◦C, a fully clean
support could be obtained. Similar results were obtained using OC-RML-PEI-DS (Figures 4 and 5); the
enzyme was partially desorbed during thermal inactivation (in a much smaller proportion than the
uncoated preparations), but the enzyme molecules that remained attached to the support remained
thus under conditions where the non-inactivated enzyme was fully desorbed.

Thus, full desorption of lipase molecules adsorbed on octyl agarose beads becomes much harder
after their coating with ionic polymers, and become much harder after inactivation. This last result
agreed with the results using supports coated with PEI (in fact desorption conditions after enzyme
inactivation become similar) and suggested that some of the enzyme molecules may become fully
unfold to maximize the unfolded enzyme-polymer interactions (perhaps forming composites involving
several enzymes and polymer molecules) when they are inactivated in the presence of ion polymers,
making a strong mixed adsorption on the octyl agarose beads (in the acyl chains and also in the
anionic groups) [45]. This result may be extrapolated to any other hydrophobic support that has some
additional ionic groups, even with a low density that may be unable to directly adsorb proteins via ion
exchange. Ionic polymers have a high density of ion groups and a large size, enabling adsorption of
the polymer even if the ion groups in the support are very far from each other. And that is more likely
if a physical aggregated of several enzymes and polymer molecules is formed.

We also followed the amount of PEI that remained attached to the support under the different
treatments using TNBS to titrate the primary amino groups. This will also color the primary amino
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groups of the protein, but PEI is the main contributor to the final absorbance (Table 1). Table 1 shows
that after thermal inactivation, both enzymes lost a significant proportion of PEI (1/3) in both cases.
The incubation of the composite in 2% SDS at pH 7 and 25 ◦C is not able to reduce the PEI more
than thermal inactivation, and when the previously inactivated preparations are analyzed, no further
decrease of absorbance was detected, suggesting that the weakest adsorbed molecules were desorbed
at either, high Temperature or presence of SDS, but the remaining ones were very strongly adsorbed.
The use of progressively more drastic desorption conditions permitted to further release more PEI and
protein molecules. Using the non-inactivated preparations, the use of 2% SDS in 2 M sodium phosphate
at pH 3 and 45 ◦C was enough to fully release the PEI and the protein, as no absorbance could be
detected after treating the washed support with TNBS (that is, neither protein nor PEI remained
attached to the support).
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Figure 3. SDS-PAGE analysis of CALB biocatalysts coating with PEI and DS after desorption of the
inactivated lipase. The biocatalyst was submitted to the processes described in the Experimental section.
Gel shows the protein that remains bound to the support after desorption. Unless otherwise indicated,
all the desorption experiments were performed at 25 ◦C. Lane 1: molecular weight marker. Lane 2:
OC-CALB-PEI-DS derivative. Lane 3: after thermal inactivation. Lane 4: desorption with 2% SDS
(pH 7). Lane 5: desorption with 2% SDS in 2 M sodium phosphate (pH 7). Lane 6: desorption with
2% SDS in 2 M sodium phosphate (pH 3). Lane 7: desorption with 2% SDS in 2 M sodium phosphate
(pH 3) at 45 ◦C. Lane 8: desorption with 2% SDS in 4 M sodium phosphate (pH 2.5) at 45 ◦C.
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Figure 4. SDS-PAGE analysis of OC-RML biocatalysts coating with PEI and DS after desorption of
the lipase without inactivation process. The biocatalyst was submitted to the processes described in
the Experimental section. Gel shows the enzyme that remains bound to the support after desorption.
Unless otherwise indicated, all the desorption experiments were performed at 25 ◦C. Lane 1: molecular
weight marker. Lane 2: OC-RML-PEI-DS derivative. Lane 3: after desorption with 2% SDS (pH 7).
Lane 4: desorption with 2% SDS in 2 M sodium phosphate (pH 7). Lane 5: desorption with 2% SDS in 2 M
sodium phosphate (pH 3). Lane 6: desorption with 2% SDS in 2 M sodium phosphate (pH 3) at 45 ◦C.
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section. Gel shows the protein that remains bound to the support after desorption. Unless otherwise
indicated, all the desorption experiments were performed at 25 ◦C. Lane 1: molecular weight marker.
Lane 2: OC-RML-PEI-DS derivative. Lane 3: after thermal inactivation. Lane 4: desorption with 2%
SDS (pH 7). Lane 5: desorption with 2% SDS in 2 M sodium phosphate (pH 7). Lane 6: desorption with
2% SDS in 2 M sodium phosphate (pH 3). Lane 7: desorption with 2% SDS in 2 M sodium phosphate
(pH 3) at 45 ◦C. Lane 8: desorption with 2% SDS in 4 M sodium phosphate (pH 2.5) at 45 ◦C.

Table 1. Primary amino content of polymer coated CALB and RML derivatives before and after
desorption treatments. The primary amino content was determined by the TNBS assay and expressed
in absorbance units at 425 nm.

Treatment OC-CALB-PEI-DS
(Without Inactivation)

OC-CALB-PEI-DS
(Inactivated)

OC-RML-PEI-DS
(Without Inactivation)

OC-RML-PEI-DS
(Inactivated)

Without treatment 0.86 ± 0.09 0.58 ± 0.09 0.75 ± 0.07 0.50 ± 0.06

2% SDS (pH 7, 25 ◦C) 0.56 ± 0.07 0.51 ± 0.08 0.42 ± 0.08 0.45 ± 0.06

2% SDS in 2 M sodium
phosphate (pH 7, 25 ◦C) 0.39 ± 0.05 0.45 ± 0.09 0.29 ± 0.05 0.38 ± 0.07

2% SDS in 2 M sodium
phosphate (pH 3, 25 ◦C) 0.25 ± 0.06 0.32 ± 0.06 0.12 ± 0.03 0.25 ± 0.05

2% SDS in 2 M sodium
phosphate (pH 3, 45 ◦C) 0 0.12 ± 0.04 0 0.16 ± 0.03

2% SDS in 4 M sodium
phosphate (pH 2.5, 45 ◦C) 0 0 0 0

Using the inactivated biocatalyst, a significant percentage of PEI remained attached to the support
after incubation under these conditions. However, using the support just coated with PEI (PEI can
adsorb on the OC support surface) [46], all PEI molecules were released in 2 M sodium phosphate at
pH 3 and 45 ◦C [46]. Thus, if seems that the simultaneous presence of both, PEI and inactivated protein
is necessary to have this stronger adsorption of PEI and protein adsorption on octyl agarose beads.
As in the case of supports activated with PEI [45], this may be a consequence of the unfolding and
maximizes ion exchange of the enzyme and the polymer, which in this case reinforces the interaction of
the PEI and the protein with the octyl-agarose surface combining ionic and hydrophobic interactions.
The use of a lower pH value and a higher ionic strength permitted to have a fully clean support even
after enzyme thermal inactivation. That is, to fully clean the octyl support may be very difficult, but it
is still possible and therefore, the support may be reused to immobilized fresh enzyme.

2.3. Reuse of Octyl-Agarose to Immobilize Lipase

The supports could be submitted to five cycles of enzyme immobilization, polymer coating,
thermal inactivation and desorption without any change in support loading capacity or enzyme
stability (Figure 6).



Molecules 2017, 22, 91 7 of 12
Molecules 2017, 22, 91 7 of 12 

 

 
Figure 6. Stability of the biocatalyst and loading capacity of octyl agarose beads during successive 
reuses of the support after washing under the conditions described in the text. CALB (squares) and 
RML (triangles) were immobilized in octyl agarose and coated with the polymers as described in the 
Materials and Methods section. Loading capacity of the support is in continuous lines. Residual 
activity after incubations for 8 h at pH 7 and 66 °C (CALB) or 47 °C (RML) of the PEI and DS coated 
biocatalyst is represented in dashed lines. 

3. Materials and Methods 

3.1. Materials 

Commercial soluble lipases from Candida antarctica (isoform B) and Rhizomucor miehie were kindly 
donated by Novozymes (Alcobendas, Spain). Octyl-agarose CL-4B beads were from GE Healthcare 
(Uppsala, Sweden). Polyethylenimine (Mw 25,000 Da), dextran sulfate (average Mw 20,000 Da),  
p-nitrophenyl butyrate (p-NPB) and 2,4,6-trinitrobenzenesulfonic acid solution (TNBS, 1 M in water) 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Bradford protein assay kit and 
electrophoresis purity reagents were obtained from Bio-Rad (Hercules, CA, USA). Other reagents were 
of analytical grade. 

3.2. Assay of Lipase Activity 

Activity was determined by measuring the increase in the absorbance at 348 nm produced by 
the release of p-nitrophenol in the hydrolysis of 0.4 mM p-NPB in 25 mM sodium phosphate buffer 
at pH 7 and 25 °C. The coefficient of extinction (ε) of p-nitrophenol, under the conditions described, 
is 5150 M−1cm−1. The reaction was initiated with the addition of 50–100 µL of soluble enzyme solution 
or suspension to a 2.55-mL substrate solution. The assay was carried out using a spectrophotometer 
(V-630, Jasco Spain (Madrid, Spain)) equipped with a thermostatic cell and continuous magnetic 
stirring. The initial rates of all enzyme reactions were corrected for the rate of spontaneous hydrolysis 
of p-NPB under identical conditions without enzyme solution. One unit of activity (U) was defined 
as the amount of enzyme that hydrolyzes 1 µmol of p-NPB per minute under the conditions described 
previously. Protein concentration was measured according to Bradford’s method [48] using bovine 
serum albumin as a standard. 

3.3. Immobilization of Lipases on Octyl-Agarose 

Soluble CALB and RML were immobilized on octyl-agarose beads at low ionic strength using 
conditions previously described [34,35]. The commercial solution of the lipase was diluted to 0.2 mg/mL 
in the corresponding volume of 5 mM sodium phosphate buffer (pH 7). Then, octyl-agarose beads were 
added under continuous stirring at 25 °C. Derivatives were prepared with the maximum enzymatic 
loading: 8 mg of CALB per gram of octyl-agarose and 7 mg of RML per gram of support [48]. Activity 
of supernatant and suspension was followed using p-NPB assay. After full enzyme immobilization, 
the suspension was filtered and the derivative was washed several times with distilled water. 
  

0

2

4

6

8

10

0 1 2 3 4 5

CYCLE NUMBER
L

O
A

D
IN

G
 C

A
P

A
C

IT
Y

, 
(m

g
/g

)

0

20

40

60

80

100

R
E

S
ID

U
A

L
 A

C
T

IV
IT

Y
, 

(%
)

Figure 6. Stability of the biocatalyst and loading capacity of octyl agarose beads during successive
reuses of the support after washing under the conditions described in the text. CALB (squares) and
RML (triangles) were immobilized in octyl agarose and coated with the polymers as described in
the Materials and Methods section. Loading capacity of the support is in continuous lines. Residual
activity after incubations for 8 h at pH 7 and 66 ◦C (CALB) or 47 ◦C (RML) of the PEI and DS coated
biocatalyst is represented in dashed lines.

3. Materials and Methods

3.1. Materials

Commercial soluble lipases from Candida antarctica (isoform B) and Rhizomucor miehie were
kindly donated by Novozymes (Alcobendas, Spain). Octyl-agarose CL-4B beads were from GE
Healthcare (Uppsala, Sweden). Polyethylenimine (Mw 25,000 Da), dextran sulfate (average Mw
20,000 Da), p-nitrophenyl butyrate (p-NPB) and 2,4,6-trinitrobenzenesulfonic acid solution (TNBS, 1 M
in water) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Bradford protein assay kit and
electrophoresis purity reagents were obtained from Bio-Rad (Hercules, CA, USA). Other reagents were
of analytical grade.

3.2. Assay of Lipase Activity

Activity was determined by measuring the increase in the absorbance at 348 nm produced by
the release of p-nitrophenol in the hydrolysis of 0.4 mM p-NPB in 25 mM sodium phosphate buffer at
pH 7 and 25 ◦C. The coefficient of extinction (ε) of p-nitrophenol, under the conditions described, is
5150 M−1cm−1. The reaction was initiated with the addition of 50–100 µL of soluble enzyme solution
or suspension to a 2.55-mL substrate solution. The assay was carried out using a spectrophotometer
(V-630, Jasco Spain (Madrid, Spain)) equipped with a thermostatic cell and continuous magnetic
stirring. The initial rates of all enzyme reactions were corrected for the rate of spontaneous hydrolysis
of p-NPB under identical conditions without enzyme solution. One unit of activity (U) was defined as
the amount of enzyme that hydrolyzes 1 µmol of p-NPB per minute under the conditions described
previously. Protein concentration was measured according to Bradford’s method [48] using bovine
serum albumin as a standard.

3.3. Immobilization of Lipases on Octyl-Agarose

Soluble CALB and RML were immobilized on octyl-agarose beads at low ionic strength using
conditions previously described [34,35]. The commercial solution of the lipase was diluted to
0.2 mg/mL in the corresponding volume of 5 mM sodium phosphate buffer (pH 7). Then, octyl-agarose
beads were added under continuous stirring at 25 ◦C. Derivatives were prepared with the maximum
enzymatic loading: 8 mg of CALB per gram of octyl-agarose and 7 mg of RML per gram of
support [48]. Activity of supernatant and suspension was followed using p-NPB assay. After full
enzyme immobilization, the suspension was filtered and the derivative was washed several times with
distilled water.
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3.4. Preparation of Coated Lipase-Octyl-Agarose Derivatives

After the immobilization of lipases on octyl-agarose, the derivatives were coated with
polyethylenimine (1%, w/v) and dextran sulfate (1%, w/v) [43,44]. A sample of 10 g of wet OC-CALB
or OC-RML derivatives were added to 100 mL of PEI solution prepared in 50 mM sodium phosphate
buffer at pH 7.0. Suspensions were submitted to gentle stirring for 8 h at 25 ◦C, and then it was
filtered and rinsed thoroughly with distilled water. Modification of the OC-lipase-PEI derivative with
dextran sulfate was performed as follows: 10 g of wet OC-CALB-PEI or OC-RML-PEI derivative were
suspended in 100 mL of 1% (w/v) DS solution and pH 7 and the suspension was kept under gentle
stirring overnight at 25 ◦C. Finally, the derivative was washed with distilled water, in a glass funnel,
to eliminate the free DS and stored refrigerated (4 ◦C) until use. The activity of the coated enzymes
was almost maintained after the treatments, even slightly improved under certain conditions [42–45].

3.5. Thermal Inactivation of Coated Lipase-Octyl-Agarose Derivatives

Thermal inactivation of OC-CALB-PEI-DS or OC-RML-PEI-DS derivative was performed by
incubating 1 g of biocatalyst in 10 mL of 50 mM sodium phosphate buffer (pH 7.0) at 66/68 ◦C or
45/47 ◦C for CALB or RML, respectively. Periodically, samples were withdrawn, and their residual
activities were determined by p-NPB assay. Thermal inactivation was stopped when enzyme activity
was no detected.

3.6. Enzyme Desorption from Octyl-Agarose Support

To investigate the recovery and reusability of the octyl-agarose support after inactivation of coated
lipase-octyl agarose derivatives, a sample of 1 g of the inactivated derivative was suspended in 20 mL
of the desorption solution and incubated for two hours at the desired temperature. The solutions and
temperature of incubation used for the desorption tests were: 2% SDS in 25 mM sodium phosphate
buffer at pH 7 and 25 ◦C, 2% SDS in 2 M sodium phosphate buffer at pH 7 and 25 ◦C, 2% SDS in 2 M
sodium phosphate buffer at pH 3 and 25 ◦C or 45 ◦C, and 2% SDS in 4 M sodium phosphate buffer at
pH 2.5 and at 45 ◦C. After desorption treatment, the support was filtered, washed thoroughly with
desorption solution at the same temperature (to prevent enzyme readsorption onto the support) and
analyzed by SDS-PAGE for residual adsorbed proteins.

3.7. Electrophoretic Analysis

SDS-polyacrylamide gel electrophoresis of the proteins was performed on 15% resolving gel with
5% stacking gel according to Laemmli [49]. To analyze the amount of proteins that remains adsorbed
to the octyl-agarose, before or after the desorption tests, 100 mg of the derivative were suspended
in 1 mL of rupture buffer (2% SDS and 10% mercaptoethanol). The samples were incubated in a
boiling water bath for 8 min and a 10-µL aliquot of the supernatant was loaded to the sample well.
The samples were run at 80 volts until the lowest marker reached the lower edge of the gel. Gels were
stained with Coomassie brilliant blue. A low molecular weight calibration kit for SDS electrophoresis
(GE Healthcare, Barcelona, Spain) was used as a molecular weight marker (14.4–97 kDa).

3.8. Determination of the Residual Content of Polyethylenimine from Coated Lipase Derivatives

The content of PEI adsorbed on the immobilized lipase was determined by the standard
2,4,6-trinitrobenzenesulfonic acid (TNBS) assay [50]. Briefly, 0.5 g of the enzyme preparation were
suspended in 5 mL of 100 mM sodium phosphate buffer (pH 8), and then 0.5 mL of TNBS commercial
solution were added. After incubating the reaction mixture at 25 ◦C for 30 min, the colored support
was exhaustively washed with 100 mM sodium phosphate buffer (pH 8). Finally, 100 mg of the treated
support were suspended in 2.5 mL of sodium phosphate at pH 8 in a cuvette (1 cm path length),
submitted to continuous stirring and the absorbance was recorded at 425 nm.
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4. Conclusions

The coating of lipases immobilized on octyl supports with ion polymers strongly reduces the
enzyme release during incubation under drastic conditions. The positive effect is a high stabilization
of the immobilized enzyme and the prevention of the product contamination, which is very relevant in
food chemistry.

This reinforcement of the adsorption may be also relevant for ion exchanged lipases, very
relevant when the support utilized to immobilize the enzyme is relatively expensive like using
nanoparticles [51–53], or other sophisticated and expensive supports [54], even immobilized lipases
sued to purify or immobilize lipases may be complex to reuse after enzyme inaction [55,56]. Lipase have
a broad range of applications [6,57] and in many cases the enzyme prevention of desorption but
maintaining the possibility of support reuse may be a key point to utilize a support to immobilize an
enzyme via a reversible adsorption like the proposed in this paper [58–60].

Because of this enzyme-support interaction reinforcement, it is more difficult (but still possible) to
reach full enzyme desorption when it is desired to reuse the support. This side effect was expected,
as the coating with ionic polymers was designed to difficult enzyme desorption via intermolecular
crosslinking. Furthermore, enzyme desorption becomes much more difficult using this polymeric
coated enzyme biocatalyst after submitting the enzyme to inactivating conditions. This effect is not
observed when the enzyme is not coated with PEI and DS. However, untreated immobilized lipase
in OC is almost fully released from octyl supports. Moreover, no PEI molecules adsorbed on octyl
agarose beads remain attached to the support after heating and further incubation at high ionic
strength. That is, it is necessary to have both, protein and PEI to get this adsorption reinforcement
effect during incubation at high temperatures. It seems that a polymer/unfolded enzyme composite
is formed during enzyme inactivation (perhaps involving several enzyme and polymer molecules).
This enzyme/polymer composite has a strong capability to interact with the anionic and octyl groups
that are presented in the surface of octyl-agarose supports, making the enzyme and PEI molecules
desorption from the support required for its save reuse still harder. This phenomenon described here
for octyl agarose may have also incidence in any hydrophobic support that presents some ionic groups
on its surface. Even though those ionic groups alone have not the capability to interact with individual
enzyme molecules, they can have a strong interaction with the composite formed by enzyme and ionic
polymer molecules, mainly if several intermolecular crosslinked molecules are involved.
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11. Guzik, U.; Hupert-Kocurek, K.; Wojcieszyńska, D. Immobilization as a strategy for improving enzyme
properties—Application to oxidoreductases. Molecules 2014, 19, 8995–9018. [CrossRef] [PubMed]

12. Liese, A.; Hilterhaus, L. Evaluation of immobilized enzymes for industrial applications. Chem. Soc. Rev.
2013, 42, 6236–6249. [CrossRef] [PubMed]

13. Min, K.; Yoo, Y.J. Recent progress in nanobiocatalysis for enzyme immobilization and its application.
Biotechnol. Bioprocess Eng. 2014, 19, 553–567. [CrossRef]

14. Barbosa, O.; Ortiz, C.; Berenguer-Murcia, Á.; Torres, R.; Rodrigues, R.C.; Fernandez-Lafuente, R. Strategies
for the one-step immobilization—Purification of enzymes as industrial biocatalysts. Biotechnol. Adv. 2015, 33,
435–456. [CrossRef] [PubMed]

15. Balcão, V.M.; Vila, M.M.D.C. Structural and functional stabilization of protein entities: State-of-the-art.
Adv. Drug Deliv. Rev. 2015, 93, 25–41. [CrossRef] [PubMed]

16. Garcia-Galan, C.; Berenguer-Murcia, Á.; Fernandez-Lafuente, R.; Rodrigues, R.C. Potential of different
enzyme immobilization strategies to improve enzyme performance. Adv. Synth. Catal. 2011, 353, 2885–2904.
[CrossRef]

17. Santos, J.C.S.D.; Barbosa, O.; Ortiz, C.; Berenguer-Murcia, A.; Rodrigues, R.C.; Fernandez-Lafuente, R.
Importance of the support properties for immobilization or purification of enzymes. ChemCatChem 2015, 7,
2413–2432. [CrossRef]

18. Fernandez-Lafuente, R. Stabilization of multimeric enzymes: Strategies to prevent subunit dissociation.
Enzym. Microb. Technol. 2009, 45, 405–418. [CrossRef]

19. Torres, R.; Mateo, C.; Fuentes, M.; Palomo, J.M.; Ortiz, C.; Fernández-Lafuente, R.; Guisan, J.M. Reversible
immobilization of invertase on sepabeads coated with polyethyleneimine: Optimization of the biocatalyst’s
stability. Biotechnol. Prog. 2002, 18, 1221–1226. [CrossRef] [PubMed]

20. Dos Santos, J.C.S.; Rueda, N.; Sanchez, A.; Villalonga, R.; Goncalves, L.R.B.; Fernandez-Lafuente, R.
Versatility of divinylsulfone supports permits the tuning of CALB properties during its immobilization. RSC
Adv. 2015, 5, 35801–35810. [CrossRef]

21. Dos Santos, J.C.S.; Rueda, N.; Torres, R.; Barbosa, O.; Gonçalves, L.R.B.; Fernandez-Lafuente, R. Evaluation of
divinylsulfone activated agarose to immobilize lipases and to tune their catalytic properties. Process Biochem.
2015, 50, 918–927. [CrossRef]

22. Manoel, E.A.; dos Santos, J.C.S.; Freire, D.M.G.; Rueda, N.; Fernandez-Lafuente, R. Immobilization of lipases
on hydrophobic supports involves the open form of the enzyme. Enzym. Microb. Technol. 2015, 71, 53–57.
[CrossRef] [PubMed]

23. Jaeger, K.-E.; Dijkstra, B.W.; Reetz, M.T. Bacterial biocatalysts: Molecular biology, three-dimensional
structures, and biotechnological applications of lipases. Ann. Rev. Microbiol. 1999, 53, 315–351. [CrossRef]
[PubMed]

24. Brzozowski, A.M.; Derewenda, U.; Derewenda, Z.S.; Dodson, G.G.; Lawson, D.M.; Turkenburg, J.P.;
Bjorkling, F.; Huge-Jensen, B.; Patkar, S.A.; Thim, L. A model for interfacial activation in lipases from
the structure of a fungal lipase-inhibitor complex. Nature 1991, 351, 491–494. [CrossRef] [PubMed]

25. Grochulski, P.; Li, Y.; Schrag, J.D.; Bouthillier, F.; Smith, P.; Harrison, D.; Rubin, B.; Cygler, M. Insights into
interfacial activation from an open structure of Candida rugosa lipase. J. Biol. Chem. 1993, 268, 12843–12847.
[PubMed]

http://dx.doi.org/10.1039/c3cs35446f
http://www.ncbi.nlm.nih.gov/pubmed/23403895
http://dx.doi.org/10.1016/j.enzmictec.2010.10.003
http://www.ncbi.nlm.nih.gov/pubmed/22112819
http://dx.doi.org/10.1002/elsc.201100225
http://dx.doi.org/10.1039/c3cs35506c
http://www.ncbi.nlm.nih.gov/pubmed/23436023
http://dx.doi.org/10.1039/c3cs35464d
http://www.ncbi.nlm.nih.gov/pubmed/23525282
http://dx.doi.org/10.3390/molecules19078995
http://www.ncbi.nlm.nih.gov/pubmed/24979403
http://dx.doi.org/10.1039/c3cs35511j
http://www.ncbi.nlm.nih.gov/pubmed/23446771
http://dx.doi.org/10.1007/s12257-014-0173-7
http://dx.doi.org/10.1016/j.biotechadv.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25777494
http://dx.doi.org/10.1016/j.addr.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25312675
http://dx.doi.org/10.1002/adsc.201100534
http://dx.doi.org/10.1002/cctc.201500310
http://dx.doi.org/10.1016/j.enzmictec.2009.08.009
http://dx.doi.org/10.1021/bp020082q
http://www.ncbi.nlm.nih.gov/pubmed/12467455
http://dx.doi.org/10.1039/C5RA03798K
http://dx.doi.org/10.1016/j.procbio.2015.03.018
http://dx.doi.org/10.1016/j.enzmictec.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25765310
http://dx.doi.org/10.1146/annurev.micro.53.1.315
http://www.ncbi.nlm.nih.gov/pubmed/10547694
http://dx.doi.org/10.1038/351491a0
http://www.ncbi.nlm.nih.gov/pubmed/2046751
http://www.ncbi.nlm.nih.gov/pubmed/8509417


Molecules 2017, 22, 91 11 of 12

26. Kim, K.K.; Song, H.K.; Shin, D.H.; Hwang, K.Y.; Suh, S.W. The crystal structure of a triacylglycerol lipase
from Pseudomonas cepacia reveals a highly open conformation in the absence of a bound inhibitor. Structure
1997, 5, 173–185. [CrossRef]

27. Derewenda, Z.S.; Derewenda, U.G.; Dodson, G. The crystal and molecular structure of the Rhizomucor miehei
triacylglyceride lipase at 1.9 Å resolution. J. Mol. Biol. 1992, 227, 818–839. [CrossRef]

28. Verger, R. ‘Interfacial activation’ of lipases: Facts and artifacts. Trends Biotechnol. 1997, 15, 32–38. [CrossRef]
29. Martinelle, M.; Holmquist, M.; Hult, K. On the interfacial activation of Candida antarctica lipase A and B as

compared with Humicola lanuginosa lipase. Biochim. Biophys. Acta Lipids Lipid Metab. 1995, 1258, 272–276.
[CrossRef]

30. Brzozowski, A.M.; Savage, H.; Verma, C.S.; Turkenburg, J.P.; Lawson, D.M.; Svendsen, A.; Patkar, S. Structural
origins of the interfacial activation in Thermomyces (Humicola) lanuginosa lipase. Biochemistry 2000, 39,
15071–15082. [CrossRef] [PubMed]

31. Berg, O.G.; Cajal, Y.; Butterfoss, G.L.; Grey, R.L.; Alsina, M.A.; Yu, B.-Z.; Jain, M.K. Interfacial activation of
triglyceride lipase from Thermomyces (Humicola) lanuginosa: Kinetic parameters and a basis for control of the
lid. Biochemistry 1998, 37, 6615–6627. [CrossRef] [PubMed]

32. Schmid, R.D.; Verger, R. Lipases: Interfacial enzymes with attractive applications. Angew. Chem. Int. Ed.
1998, 37, 1608–1633. [CrossRef]

33. Reis, P.; Holmberg, K.; Watzke, H.; Leser, M.E.; Miller, R. Lipases at interfaces: A review. Adv. Colloid
Interface Sci. 2009, 147–148, 237–250. [CrossRef] [PubMed]

34. Bastida, A.; Sabuquillo, P.; Armisen, P.; Fernández-Lafuente, R.; Huguet, J.; Guisán, J.M. A single
step purification, immobilization, and hyperactivation of lipases via interfacial adsorption on strongly
hydrophobic supports. Biotechnol. Bioeng. 1998, 58, 486–493. [CrossRef]

35. Fernandez-Lafuente, R.; Armisén, P.; Sabuquillo, P.; Fernández-Lorente, G.; Guisán, J.M. Immobilization of
lipases by selective adsorption on hydrophobic supports. Chem. Phys. Lipids 1998, 93, 185–197. [CrossRef]

36. Peters, G.H.; Olsen, O.H.; Svendsen, A.; Wade, R.C. Theoretical investigation of the dynamics of the active
site lid in Rhizomucor miehei lipase. Biophys. J. 1996, 71, 119–129. [CrossRef]

37. Sharma, R.; Chisti, Y.; Banerjee, U.C. Production, purification, characterization, and applications of lipases.
Biotechnol. Adv. 2001, 19, 627–662. [CrossRef]

38. Jaeger, K.-E.; Eggert, T. Lipases for biotechnology. Curr. Opin. Biotechnol. 2002, 13, 390–397. [CrossRef]
39. Jaeger, K.-E.; Reetz, M.T. Microbial lipases form versatile tools for biotechnology. Trends Biotechnol. 1998, 16,

396–403. [CrossRef]
40. Reetz, M.T. Lipases as practical biocatalysts. Curr. Opin. Chem. Biol. 2002, 6, 145–150. [CrossRef]
41. Rueda, N.; dos Santos, J.C.S.; Torres, R.; Ortiz, C.; Barbosa, O.; Fernandez-Lafuente, R. Improved performance

of lipases immobilized on heterofunctional octyl-glyoxyl agarose beads. RSC Adv. 2015, 5, 11212–11222.
[CrossRef]

42. Virgen-Ortíz, J.; Tacias-Pascacio, V.G.; Hirata, D.B.; Torrestiana-Sanchez, B.; Rosales-Quintero, A.;
Fernandez-Lafuente, R. Relevance of substrates and products on the desorption of lipases physically
adsorbed on hydrophobic supports. Enzym. Microb. Technol. 2017, 96, 30–35. [CrossRef] [PubMed]

43. Peirce, S.; Tacias-Pascacio, V.; Russo, M.; Marzocchella, A.; Virgen-Ortíz, J.J.; Fernandez-Lafuente, R.
Stabilization of Candida antarctica lipase B (CALB) immobilized on octyl agarose by treatment with
polyethyleneimine (PEI). Molecules 2016, 21, 751. [CrossRef] [PubMed]

44. Fernandez-Lopez, L.; Virgen-Ortíz, J.J.; Pedrero, S.G.; Lopez-Carrobles, N.; Gorines, B.C.; Otero, C.;
Fernandez-Lafuente, R. Optimization of the coating of octyl-CALB with ionic polymers to improve stability
and decrease enzyme leakage. Biocatal. Biotransform. 2017, in press.

45. Fernandez-Lopez, L.; Pedrero, S.G.; Lopez-Carrobles, N.; Virgen-Ortíz, J.J.; Gorines, B.C.; Otero, C.;
Fernandez-Lafuente, R. Physical crosslinking of RML immobilized on octyl agarose via coating with ionic
polymers. Avoiding enzyme release from the support. Process Biochem. 2017, in press.

46. Virgen-Ortíz, J.J.; Peirce, S.; Tacias-Pascacio, V.G.; Cortes-Corberan, V.; Marzocchella, A.; Russo, M.E.;
Fernandez-Lafuente, R. Reuse of anion exchangers as supports for enzyme immobilization: Reinforcement
of the enzyme-support multiinteraction after enzyme inactivation. Process Biochem. 2016, 51, 1391–1396.
[CrossRef]

http://dx.doi.org/10.1016/S0969-2126(97)00177-9
http://dx.doi.org/10.1016/0022-2836(92)90225-9
http://dx.doi.org/10.1016/S0167-7799(96)10064-0
http://dx.doi.org/10.1016/0005-2760(95)00131-U
http://dx.doi.org/10.1021/bi0013905
http://www.ncbi.nlm.nih.gov/pubmed/11106485
http://dx.doi.org/10.1021/bi972998p
http://www.ncbi.nlm.nih.gov/pubmed/9578545
http://dx.doi.org/10.1002/(SICI)1521-3773(19980703)37:12&lt;1608::AID-ANIE1608&gt;3.0.CO;2-V
http://dx.doi.org/10.1016/j.cis.2008.06.001
http://www.ncbi.nlm.nih.gov/pubmed/18691682
http://dx.doi.org/10.1002/(SICI)1097-0290(19980605)58:5&lt;486::AID-BIT4&gt;3.0.CO;2-9
http://dx.doi.org/10.1016/S0009-3084(98)00042-5
http://dx.doi.org/10.1016/S0006-3495(96)79207-X
http://dx.doi.org/10.1016/S0734-9750(01)00086-6
http://dx.doi.org/10.1016/S0958-1669(02)00341-5
http://dx.doi.org/10.1016/S0167-7799(98)01195-0
http://dx.doi.org/10.1016/S1367-5931(02)00297-1
http://dx.doi.org/10.1039/C4RA13338B
http://dx.doi.org/10.1016/j.enzmictec.2016.09.010
http://www.ncbi.nlm.nih.gov/pubmed/27871382
http://dx.doi.org/10.3390/molecules21060751
http://www.ncbi.nlm.nih.gov/pubmed/27338317
http://dx.doi.org/10.1016/j.procbio.2016.06.020


Molecules 2017, 22, 91 12 of 12

47. Peirce, S.; Virgen-Ortiz, J.J.; Tacias-Pascacio, V.G.; Rueda, N.; Bartolome-Cabrero, R.; Fernandez-Lopez, L.;
Russo, M.E.; Marzocchella, A.; Fernandez-Lafuente, R. Development of simple protocols to solve the
problems of enzyme coimmobilization. Application to coimmobilize a lipase and a β-galactosidase. RSC Adv.
2016, 6, 61707–61715. [CrossRef]

48. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

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

50. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature
1970, 227, 680–685. [CrossRef] [PubMed]

51. Fields, R. The rapid determination of amino groups with TNBS. Meth. Enzymol. 1972, 32, 464–468.
52. Song, C.; Sheng, L.; Zhang, X. Immobilization and Characterization of a Thermostable Lipase. Mar. Biotechnol.

2013, 15, 659–667. [CrossRef] [PubMed]
53. Verma, M.L.; Puri, M.; Barrow, C.J. Recent trends in nanomaterials immobilised enzymes for biofuel

production. Crit. Rev. Biotechnol. 2016, 36, 108–119. [CrossRef] [PubMed]
54. Cipolatti, E.P.; Valério, A.; Henriques, R.O.; Moritz, D.E.; Ninow, J.L.; Freire, D.M.G.; Manoel, E.A.;

Fernandez-Lafuente, R.; de Oliveira, D. Nanomaterials for biocatalyst immobilization-state of the art and
future trends. RSC Adv. 2016, 6, 104675–104692. [CrossRef]

55. Zdarta, J.; Wysokowski, M.; Norman, M.; Kołodziejczak-Radzimska, A.; Moszyński, D.; Maciejewski, H.;
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