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ARTICLE INFO ABSTRACT

Keywords: Lipases A and B from Candida antarctica (CALA and CALB), Thermomyces lanuginosus (TLL) and
Lipase stability Candida rugosa have been immobilized on octyl, octyl-vinyl sulfone (blocked with ethylendi-
Lipase optimal temperature amine) and amino-glutaraldehyde. The biocatalysts exhibited different specificity versus triacetin
Lipase specificity and p-nitro phenyl butyrate. Optimal activities were determined using triacetin for all bio-

Lipase properties tuning catalysts, and this ranged from 40 °C for CALA and TLL, to 60 °C for an amino-glutaraldehyde-

CRL. The biocatalysts were inactivated at 70 and 75 °C, determining their residual activities at
25 °C or 55 °C. The inactivation courses were very different depending on the substrate; in most
cases the biocatalysts maintained more activity during the thermal inactivation using triacetin
(except using TLL). When determining the residual activities at 55 °C, the values increased in
most cases, reaching high hyperactivation values using CALA (even 23 folds). That way, the
“stability” of the different preparations was strongly influenced by the substrate and residual
activity determination conditions, and did not agree in most cases with the optimal temperatures.

1. Introduction

One of the points where more emphasis is placed in the preparation of an enzymatic biocatalyst is in enzyme stability (Illanes, 1999;
Kadisch et al., 2017; Polizzi et al., 2007). This marks the possibility of enzyme reuse and the range of conditions where the enzyme may
be used, and thus, the biocatalyst productivity (Meissner and Woodley, 2022).

When studying the enzyme features, some papers only include the enzyme/activity profile. The enzyme activity typically
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exponentially increases with increased temperature at moderate temperature ranges, but this increase slows down when approaching
the optimal temperature (the temperature where the maximum activity is observed under the defined conditions) and then declines
when the Temperature is set above optimal temperatures (Daniel and Danson, 2010; Dill et al., 2011; Gillooly et al., 2001; Schnell and
Turner, 2004). The activity decreases are usually attributed to changes in the enzyme, that can be a consequence of enzyme dena-
turation, altered temperature sensitivity of substrate-enzyme or enzyme-product transitions stages alterations (Glowacki et al., 2012),
changes in heat capacity of enzyme-bound intermediates (Giirdas et al., 2012; Kekenes-Huskey et al., 2016; Yadav and Prakash, 2009),
variations in the ionic status at the enzyme active center (Daniel and Danson, 2010) or several of them acting simultaneously (DelLong
et al., 2017).

Many papers tend to report the operational enzyme stability under these “optimal” activity conditions, that are those where the
enzyme is close to starting to becoming distorted in the activity assay determination time, consequently, usually they show a relatively
poor operational enzyme stability, as the whole reaction courses will take much longer times than the activity determination assay. It
should be preferable to use suboptimal activity Temperatures to have a much better enzyme operational stability (Grubecki, 2016).
Moreover, enzyme optimal temperature is not an objective parameter, as it depends on the experimental conditions and can change
from one lab to another just by changes in them. It is expected that the exact pH value in the assay can alter the results, but this is simple
to be maintained at similar values from one lab to another. However, the enzyme concentrations used in the activity determination
may also be critical to define the optimal temperature, as well as their purity. For example, multimeric enzymes may tend to dissociate
during the most drastic assay conditions (Fernandez-Lafuente, 2009), and if this occurs, the enzyme concentration may determine
enzyme stability and that way, observed enzyme optimal temperatures. Lipases tend to form lipase-lipase aggregates involving two
open forms of the lipases, giving forms with different activity and stability, and this depends on the medium conditions (e.g., ionic
strength, presence of detergents or hydrophobic large biomacromolecules or temperature) (Fernandez-Lorente et al., 2003; Palomo
etal., 2003; Wilson et al., 2006). The substrates/products may have positive/negative effects on enzyme stability (e.g., using hydrogen
peroxide, phenols (Fernandez-Lafuente et al., 2000; Grubecki, 2021, 2018a, 2018b; Hernandez et al., 2012)), and that way, their
concentrations during the enzyme activity assay may also alter the results. Some buffers or salts have negative or positive effects on
enzyme stability, even in a different form for different enzyme preparations (Braham et al., 2021a, 2021b; Fernandez-Lopez et al.,
2015, 2016; Zaak et al., 2017a) and this can also alter the final “optimal” temperature of the enzyme. It may be also expected that the
calculated optimal temperature of an enzyme may depend on the duration of the activity assay. At first glance, the longer the enzyme is
exposed to high temperature, the longer the heat may induce undesired changes in the enzyme structure. That way, longer assay
temperatures can yield lower observed “optimal” temperature. In this sense, the optimal temperature can only be expected to be
similar from one lab to another if the measurement conditions and protocols are fully identical. That way, characterization of
immobilized enzymes stability may be not a simple task, as they may be affected by many different factors, including the immobi-
lization and the activity determination protocols, (Bolivar et al., 2022; Illanes et al., 1998; Illanes and Wilson, 2003; Wilson and Illanes,
2020).

The complexity of the understanding of the stability of immobilized enzyme preparations can be also related to the diversity of
underlying causes to drive to the enzyme inactivation (structural, partition effects, microenvironment, substrate access) (Bolivar et al.,
2016; Bommarius and Paye, 2013).

Some other papers only include stress inactivations, typically taking samples under stress inactivation conditions and assaying the
residual activities under mild conditions. This way, it is likely that a partially distorted enzyme can regain some of the lost activity by
the thermal inactivation during the activity determination assay (Rodrigues et al., 2009b; Rueda et al., 2015; Soler et al., 1997;
Suescun et al., 2015), and the final residual activity that is measured may depend on the assay time and substrate concentration.

However, both stress inactivations and optimal temperatures are considered to be good estimations of the enzyme stability, and
although somewhat imperfect, they are expected to be correlated; an enzyme exhibiting a higher optimal temperature will be
considered a more stable enzyme, and vice-versa.

One of the strategies to increase the enzyme stability is enzyme immobilization (Bommarius and Paye, 2013; DiCosimo et al., 2013;
Garcia-Galan et al., 2011; Iyer and Ananthanarayan, 2008; Klibanov, 1979; Liese and Hilterhaus, 2013; Mateo et al., 2007; Rodrigues
et al., 2021; Sheldon and van Pelt, 2013). Initially designed to permit the enzyme recovery and reuse, nowadays immobilization is
expected to improve many functional properties (selectivity, activity, specificity, purity, resistance to inhibitors), being enzyme sta-
bilization one of the main targets (Garcia-Galan et al., 2011; Iyer and Ananthanarayan, 2008; Klibanov, 1979; Mateo et al., 2007;
Rodrigues et al., 2021). Recently, the causes of enzyme stabilization following immobilization (involving rigidification of the enzyme
structure, generation of microenvironments, prevention of subunit dissociation, etc.) have been reviewed (Rodrigues et al., 2021).

During selection of the immobilization protocol to increase enzyme stability, researchers tend to select one of the above methods,
expecting that they can be somehow correlated with the other (as in many instances they are) (Siar et al., 2018a, 2018b, 2019). This is
even considering that the situation using immobilized enzymes may be more complex that using free enzyme. In situations where
substrate diffusion may decrease the enzyme activity (Benitez-Mateos et al., 2020; Bortone et al., 2014; Schmieg et al., 2020; Van Daele
et al., 2016; Xiu et al., 2001), it has been described that product formation responds twice as strongly to increased temperature than
diffusion or transport matters (Ritchie, 2018).

Thus, in this paper we present the stability features of several of the most used lipases (lipases from Candida antarctica (forms A and
B, CALA and CALB) (Anderson et al., 1998; Btaszczyk and Kietbasinski, 2020; Dominguez De Maria et al., 2005; Gotor-Fernandez et al.,
2006; Monteiro et al., 2021), Thermomyces lanuginosus (TLL) (Fernandez-Lafuente, 2010) and Candida rugosa (CRL) (Benjamin and
Pandey, 1998;Dominguez De Maria et al., 2006)) immobilized following different protocols on agarose beads (Zucca et al., 2016). As
explained above, the use of the free lipases may produce many artifacts in stability studies, that way we have focused our attention to
the comparison of the different immobilized lipase biocatalysts.
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The immobilization on octyl-agarose beads was one of the selected immobilization methods. It is based on the interfacial activation
of lipases (Brzozowski et al., 1991; Grochulski et al., 1993; Martinelle et al., 1995; Verger, 1997) on the hydrophobic surface of the
support, giving as result a monomeric lipase form with a stabilized open structure (Manoel et al., 2015; Rodrigues et al., 2019). Other
immobilization method was the use of heterofunctional vinyl sulfone-octyl agarose (Albuquerque et al., 2016). This protocol of lipase
immobilization starts with the interfacial activation of the enzyme on the octyl layer, but later on, some covalent bonds are established
between the enzyme and the support (Arana-Pena et al., 2022). The blocking step introduces new groups on the support surface, the
enzyme is now exposed to interactions with the blocking agent and the octyl groups, and this can alter the enzyme performance and
even its inactivation pathway (Paiva Souza et al., 2021). Finally, the enzymes were covalently immobilized on glutaraldehyde acti-
vated aminated agarose beads. This immobilization method is expected to immobilize the enzyme via ion exchange, followed by the
enzyme covalent attachment (Barbosa et al., 2014). Then, the biocatalysts stability under stress conditions was analyzed, using two
different substrates and two temperatures (25 °C and 55 °C, where chemical decomposition of the substrate starts to be too high to have
a reliable activity determination), and the temperature where the maximum activity is obtained for each biocatalyst was also
determined. The use of a temperature over the optimal temperature of most of the biocatalysts in the residual activity determination
should reduce the reactivation of the enzyme during the residual activity determination.

2. Materials and methods

2.1. Materials

For this study, we have utilized different commercial liquid lipase formulations: Lipozyme B, (CALB, 7.7 mg of protein per mL),
NovoCor® ADL (CALA, 7.68 mg of protein per mL), TLL (20.77 mg of protein lipase per mL). They were kindly provided by Novozymes
(Madrid, Spain). CRL in powder formulation (3.2% of protein content), glutaraldehyde (25% (v/v)), ethylenediamine (EDA), p-
nitrophenyl butyrate (p-NPB) and triacetin was acquired from Sigma-Aldrich (Madrid, Spain). Divinyl-sulfone (DVS) was purchased
from Thermo Fisher Scientific Spain (Madrid, Spain). Octyl-Sepharose® CL-4B beads were acquired from GE healthcare. Bradford’s
method was employed for determining the concentration of proteins using bovine serum albumin as standard (Bradford, 1976).
Products of analytical grade of other solvents and reagents were employed.

2.2. Methods

2.2.1. Preparation of octyl-vinyl sulfone agarose beads

The octyl-vinyl sulfone agarose support was prepared following the protocol development by Albuquerque et al. (2016) with slight
modifications. 10 g of octyl-agarose was added to 200 mL of a solution formed by 0.333 M sodium carbonate buffer and 0.35 M of
divinyl sulfone at pH 11.5. This suspension was placed under mild agitation for 2 h at room temperature. Finally, the activated support
was vacuum filtered, washed extensively with distilled water and stored at 4-6 °C.

2.2.2. Preparation of the glutaraldehyde-agarose support

After preparing aminated agarose (Fernandez-Lafuente et al., 1993), the support was activated with glutaraldehyde by incubation
in a 10% glutaraldehyde solution at pH 7.0 for 16 h. This permitted to introduce two glutaraldehyde molecules per amino group in the
support (Barbosa et al., 2014; Betancor et al., 2006; Monsan, 1978). After, the activated supports were washed with distilled water to
remove excess of glutaraldehyde and stored in a fridge.

2.2.3. Enzymes immobilization

The enzyme loadings of the immobilized biocatalysts were; CALB at 1 mg of enzyme/g of support; CALA and CRL at 4 mg of
protein/g of support, TLL at 12 mg of enzyme/g of support. The enzyme loading was selected to have reliable activity determinations
for all the biocatalysts and substrates, while trying to prevent enzyme-enzyme interactions that could alter the results (Arana-Pena
et al., 2020; Fernandez-Lopez et al., 2017; Zaak et al., 2017b). All immobilizations were followed measuring the p-NPB activity of
suspension, supernatant and a reference of the enzyme under the same conditions but where inert agarose was used.
2.2.3.1. Immobilization of lipases on octyl agarose beads. The lipases solutions were immobilized via interfacial activation on this
support (Manoel et al., 2015; Rodrigues et al., 2019, 2021). The enzyme solutions were diluted in 5 mM sodium phosphate buffer at pH
7.0 and 25 °C, and then the octyl agarose support was added in the proportion 1 g of support: 10 mL of enzymatic solution. Immo-
bilization was carried out under mechanical agitation for 2 h, measuring the activity of supernatant, suspension and reference using the
p-NPB assay described above. When p-NPB activity was not detected in the supernatant, the biocatalysts were filtered, washed with
distilled water and stored at low temperature (4 °C).
2.2.3.2. Immobilization of lipases on octyl-vinyl sulfone agarose beads. The lipases solutions were diluted in 5 mM sodium acetate at pH
5.0 (to favor the interfacial activation as main cause of enzyme immobilization) and 25 °C and then, octyl-vinyl sulfone agarose
support was added in a proportion 1 g of support/10 mL of enzymatic solution (Albuquerque et al., 2016). p-NPB assay was utilized to
follow the activity of supernatant, suspension and reference (Albuquerque et al., 2016). After, the biocatalysts were washed with
distilled water, vacuum filtered and recovered. In order to favor the enzyme-support covalent attachment formation, the biocatalysts
were resuspended in 100 mM sodium carbonate at pH 10.0 and 25 °C for 24 h in the same proportion. Afterwards, 10 mL of 2 M
ethylenediamine at pH 10.0 and 25 °C was prepared and added in 1 g of biocatalysts for 48 h, to modify the residual vinyl sulfone
moieties. Finally, the biocatalysts were washed with distilled water, vacuum filtered and stored in a refrigerator at 4 °C.
2.2.3.3. Immobilization of lipases on amino-glutaraldehyde-agarose beads. All lipases were immobilized on amino-glutaraldehyde-
agarose using 1 g of support in 10 mL of enzyme solution prepared in 5 mM sodium phosphate at pH 7.0 and 25 °C for 2 h. The
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immobilization was followed measuring p-NPB activity of the supernatant, suspension and reference solutions. After immobilization,
the biocatalysts were washed with water, vacuum dried and stored at fridge.

2.2.4. Determination of enzyme activity using different substrates

One unit of enzymatic activity (U) was defined as pmol of substrate hydrolyzed by the enzyme per minute and enzyme or bio-
catalyst amount, under the assay conditions.
2.2.4.1. Hydrolysis of p-NPB. 50 pL of 50 mM p-NPB dissolved in acetonitrile was added to a cuvette with 2.5 mL of 25 mM sodium
phosphate at pH 7.0, To initialize the reaction, 50 pL (free enzyme solution or immobilized enzyme suspension) was added. Lipase
activity quantification was performed by determining the rise of the absorbance at 348 nm produced by the release of p-NP (isosbestic
point of p-NP, its ¢ under these conditions is 5150 M—1 cm—1) for 90 s (Lombardo and Guy, 1981), under regulated temperature
(25 °C) and magnetic stirring.
2.2.4.2. Hydrolysis of triacetin. A mass of 20-90 mg of biocatalyst was added to 5 mL of 50 mM of triacetin in 50 mM sodium acetate
buffer solution at pH 5.0, to reduce acyl migration (Hernandez et al., 2011). The reactions were performed at different temperatures:
25, 30, 35, 40, 45, 50, 55, 60 and 70 °C, and the activities were determined through the conversion grades (15-20%) for the production
of 1,2 diacetin, where the retention time was 4 min for the products and 18 min for the substrate. The mobile phase was 15/85
acetonitrile- Milli-Q water, with a flow rate of 1 mL/min in a HPLC, Jasco UV 15-75 (Jasco, Madrid, Spain) using a Kromasil C18
column (15 cm x 0.46 cm) with a UV detector at 230 nm, injecting samples of 20 pL.

2.2.5. Thermal inactivations and recovered activity

0.5 g portions of the biocatalysts were suspended in 4 mL of 10 mM Tris buffer at pH 7.0 in a bath at 70 or 75 °C. Periodically,
samples were withdrawn, and their residual activities were measured using the p-NPB assay described above considering 100% the
initial activity of the preparation. Aiming at a comparison of the enzyme stabilities with the two substrates, periodically, 400 pL al-
iquots of inactivation biocatalyst were removed at specific times and added in 3 mL of 50 mM of triacetin at 25 and 55 °C in a reactor
under magnetic stirring and samples were withdrawn every 10 min to analyze their activities as described above. In parallel 50 pL
aliquots of inactivation biocatalyst suspension were taken to measure their p-NPB activity at 25 °C.

3. Results

3.1. Immobilization of the different enzymes

Immobilizations of CALA, CALB, TLL and CRL were performed as described in methods. In all cases the immobilization permitted
the full immobilization of the offered enzyme activity (results not shown). Table 1 shows the activity of the different biocatalysts using
p-NPB or triacetin, at 25 °C. We do not show the data using free enzyme as this is strongly dependent on the aggregation of the lipases
with other lipase molecules or other components of the extract (Fernandez-Lorente et al., 2003; Palomo et al., 2003, 2004, 2005;
Wilson et al., 2006), which can alter the enzyme features and make the results very hard to understand.

In the case of CALA, using p-NPB to determine the residual activity, the least active biocatalyst was that prepared on amino-
glutaraldehyde, which presented half the activity of the other two preparations. The most active preparation was that prepared
using octyl-VS (almost 15% more active than octyl-CALA). Using triacetin as substrate, the situation is quite different. Now, the most
active preparation is octyl-CALA, 2.5 more active than octyl-VS-CALA and fourfold than amino-glutaraldehyde-CALA (Table 1). All
CALA biocatalysts were more active versus p-NPB than versus triacetin, but the substrate specificity differed for each biocatalyst.

Using CALB (Table 1), again the most active preparation versus p-NPB is octyl-VS-CALB, while the least active one is amino-
glutaraldehyde-CALB (55%). Once again, the covalent attachment and blocking steps yielded a more active biocatalyst when pre-
paring octyl-VS than the just interfacially activated enzyme. The situation fully reverts using triacetin, in this instance the most active
preparation is amino-glutaraldehyde-CALB, almost doubling the activity of the octyl-CALB; while octyl-VS-CALB presented around
70% of the activity of octyl-CALB. In fact, octyl-VS-CALB was more active versus p-NPB than versus triacetin, while amino-
glutaraldehyde-CALB was 4.5 times more active versus triacetin, and octyl-CALB was only 1.6 fold more active versus triacetin.
The changes in enzyme specificity are far more intense in this instance than using CALA.

Using TLL, the enzyme immobilized on amino-glutaraldehyde was almost fully inactive using both substrates, and it was discarded
for further studies. The other two biocatalysts were more active versus p-NPB than versus triacetin. Octyl-TLL was more active that
octyl-VS-TLL for both substrates, being the difference slightly higher using triacetin.

Finally, using CRL, all biocatalysts were much more active versus p-NPB than versus triacetin. Using p-NPB, octyl-VS-CRL was the
most active biocatalyst, followed by amino-glutaraldehyde-CRL (around 75%) and the least active was octyl-CRL (around 60%).

Table 1
Activities of the different biocatalyst in the hydrolysis of 1 mM p-NPB at pH 7.0 and 50 mM triacetin at pH 5.0 and 25 °C. Experiments were conducted as described in
Methods.

Activity (U/g)

CALA (4 mg/g) CALB (1 mg/g) TLL (12 mg/g) CRL (4 mg/g)
Biocatalyst p-NPB Triacetin p-NPB Triacetin p-NPB Triacetin p-NPB Triacetin
Octyl 87.57 25.06 23.68 38.57 162.14 91.03 78.15 9.08
Glutaraldehyde 45.19 6.38 16.85 76.71 * 97 3.3
Octyl-VS 98.26 10.63 29.22 26.18 124.27 50.22 128.53 7.02
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However, this last one was the most active against triacetin, followed by octyl-VS- CRL (over 75%) and amino-glutaraldehyde-CRL
(over 35%).

These results agree with the changes on enzyme specificity and activity caused by the immobilization protocol and reported in
many different instances (Ahammad, S. Z.; Gomes, J.; Sreekrishnan, 2008; Arana-Pena et al., 2020; Chaubey et al., 2006; Dos Santos
et al., 2015b; Du et al., 2009; Guimaraes et al., 2021; Lokha et al., 2020; Paiva Souza et al., 2021; Sabbani et al., 2006; Takac and
Bakkal, 2007). It suggests the conformational changes induced by the covalent bonds and the interactions with the amino groups in the
support during the blocking step (Albuquerque et al., 2016; dos Santos et al., 2015; Dos Santos et al., 2015a, 2015b; Paiva Souza et al.,
2021) usually produced a somehow more active enzyme form that the just interfacially activate enzyme for p-NPB, while these enzyme
forms are usually less effective in triacetin hydrolysis. Glutaraldehyde, as it does not immobilize the open form of the enzyme like in the
case of octyl-agarose (Manoel et al., 2015), is usually the least active biocatalyst (exceptions are CRL versus p-NPB, and notably CALB
versus triacetin), but this is clearer in the case of triacetin than in the case of p-NPB. That suggests that may be convenient to check the
enzyme activity of the immobilized preparations with the target substrate and not only with the synthetic colorimetric one before
taking decisions related to the suitability of a specific biocatalyst for a specific process related to the enzyme activity.

3.2. Determination of the effect of the temperature on the activity and stability the different preparations of CALA

Fig. 1 shows the effect of the temperature on the activity versus triacetin of all the CALA biocatalysts described above. p-NPB was
discarded for this experiment due to the rapid chemical decomposition of this substrate at high temperature, that prevented to perform
reliable activity determinations. Fig. 1 shows that, in all cases, maximum activities were found at 40 °C, with relatively similar shapes
until reaching this temperature: from 25 °C to 40 °C the activity increased from 5.9 (for octyl-VS-CALA) to 6.4 folds (for octyl-CALA).
The decrease in activity at 50 °C was sharper using octyl-CALA (decreasing almost threefold), and milder using amino-glutaraldehyde-
CALA (1.8 folds) or octyl-VS-CALA (less than 1.6).

However, when the biocatalysts were incubated at 55 °C, no activity inactivation was detected after 4 h for any of the biocatalysts
(results not shown).

That way, we incubated the biocatalysts at 75 °C (Fig. 2). If the activity is followed using p-NPB ay 25 °C, the only biocatalyst that
retained full activity after 4 h of incubation is amino-glutaraldehyde-CALA, being the octyl-VS-CALA the least stable preparation. The
situation using triacetin is different, an initial increased activity is detected using amino-glutaraldehyde-CALA (more than doubling the
initial activity) and octyl- CALA preparation (increasing the activity by one third), that later started to slowly decrease. Octyl-VS-CALA
decreased its activity from the start of the inactivation, even more rapidly than when using p-NPB to determine the residual enzyme
activity. However, the situation became fully different if the activity determination is performed at 55 °C. Octyl-CALA multiple the
initial activity by more than 16 folds after 2 h, and retained that activity after 4 h. Amino-glutaraldehyde-CALA also increased the
initial activity but “only” by a 5 fold factor after 2 h and decreased after 4 h. Even the enzyme immobilized on VS-octyl initially
increased the activity (by 3.5 fold). That way, not only the quantitative stability of the biocatalysts is influenced by the activity
determination conditions, but also the qualitative values are different, as in some cases amino-glutaraldehyde-CALA is the most
resistant and in other cases, octyl-CALA could be considered the most stable one. It is also evident a discrepancy with the 40 °C found
for the optimal temperature, as the incubation at 75 °C increased the activity detected at these temperatures. That way, determining
the activity at 55 °C, for this enzyme the residual activity during the incubation at high temperatures was higher in all cases than using
25 °C, in opposition to the initial hypothesis.

To analyze if this trend was also found at other temperatures, the biocatalysts were incubated at 70 °C, a temperature also far above
the optimal one (Fig. 3). At this temperature, octyl-CALA progressively increased its activity versus triacetin when determining the
residual activity at 25 °C to almost doubling the initial activity value after 4 h, while the activity using p-NPB as substrate slightly
deceased after 4 h. Using octyl-VS-CALA, the increase in activity versus triacetin was similar (2.5 folds after 4 h), while the activity
versus p-NPB decreased to less than 80% after this time. Finally, using the glutaraldehyde preparation, a smaller increase in enzyme
activity was found in the hydrolysis of triacetin (less than 1.6 fold after 4 h), while the decrease in enzyme activity versus p-NPB was

180 -
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Fig. 1. Activities of the different immobilized CALA (4 mg/g) biocatalysts with 50 mM triacetin at pH 5.0 at different temperatures. Squares: Octyl-CALA; triangles:
Glutaraldehyde-CALA and circles: Octyl-VS-CALA. Experiments were performed as described in Methods.
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Fig. 2. Activity values of different CALA biocatalysts in the hydrolysis of 1 mM p-NPB or 50 mM triacetin. The samples were withdrawn during the inactivation courses
performed at pH 7.0 and 75 °C. (A) Hydrolysis at 25 °C of p-NPB (pH 7.0) and triacetin (pH 5.0). Solid symbols: p-NPB and empty symbols: Triacetin. (B) Hydrolysis of

triacetin at pH 5.0. Solid symbols: 55 °C and empty symbols: 25 °C. squares: Octyl biocatalysts; triangles: Glutaraldehyde biocatalysts; circles: Octyl-DVSF biocatalysts.
Other specifications are described in Methods section.
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Fig. 3. Activity values of different CALA biocatalysts in the hydrolysis of 1 mM p-NPB or 50 mM triacetin. The samples were withdrawn during the inactivation courses
performed at pH 7.0 and 70 °C. (A) Hydrolysis at 25 °C of p-NPB (pH 7.0) and triacetin (pH 5.0). Solid symbols: p-NPB and empty symbols: Triacetin. (B) Hydrolysis of

triacetin at pH 5.0. Solid symbols: 55 °C and empty symbols: 25 °C. squares: Octyl biocatalysts; triangles: Glutaraldehyde biocatalysts; circles: Octyl-DVSF biocatalysts.
Other specifications are described in Methods section.

around 30% after 4 h.

The inactivation determining the activity versus triacetin at 55 °C is shown in Fig. 3. This temperature was also far higher than the
optimal temperature for these biocatalysts, 40 °C (Fig. 1). The activity of all CALA preparations increased over time. Octyl-CALA
reached an activity almost twelvefold (similar to that found at 75 °C) and octyl-VS-CALA tenfold higher than the initial one (much
higher than the observed at 75 °C), and then decreased, but after 4 h they still are highly hyperactivated (900 or 750%, respectively).
The case of the amino-glutaraldehyde-CALA was even more surprising, the activity versus triacetin determined at 55 °C increased in a

continuous way to reach a value of more than 2300%, reaching this value after 4 h (when incubated at 75 °C this hyperactivation value
was much smaller for this biocatalyst).

This increase in enzyme activity should be correlated to the generation at higher temperatures of immobilized enzyme forms more
adequate to hydrolyze triacetin that the initial form, which occurs in a more favorable way for the enzyme that is immobilized in
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Fig. 4. Activities of the different immobilized CALB (1 mg/g) biocatalysts with 50 mM triacetin (pH 5.0) at different temperatures. Squares: Octyl-CALB; triangles:
Glutaraldehyde-CALB and circles: Octyl-VS-CALB. Experiments were performed as described in Methods.



T.N. da Rocha et al. Sustainable Chemistry and Pharmacy 29 (2022) 100823

amino-glutaraldehyde.

In any case, the results of this set of experiments makes defining which is the most stable preparation of CALA very complex, and
this problem is accentuated if the activity is determined using triacetin at 55 °C, where the enzyme activity significantly increased.
Using amino-glutaraldehyde-CALA, this could be related to the favoring of the open form of the lipase at high temperatures (that can
take some time), while using octyl or octyl-VS perhaps could be explained by the reduction of the intensity of the enzyme adsorption to
the octyl layer, perhaps decreasing the steric hindrances to the entry of the substrate generated by the support surface. The question
may be if the activity reflects the enzyme stability, as a higher hyperactivation may reflect a higher mobility in the enzyme structure,
really suggesting a lower rigidity of the enzyme.

3.3. Determination of the effect of the temperature on the activity and stability the different preparations of CALB

Fig. 4 shows the activity/temperature profile for the 3 CALB biocatalysts. While the optimal temperature is 50 °C for octyl-CALB, it
is 55 °C for the other two preparations. The shape of the curve is very different for the biocatalysts. Octyl-CALB has an activity next to
the maximum at 40 °C, with an increase smaller than 5% at 50 °C, almost doubling the activity at 25 °C. Amino-glutaraldehyde-CALB
has more than double activity at 50 °C than at 25 °C, with a marginal increase at 55 °C. Octyl-VS-CALB presented an important increase
in activity between 40 °C and 50° (around 40%), that further increased more than 15% when the activity is determined at 55 °C. At this
temperature, this biocatalyst became the most active one versus this substrate (initially it was the least active), Moreover, the decrease
of activity at 60 °C is much smaller using octyl-VS-CALB than using amino-glutaraldehyde-CALB, leaving this biocatalyst with a clearly
higher activity at this temperature, while at 25 °C, the most active was the amino-glutaraldehyde-CALB.

Fig. 5 shows the inactivation of the different CALB biocatalyst using p-NPB and triacetin at 75 °C. Using p-NPB and 25 °C to
determine the enzyme activity, the least stable biocatalyst is clearly amino-glutaraldehyde-CALB, almost fully inactive after 1 h. Octyl-
CALB (more than 60% of retained activity after 4 h) is more stable than octyl-VS-CALB (less than 30% after 4 h). Using triacetin, the
inactivation course is very similar to that using p-NPB when studying octyl-VS-CALB. However, the retained activity is clearly higher
using amino-glutaraldehyde-CALB and this substrate, becoming similar to the inactivation course of octyl-VS-CALB. Octyl-CALB re-
mains the most stable biocatalyst, although the decrease of activity using this substrate is slightly higher. When measuring the activity
at 55 °C, the results were fairly different. The activity of octyl-CALB increased by more than a twofold factor after 15 min at 75 °C, and
then remains unaltered for the next 3.5 h. Using amino-glutaraldehyde-CALB, the residual activity is even lower than if the activity is
determined at 25 °C. Finally, using octyl-VS-CALB, after an initial increase of activity, it decreased to become less than half of the initial
one after 4 h.

The immobilized CALB preparations were also inactivated at 70 °C (Fig. 6). Starting with the activity measurement at 25 °C, octyl-
CALB activity decreased in a similar way using triacetin or p-NPB (to around 60% after 4 h, similar to the results at 75°). Octyl-VS-CALB
is slightly less stable than octyl-CALB, maintaining 50-40% of the initial activity after 4 h with p-NPB or triacetin respectively. Results
were very different using amino-glutaraldehyde-CALB after incubation at 70 or 75 °C. Now, the enzyme activity increased in a pro-
gressive way using triacetin as substrate (to reach a value of 175% after 4 h), while using p-NPB, the activity decreased more than when
using the other two biocatalysts. That is, using triacetin this was the biocatalyst that retained the highest percentage of activity, while
using p-NPB, it retained the lowest values. Next, we determined the activity of the samples versus triacetin but at 55 °C. Octyl-CALB
increased its activity by almost fivefold after 15 min, and then slowly decreased this value (still maintaining threefold initial activity
after 4 h). Octyl-VS-CALB increased twice its activity after 30 min, and then decreased, with a recovered activity just over 100% after 4
h. The amino-glutaraldehyde biocatalyst increased the activity under fourfold after 15 min and its activity decreased to maintain 174%
activity after 4 h.

Again, the evolution of the enzyme activity for each biocatalyst depended on the substrate and temperature utilized to determine
the residual activity.

3.4. Determination of the effect of the temperature on the activity and stability the different preparations of TLL

Using this enzyme, the activity employing the amino-glutaraldehyde support is too low for the experiments. That way, only octyl
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Fig. 5. Activity values of different CALB biocatalysts in the hydrolysis of 1 mM p-NPB or 50 mM triacetin. The samples were withdrawn during the inactivation courses
performed at pH 7.0 and 75 °C. (A) Hydrolysis at 25 °C of p-NPB (pH 7.0) and triacetin (pH 5.0). Solid symbols: p-NPB and empty symbols: Triacetin. (B) Hydrolysis of
triacetin at pH 5.0. Solid symbols: 55 °C and empty symbols: 25 °C. squares: Octyl biocatalysts; triangles: Glutaraldehyde biocatalysts; circles: Octyl-DVSF biocatalysts.
Other specifications are described in Methods section.
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Fig. 6. Activity values of different CALB biocatalysts in the hydrolysis of 1 mM p-NPB or 50 mM triacetin. The samples were withdrawn during the inactivation courses
performed at pH 7.0 and 70 °C. (A) Hydrolysis at 25 °C of p-NPB (pH 7.0) and triacetin (pH 5.0). Solid symbols: p-NPB and empty symbols: Triacetin. (B) Hydrolysis of
triacetin at pH 5.0. Solid symbols: 55 °C and empty symbols: 25 °C. squares: Octyl biocatalysts; triangles: Glutaraldehyde biocatalysts; circles: Octyl-DVSF biocatalysts.
Other specifications are described in Methods section.

and octyl-VS biocatalysts were compared. Fig. 7 shows the activity/temperature profiles for these biocatalysts using triacetin as
substrate. Both biocatalysts had the same optimal temperature (40 °C), but while octyl-TLL multiplied its activity by 2 when going from
25°C to 40 °C, octyl-VS-TLL increased by 3.5 folds its activity after this increase in temperature. That way, at 40 °C, the activity of both
biocatalysts versus triacetin became similar. The decrease in activity at higher temperatures is different for each biocatalyst, while
octyl-TLL maintained 95% of the maximum activity at 50 °C, octyl-VS-TLL decreased the activity to around 60%.

Fig. 8 shows the thermal inactivations at 75 °C. Using p-NPB and 25 °C to determine the residual activity, the highest values are
found using octyl-VS-TLL (44% after 4 h versus the 5% retained by octyl-TLL). Using triacetin and 25 °C to determine the residual
activity, differences are shorter, as mainly octyl-VS-TLL lost much more activity than using p-NPB (maintained 15% after just 1 h)
showing inactivation courses fairly similar to that of octyl-TLL. Results when determining the activity at 55 °C using triacetin were
fairly similar.

The inactivation at 70 °C provides a somehow different picture (Fig. 9). Determining the activity at 25 °C, octyl-TLL shows a slightly
higher loss of activity versus triacetin (27% residual activity after 4 h) than versus p-NPB (42% residual activity after 4 h). Octyl-VS-
TLL retained less activity versus triacetin (23% residual activity after 4 h) than octyl-VS-TLL, but more activity was maintained using p-
NPB (60%). If the activity was determined at 55 °C with triacetin, octyl-TLL showed an initial increase of activity (160% after 15 min)
that slowly decreased along time (to 70% of the initial activity after 4 h). Octyl-VS-TLL presented a fully different inactivation course,
decreasing its activity in a continue way from the beginning, maintaining under 20% of the initial activity after 4 h. Again, depending
on the activity determination condition, the most stable preparation may be one or the other.

3.5. Determination of the effect of the temperature on the activity and stability the different preparations of CRL

Finally, the features of the different CRL preparations were analyzed. Fig. 10 shows the activity/temperature profiles of these
biocatalysts. Octyl-CRL shows maximum activity at 60 °C. This is the highest optimal temperature found in this research, and this is
surprising as in terms of stability, this is an enzyme considered less stable than the other 3 enzymes included in this study (Carballares
et al., 2022). The other two biocatalysts presented the maximum activity at 50 °C, but while octyl-DVS activity presented almost a
plateau from 50 to 60 °C, amino-glutaraldehyde-CRL lost 2/3 of its activity at 60 °C. Octyl-CRL increased its activity almost tenfold
from 25 °C to 50 °C, while octyl-VS-CRL only increased the activity by a factor of 3.

The inactivation courses of these biocatalysts at 75 °C are shown in Fig. 11. Using p-NPB, the biocatalyst that retained the highest
activity was amino-glutaraldehyde-CRL, being octyl CRL slightly more stable than octyl-VS-CRL. Using triacetin at 25 °C to determine
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Fig. 7. Activities of the different immobilized TLL (12 mg/g) biocatalysts with 50 mM triacetin (pH 5.0) at different temperatures. Squares: Octyl-TLL and triangles:
Octyl-VS-TLL. Experiments were performed as described in Methods.
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Fig. 8. Activity values of different TLL biocatalysts in the hydrolysis of 1 mM p-NPB or 50 mM triacetin. The samples were withdrawn during the inactivation courses
performed at pH 7.0 and 75 °C. (A) Hydrolysis at 25 °C of p-NPB (pH 7.0) and triacetin (pH 5.0). Solid symbols: p-NPB and empty symbols: Triacetin. (B) Hydrolysis of

triacetin at pH 5.0. Solid symbols: 55 °C and empty symbols: 25 °C. squares: Octyl biocatalysts; circles: Octyl-DVSF biocatalysts. Other specifications are described in
Methods section.
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Fig. 9. Activity values of different TLL biocatalysts in the hydrolysis of 1 mM p-NPB or 50 mM triacetin. The samples were withdrawn during the inactivation courses
performed at pH 7.0 and 70 °C. (A) Hydrolysis at 25 °C of p-NPB (pH 7.0) and triacetin (pH 5.0). Solid symbols: p-NPB and empty symbols: Triacetin. (B) Hydrolysis of

triacetin at pH 5.0. Solid symbols: 55 °C and empty symbols: 25 °C. squares: Octyl biocatalysts; circles: Octyl-DVSF biocatalysts. Other specifications are described in
Methods section.
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Fig. 10. Activities of the different immobilized CRL (4 mg/g) biocatalysts with 50 mM triacetin (pH 5.0) at different temperatures. Squares: Octyl-CRL; triangles:
Glutaraldehyde-CRL and circles: Octyl-VS-CRL. Experiments were performed as described in Methods.

the enzyme activity, the octyl-CRL inactivation course is similar to that using p-NPB, but octyl-VS-CRL initially showed a slight increase
in activity followed by a quick loss of activity. Amino-glutaraldehyde-CRL clearly increased its activity in the first inactivation times (to
80% after 30 min), but later the residual activity decreased, reaching values similar to those of octyl-VS-CRL after 4 h. The results are
very different measuring the activities at 55 °C. Now, octyl-CRL retained a significant percentage of activity even after 4 h (15%),
although it remained the one with the lowest recovered activity. Amino-glutaraldehyde-CRL presented a similar initial hyperactivation
than when using 25 °C, but the activity decreased in a slower way, and octyl-VS-CRL had a similar behavior, but with a lower
hyperactivation.

Fig. 12 shows the inactivation courses at 70 °C. Starting by the activity determination at 25 °C, octyl-CRL lost 2/3 of the initial
triacetin activity after 4 h, while using p-NPB only maintained 5% after 2 h. Octyl-VS-CRL retained more activity after 4 h of
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Fig. 11. Activity values of different CRL biocatalysts in the hydrolysis of 1 mM p-NPB or 50 mM triacetin. The samples were withdrawn during the inactivation courses
performed at pH 7.0 and 75 °C. (A) Hydrolysis at 25 °C of p-NPB (pH 7.0) and triacetin (pH 5.0). Solid symbols: p-NPB and empty symbols: Triacetin. (B) Hydrolysis of

triacetin at pH 5.0. Solid symbols: 55 °C and empty symbols: 25 °C. squares: Octyl biocatalysts; triangles: Glutaraldehyde biocatalysts; circles: Octyl-DVSF biocatalysts.
Other specifications are described in Methods section.

inactivation, 76% versus triacetin (in fact the activity increased in the first inactivation times) and 10% versus p-NPB. Amino-
glutaraldehyde-CRL maintained 15% of the initial activity versus triacetin, however, the activity versus p-NPB, after a drop to 40%
in the first 2 h, was maintained after 4 h. Results were very different if determining the activity versus triacetin at 55 °C. Octyl-CRL
showed a fourfold increase in the activity after 15 min, and then started to decrease; giving a 50% after 4 h. Octyl-VS-CRL did not show
this increase in enzyme activity, but the residual activity was 33% after 4 h, much higher than when the activity was determined at

25 °C. Amino-glutaraldehyde-CRL showed the better activity retention, with an initial increment of more than threefold, and slow
decrease to 95% after 4 h.

4. Discussion

The results showed in this paper confirm the complexity of immobilized enzyme inactivation and therefore, the complexity to even
qualify the enzyme functional stability. It had been previous shown that the inactivation pathways of immobilized enzymes may be
determined by the enzyme rigidification of specific areas or by enzyme-support interactions (Paiva Souza et al., 2021; Sanchez et al.,
2016). Here, we show that the situation may be even more complex.

On the one hand, the optimal activity for the different immobilized enzymes included in this study is very short compared to the
temperature where the enzymes activity starts to decrease when they are submitted to long term stress inactivation studies. Moreover,
there is not a direct order in stability determined using stress inactivation and optimal temperature, neither to establish an order for the
enzymes nor the different biocatalysts of each enzyme. In this sense, amino-glutaraldehyde-CRL could be an exception, it is the most
stable CRL biocatalyst (at least using triacetin) and it is the one presenting the highest optimal temperature among the CRL
preparations.

On the other hand, it is also evident that the “half” live of an enzyme in stress inactivation strongly depends on the activity
determination conditions. It may be expected that the conformational changes caused by the enzyme inactivation can affect differently
to the activity versus different substrates, and that way may be expected that an enzyme did not lose the same percentage of activity if
the substrate used to determine the residual activity is different (Paiva Souza et al., 2021). In the examples utilized in this paper, only
CALB biocatalyst shows relatively similar inactivation courses using triacetin and p-NPB at 25 °C. For TLL, the activity decreased
quicker using triacetin, while for CALA and RML this substrate gave the highest residual activities (except for octyl-VS-CALB). In some
instances, the activity decreased with one substrate (usually with p-NPB, the most used substrate to follow these processes using li-
pases) while with triacetin, the activity increased. This mainly occurred when the inactivation is performed at 70 °C (all enzymes have
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Fig. 12. Activity values of different CRL biocatalysts in the hydrolysis of 1 mM p-NPB or 50 mM triacetin. The samples were withdrawn during the inactivation courses
performed at pH 7.0 and 70 °C. (A) Hydrolysis at 25 °C of p-NPB (pH 7.0) and triacetin (pH 5.0). Solid symbols: p-NPB and empty symbols: Triacetin. (B) Hydrolysis of
triacetin at pH 5.0. Solid symbols: 55 °C and empty symbols: 25 °C. squares: Octyl biocatalysts; triangles: Glutaraldehyde biocatalysts; circles: Octyl-DVSF biocatalysts.
Other specifications are described in Methods section.
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some biocatalyst that increase the activity with some substrate), but also there are some examples when inactivating the enzyme at
75 °C (e.g., octyl or amino-glutaraldehyde-CALA) (see Fig. 2).

However, the most surprising results have been observed when determining the enzyme activity at 55 °C. This temperature is over
the optimal temperature when using the immobilized biocatalyst from CALA, TLL and CRL (except the glutaraldehyde preparation)
and is the optimal temperature for some CALB preparations (except octyl that has the maximum activity at 50 °C). As explained in the
introduction, the optimal temperature is expected to be a consequence of the enzyme structure distortion (Glowacki et al., 2012)
together to altered temperature sensitivity of substrate-enzyme, enzyme-product transitions stages, heat capacity of enzyme-bound
intermediates, ionic status at the enzyme active center (DelLong et al., 2017; Glowacki et al., 2012; Giirdas et al., 2012; Kekene-
s-Huskey et al., 2016; Yadav and Prakash, 2009). When measuring the enzyme activity well below this optimal temperature (e.g., at
25 °QC), it is expected that the enzyme submitted to much harsher conditions can partially reactivate at this milder temperature even
during the activity determination time, and that way the determined activity may be higher than that will maintain the enzyme under
the inactivation conditions, and this effect may be more significant when the incubations under the milder conditions are longer
(Rodrigues et al., 2009a, 2009b, 2009¢c; Romero et al., 2009; Rueda et al., 2015; Soler et al., 1997; Suescun et al., 2015).

However, using temperatures above this temperature, this reactivation should be reduced, as it is supposed to be a temperature that
affects the enzyme structure (Glowacki et al., 2012). However, our results point that in a general way, the immobilized enzymes used in
this study shows a significant increase of the activity at 55 °C when they are previously incubated at 70 or 75 °C, with exception of TLL.
Octyl-TLL only increased its activity by 60% and in a very transient way, when incubated at 70 °C (Fig. 9). For the other preparations,
this increased activity reached values as high as 15 fold for octyl-CALA incubated at 75 °C or almost 25 fold for the glutaraldehyde
when incubated at 70 °C, and the values remained over 100% for all the studied times (Figs. 2 and 3). This suggests that if the enzyme is
incubated at 25 °C and then exposed to 55 °C, the conformation that reaches is different to the one that it presents if incubated
previously at 70 or 75 °C. And that, for some reason, the previous high Temperature incubation is positive for the activity versus
triacetin. It may be related to the opening of the enzyme (that may be easier at high temperatures but that can need some time and it is
not observed when directly measuring at 55 °C samples stored at 25 °C) or an accommodation of the enzyme in their interactions with
the support, that somehow permits a higher activity (perhaps reducing steric hindrances to the entry of the substrate, perhaps direct
conformational changes in the enzyme). This increased activity is not necessarily an advantage, as it can suggest an enzyme flexibility
that can alter all enzyme features (e.g., if the enzyme is utilized in resolution of racemic mixtures). It is also a problem if using
coimmobilized enzymes, as if one enzyme decreases or maintains its activity while the other enzyme increases it, the careful design of
the combi-biocatalyst, which involve the selection of the activity ratios of the enzymes, will be lost (Hwang and Lee, 2019; Ren et al.,
2019; Rocha-Martin et al., 2012; Zhang, 2011). This may be critical if the enzyme that increases the activity is the first enzyme in the
chain and the formed product is unstable and requires the rapid enzyme modification to be converted to the target product (Ara-
na-Pena et al., 2021). That way, one open question is if this increment on activity, that suggests some mobility of the enzyme structure,
actually means a higher or a lower stability than a biocatalysts whose activity remains unaltered, considering that stability means to
keep the initial enzyme features.

This also raises the question on the results achieved in the determination of optimal temperature. In most of the examples in this
paper, the activity at 55 °C had significantly increased if the enzyme was previously incubated at high temperature.

From a practical point of view, it seems evident that to select a biocatalyst for a specific process, even using stress inactivation
conditions, the residual activity should be determined under the exact conditions where the enzyme is going to be utilized (tem-
perature, substrate, and other conditions).

5. Conclusion

The results showed in this paper confirm that there is not a direct relation between optimal temperature value and enzyme stability
in all cases, and that both data should be used to make a better picture of the enzyme stability. In fact, operational stability may be the
optimal form to establish the enzyme stability of different biocatalyst, perhaps even under stress conditions to make the experiment
time reasonable.

The conditions of residual enzyme activity also determined the value and even the order of enzyme biocatalysts stability, being
both temperature and substrate able to fully alter the inactivation pattern.
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