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A B S T R A C T   

Mineralization of immobilized enzymes has showed to couple the advantages of both processes. Here, the in
fluence of the immobilization protocol on the effects of mineralization has been investigated. The lipases from 
Thermomyces lanuginosus and Candida rugosa were immobilized on octyl-, vinyl sulfone (VS) octyl (blocked with 
different nucleophiles) and glutaraldehyde- (at different pH values) agarose beads. The stability, activity and 
specificity of the biocatalysts were very different, both the differently blocked VS-biocatalysts and the glutar
aldehyde biocatalysts prepared at different pH. All biocatalysts were submitted to mineralization using different 
metals. The activity, specificity and stability effects of the mineralization strongly depended on the enzyme and 
on the immobilization protocol. For the same enzyme, a mineralization protocol could be negative, positive or 
present no effect depending on the enzyme immobilization procedure and substrate. In the best cases, activity 
could be increased by a two-fold factor, while stability was significantly improved in many instances. These 
results highlight the great potential of mineralization of immobilized enzymes to improve their properties, as 
well as the great interactions that immobilization protocol and mineralization can exhibit. The combination of 
both methodologies greatly increases the possibilities to find a biocatalyst that can be suitable for a specific 
process.   

1. Introduction 

Lipases have been utilized in many different reactions because they 
present a broad specificity, are stable and active in a wide range of 
conditions and reaction media and can catalyze many different reactions 
[1–9] (including promiscuous ones) [10–12]. That way, they can be 
useful in very different applications [13–19]. Unfortunately, in many 
instances, the properties of lipases (as other enzymes) do not fit the 
requirements of an industrial catalyst, and their catalytic performance in 
industrial reactions (in many instances using substrates and conditions 
far from the physiological ones) is inadequate [20]. Nowadays, there are 
many strategies to solve some of the problems of lipases, their properties 
may be improved using metagenomics (to use the most adequate 

available enzyme) [21–24], site-directed mutagenesis [25–29] or 
directed evolution [30–33]. Another problem of enzymes is their water 
solubility, which can complicate their recovery. This makes their reuse 
and reaction control complex. Enzyme immobilization was the answer 
to solve this enzymes drawback, and nowadays it has been revealed as a 
tool to greatly improve many enzyme features, such as stability, selec
tivity, specificity, inhibition, etc. [34–45]. It can be also coupled with 
enzyme purification [46]. However, these benefits may be reached only 
if the immobilization protocol is carefully designed [47]. 

The lipase catalytic mechanism (interfacial activation) [3,48–50] 
causes their active center to be very flexible, and that way, lipase fea
tures are especially easy to be tuned by any of the previously described 
strategies, increasing the prospects of getting biocatalysts adequate for a 
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specific process [51–56]. 
Among the lipase immobilization processes, the preparation of 

enzyme/metal salts nanoflowers has been established as a strategy that 
can give heterogeneous lipase biocatalysts and, at the same time, 
improve enzyme activity and stability in certain cases [57–61]. This 
strategy is based on the function of some residues of the enzyme surface 
as crystal nucleation points, generating crystal structures that have the 
appearance of the petals of a flower, or even of the whole flower (hence 
the name) after full growth. Although bearing an undeniable interest, 
the poor mechanical resistance of these nanoflowers is delaying their 
implementation. To solve this problem, the trapping of the enzyme 
nanoflower in structures bearing better mechanical resistance has been 
proposed, together with the use of magnetic materials to facilitate their 
handling [62–69]. 

Our research group recently proposed performing the modification 
by metal phosphate on already immobilized enzymes as an alternative to 
solve the nanoflowers fragility while maintaining some of the mineral
ization benefits [70]. If the enzyme mineralization was performed on 
previously immobilized enzymes, the researcher can select the support 
based on its mechanical resistance (and reap the benefits achieved 
during enzyme immobilization), avoiding the difficulties derived from 
the management of the small and fragile nanoflowers. Moreover, the 
mineralization of immobilized enzyme couples the positive effects of 
enzyme mineralization during nanoflowers production with the benefits 
of enzyme immobilization in preexisting solids [70]. In this first report, 
several enzymes were immobilized on octyl agarose beads via interfacial 
activation [71] and modified with diverse metal phosphates. It was 
found that the effects of the metal phosphate modification were clearer 
and more positive using highly loaded biocatalyst, suggesting that 
enzyme crowding could facilitate some of the positive effects of enzyme 
mineralization [70]. The effects depended on the nature of both enzyme 
and metal, in some instances enabling very significant stabilizations, 
and optimal results were achieved using the metal phosphate in the 
modification of already immobilized enzymes. The incubation with only 
sodium phosphate or only metal chloride, as well as the immobilization 
on previously modified supports (the supports could be modified by 
using metal phosphates) which produced significantly reduced effects 
[70]. This modification of the support complicates finding any structural 
proof of the reasons for the great modification of the enzyme properties 
upon mineralization. However, the important alteration of the func
tional properties of the enzymes after their mineralization presented a 
significant interest. The study was later extended to the use of diverse 
commercial biocatalysts [72]. The immobilized enzyme mineralization 
cannot produce a tridimensional nanoflower, as the enzymes will be 
located on a flat planar surface, but the previous results suggest that the 
positive effects of the building of nanoflowers may be, at least partially, 
achieved using this solid-phase strategy. However, we cannot talk of 
nanoflowers, as these tridimensional structures will never be achieved. 

There are some reports showing that the immobilization protocol can 
greatly alter the effect of some chemical or physical modifications of 
immobilized enzymes [73–77]. The mineralization of the commercial 
lipase biocatalysts offered very different results to those described using 
the octyl-lipases, suggesting that this could be the case for enzyme 
mineralization [72]. 

In a very recent paper [78], the authors have shown that the 
nucleation induced by a protein during the production of metal–organic 
frameworks produced using 2-methylimidazole and zinc acetate 
strongly depended on the tridimensional structure of the protein, origin 
salt crystals with very different structures. 

In this new communication, we have studied the possible influence 
of the immobilization protocol on the effects that the metallization of the 
immobilized lipases can present. For this reason, we will compare the 
results obtained when modifying with metal phosphate enzymes 
immobilized using octyl agarose [71,79] with other two immobilization 
techniques whose versatility permits to tailor the immobilized enzyme 
features. 

The first one is the immobilization of the lipases on amino- 
glutaraldehyde agarose beads [80]. The main immobilization cause on 
these supports is the ionic exchange of the enzyme on the support sur
face, followed by the establishment of some covalent bonds between the 
primary amino bonds of the adsorbed enzyme and the glutaraldehyde 
groups in the support [81–83]. As it has been reported that the pH in the 
immobilization process greatly affects the enzyme features after its 
immobilization, we performed the immobilization at pH 5 and 8 
[84–89] (Fig. 1). 

The second one is the immobilization of the lipases on agarose beads 
simultaneously presenting octyl and vinyl sulfone groups, an immobi
lization protocol that produces some of the most stable formulations 
described in the literature for the employed enzymes [90]. In this case, 
the enzyme is first immobilized via interfacial activation, and after 
changing the conditions, some groups of the enzyme (e.g., Lys, His, Cys, 
Tyr) [91] can react with the vinyl sulfone groups [90]. This strategy has 
a final step that requires the blocking of the remaining reactive groups of 
the support with a nucleophile. This step enables tailoring of the 
enzyme-support interactions by using reagents with very different 
physical properties [90,92–95] (Fig. 2). Moreover, it greatly alters the 
functionality of the enzymes (enzyme stability and activity) and this has 
been correlated to the promotion of different enzyme structures [96]. 
Furthermore, it has been shown how the different enzyme-support in
teractions promote different inactivation pathways [96], similarly to the 
enzyme rigidification of different enzyme areas [97]. That way, playing 
with the blocking reagent, we will have an immobilized enzyme 
collection with exactly the same enzyme distribution in the support 
particle, orientation with respect to the support surface (they are 
interfacially activated) and number of enzyme support bonds, but 
bearing a different structure and functional properties. 

Both immobilization strategies will permit to analyze if the enzyme 
structure or orientation regarding the support (or both) may alter the 
effects of the mineralization as it has been found for other modifications. 
As model enzymes to analyze these possible immobilization protocol/ 
mineralization interactions, we have selected the two enzymes that were 
more significantly stabilized by mineralization when using octyl agarose 
[70], both very popular ones: the lipases from Thermomyces lanuginosus 
[98] and from Candida rugosa [99–102]. The use of at least two different 
enzymes permitted to get more generalized conclusions. 

2. Materials and methods 

2.1. Materials 

A TLL formulation with 20.77 mg protein/mL (kindly donated by 
Novozymes Spain (Madrid, Spain)) was utilized in this paper. Lipase 
from Candida rugosa (CRL) was acquired from Sigma-Aldrich (St. Louis, 
MO, USA), it was a solid powder with 3.12 mg protein/g of powder. 
Bradford's reagent (utilized to calculate the protein concentration 
[103]), p-nitrophenyl-butyrate (p-NPB), triacetin, R- and S-methyl 
mandelate, acetonitrile for HPLC (gradient grade, ≥99.9 %), glycine, 
aspartic acid, ethylenediamine (EDA), cysteine, Tris(2-aminoethyl) 
amine (TrisAEA), glutaraldehyde (GA) solution (25 % in H2O), CoCl2, 
CuCl2 and ZnCl2 were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Divinyl-sulfone (DVS) was purchased from Thermo Fisher Scien
tific Spain (Madrid, Spain). Octyl Sepharose® CL-6B was acquired from 
GE Healthcare (Uppsala, Sweden). All other reagents were of analytical 
grade. 

2.2. Methods 

All experiments were performed at least by triplicate, and the values 
are presented as mean values and standard deviation. Protein concen
tration was determined using Bradford method [103]. 
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2.2.1. Preparation of octyl-vinyl sulfone agarose beads 
The octyl-vinyl sulfone agarose support was prepared following the 

methodology described by Albuquerque et al. [90]. 1 g of octyl agarose 
was added to 20 mL of 350 mM divinyl-sulfone prepared in 333 mM 
sodium carbonate at pH 11.5, having a vinyl sulfone group in the sup
port. Activation of the support was carried out at room temperature 
under gentle stirring for 2 h. Afterwards the support was vacuum 
filtered, washed 5 folds with 20 volumes of distilled water and stored at 

4–6 ◦C. 

2.2.2. Preparation of the glutaraldehyde-agarose support 
A mass of 1 g of amine agarose (prepared according to the method

ology described by Fernandez-Lafuente et al. [104]) was added to 10 mL 
of 10 % glutaraldehyde prepared in 200 mM sodium phosphate at pH 7. 
The activation process took place at room temperature under gentle 
stirring for 16 h. Then, the support was vacuum filtered, washed 5 times 

Fig. 1. Schematic representation of enzyme immobilization on glutaraldehyde-activated support at different pH values.  

Fig. 2. Schematic representation of enzyme immobilization on octyl and divinyl sulfone groups heterofunctionalized support.  
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with 20 volumes of distilled water and stored at 4–6 ◦C. 

2.2.3. Immobilization of lipases 
In all cases, activity immobilization yield (percentage of offered 

enzyme activity that is immobilized on the support) and expressed ac
tivity (percentage of observed activity with respect to the expected one 
from the immobilization yield) are utilized to define the immobilizations 
[105]. The mineralization only affects the expressed activities. The 
enzyme load is calculated from the offered activity and the enzyme 
activity that remains in the supernatant. Activity is not released from the 
support during the washings, but around 100 mg of support is lost in the 
filters during the washing steps (this is a problem in the lab that may not 
occur using other washing devices). In fact, the covalent immobiliza
tions makes that not protein bands may be detected in SDS-PAGE 
experiment (not shown results) [90]. 

2.2.3.1. Immobilization of lipases on octyl-agarose beads. A mass of 10 g 
of support was added to 100 mL of enzyme solution prepared in 5 mM 
sodium phosphate at pH 7.0 (enzyme loads: TLL: 20 mg/g and CRL: 30 
mg/g). The immobilization was conducted at room temperature under 
gentle stirring for 2 h (Agimatic-S (JP Selecta) (Barcelona, Spain)). The 
enzyme activity in the supernatant, suspension and a reference (where 
octyl agarose was substituted by inert agarose) were quantified using p- 
NPB assay throughout the immobilization course. Then, the suspensions 
were filtered and the biocatalysts were washed 5 folds with 20 volumes 
of distilled water, and stored at 4–6 ◦C. 

2.2.3.2. Immobilization of lipases on octyl-vinyl sulfone agarose beads. A 
mass of 10 g of support was added to 100 mL of enzyme solution pre
pared in 5 mM sodium acetate at pH 5.0 (enzyme loads: TLL: 20 mg/g 
and CRL: 30 mg/g) [90]. In this step, pH 5.0 was used to favor interfacial 
activation as the main cause for enzyme immobilization [90]. The 
immobilization was conducted at room temperature under gentle stir
ring for 2 h (Agimatic-S (JP Selecta) (Barcelona, Spain)). The enzyme 
activity in the supernatant, suspension and a reference were quantified 
using p-NPB assay throughout the immobilization course. Then, the 
biocatalysts were vacuum filtered, washed 5 times with 20 volumes of 
distilled water, and recovered. The biocatalysts were resuspended in 
100 mM sodium carbonate at pH 10.0 in a biocatalyst/buffer ratio of 1/ 
10 (w/v). This step was used to favor the formation of the enzyme- 
support covalent bond(s). The reaction was conducted at room tem
perature for 24 h. Afterwards, the biocatalysts were vacuum filtered and 
recovered. Finally, 1 g of biocatalyst was added to 10 mL of 2 M blocking 
agent (glycine, aspartic acid, cysteine, EDA, TrisAEA) at pH 10.0. This 
step was carried out at room temperature under gentle stirring for 48 h 
in order to modify the residual vinyl sulfone moieties. Then, the bio
catalysts were vacuum filtered, washed 10 folds with 20 volumes of 
distilled water, and stored at 4–6 ◦C. 

2.2.3.3. Immobilization of lipases on amino-glutaraldehyde (Glu)-agarose 
beads. A mass of 10 g of support was added to 100 mL of enzyme so
lution prepared in 5 mM sodium phosphate at pH 7.0 (enzyme loads: 
TLL: 20 mg/g and CRL: 30 mg/g). The immobilization was conducted at 
room temperature under gentle stirring for 2 h (Agimatic-S (JP Selecta) 
(Barcelona, Spain)). The immobilization was followed measuring p-NPB 
activity of the supernatant, suspension and reference solutions. After 
immobilization, the biocatalysts were filtered, washed 5 folds with 20 
volumes of distilled water, vacuum dried and stored at 4–6 ◦C by a 
minimum of 48 h before any use. 

2.2.4. Modification of immobilized enzyme with metallic salt/phosphate 
The immobilized enzymes were modified with metallic salt/phos

phate following the methodology described by Guimarães et al. for octyl 
agarose immobilized lipases [70]. 1 g of immobilized enzyme was sus
pended in 10 mL of 10 mM sodium phosphate/125 mM NaCl at pH 7.4 

and, then, 400 μL of 230 mM of the corresponding metallic salt solution 
was added. The enzyme treatment was conducted at room temperature 
under gentle stirring for 5 h (Agimatic-S (JP Selecta) (Barcelona, 
Spain)). After modification, the suspension was filtered and the bio
catalysts were washed 5 folds with 20 volumes of distilled water, and 
stored at 4 ◦C. 

2.2.5. Thermal inactivations of the different lipase preparations 
In a standard experiment, 1 g of immobilized biocatalyst was sus

pended in 10 mL of 10 mM Tris-HCl at pH 7.0 and incubated at different 
temperatures (immobilized TLL: 75 ◦C and immobilized CRL: 70 ◦C). 
Periodically, samples of 50 μL of the inactivation suspensions were 
collected to determine their residual activities (current activity divided 
by the initial one in percentage). The experiments were performed 
employing p-NPB as substrate. 

2.2.6. Enzyme activity assays 
One unit of activity (U) was defined as the amount of enzyme that 

hydrolyzes one μmol of substrate per minute under the described 
conditions. 

2.2.6.1. Hydrolysis of p-NPB. A volume of 50 μL of 50 mM p-NPB dis
solved in acetonitrile was added into a mixture of 2.5 mL of 25 mM 
sodium phosphate at pH 7.0. The experiments were performed in a Jasco 
V-730 spectrum (Madrid, Spain) with a stirring system and temperature 
regulation. To initialize the reaction, a volume of 50 μL of enzyme so
lution or immobilized enzyme suspension was added. The reaction was 
carried out at room temperature under magnetic stirring. The quantifi
cation of hydrolytic activity was determined by the increase in absor
bance at 348 nm produced by the release of p-nitrophenol (p-NP) 
(isosbestic point of p-NP, its ε under these conditions is 5150 M− 1 cm− 1) 
for 300 s [106]. 

2.2.6.2. Hydrolysis of triacetin. 125 mg of immobilized enzyme were 
added to 10 mL of 50 mM of triacetin prepared in 50 mM of sodium 
phosphate at pH 7.0. Hydrolysis was carried out at room temperature 
under gentle stirring (Agimatic-S (JP Selecta) (Barcelona, Spain)), and 
quantified by detection of 1,2 and 1,3 diacetin (under these conditions, 
the produced 1,2 diacetin suffers acyl migration giving 1,3 diacetin) 
[107]. The degree of conversion (two points over 5 % and under 25 %, to 
ensure linearity and minimize experimental error caused by the initial 
acid content of the samples) was calculated by HPLC in a Waters 486 
chromatograph (Waters, Millford, USA) equipped with a UV/VIS de
tector (set to 230 nm) using a Kromasil C18 column (15 cm × 0.46 cm) 
with a mobile phase composed of 85 % (v/v) of water and 15 % (v/v) of 
acetonitrile with a flow rate of 1 mL/min. The retention times were 4 
min for 1,2 and 1,3 diacetins (under these conditions. They eluted at the 
same retention time) and 18 min for triacetin [108]. 

2.2.6.3. Hydrolysis of R- or S-methyl mandelate. 250 mg of immobilized 
lipase were added to 10 mL of 50 mM R- or S-methyl mandelate in 50 
mM sodium phosphate solution at pH 7.0. Hydrolysis was carried out at 
room temperature under gentle stirring (Agimatic-S (JP Selecta) (Bar
celona, Spain)), and the substrate and product concentrations were 
determined by HPLC using a Waters 486 chromatograph (Waters, 
Millford, USA). The equipment features a UV/VIS detector (set to 230 
nm) and a Kromasil C18 column (15 cm × 0.46 cm). The mobile phase 
was 10 mM ammonium acetate and acetonitrile (65 %–35 % (v/v)) at 
pH 2.8 with a flow rate of 1 mL/min. The retention times were 2.5 min 
for mandelic acid and 4.2 min for the R- or S-methyl mandelate. Con
versions under 25 % (two points over 5 % and under 25 %, to ensure 
linearity and minimize experimental error caused by the initial acid 
content of the samples) were used to calculate enzyme activity [94]. 
Activities ratio was defined as the activity versus the R-isomer/activity 
versus the S-isomer. This reaction was utilized to check the operational 
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stability of the biocatalysts. For this purpose, a syringe with a silica filter 
at the bottom to prevent the leakage of the biocatalyst was used, uti
lizing 1 g of biocatalysts and 10 mL of 10 mM ester solution in 200 mM 
sodium phosphate at pH 7 for 2 h. After each cycle, the biocatalysts were 
washed 3 times 10 mL with distilled water before reloading the substrate 
solution. Activity was determined when <20 % of the ester had been 
hydrolyzed. 

3. Results and discussion 

3.1. The case of TLL biocatalysts 

3.1.1. Immobilization of TLL in the different supports 
First, TLL and CRL have been immobilized on octyl-, octyl-VS and 

amino-glutaraldehyde-agarose beads. Our objective was to fully coat the 
support surface with enzyme molecules, as this was found to favor the 
effects of the mineralization on the enzyme properties [70]. That way, in 
all cases, we utilized an excess of enzyme on the immobilization. Fig. 1S 
shows the immobilization course of TLL on octyl agarose. Around 10 mg 
of enzyme extract/g of support are immobilized (50 % of the offered 
activity). Using octyl-VS agarose beads (Fig. 2S), the immobilization rate 
and yield are very similar. The immobilization of the enzyme on 
glutaraldehyde was performed at pH 5 and 8 (Fig. 3S). Immobilization 
was almost total in both cases. 

Table 1 summarizes the activity of the different TLL preparations 
versus p-NPB, triacetin and R- and S-methyl mandelate. Starting with 
TLL-octyl, maximum activity is observed using p-NPB, being the activity 
versus triacetin >10 folds lower. The activity versus mandelate esters is 
around 100 fold lower than versus triacetin, preferring the hydrolysis of 
the R-isomer by almost a 2 fold factor. 

Analyzing the VS-octyl biocatalysts, clear differences may be found 
among the different biocatalysts as a function of the blocking agent 
utilized as reaction end point. The Gly blocked biocatalysts presented 
over 2.3 more activity versus p-NPB than the octyl preparation, while 
their activity decreased by <10 % the activity of this biocatalyst versus 
triacetin. In the mandelate esters, the activity was almost maintained 
using the R-isomer, while it decreased using the S-isomer. That way the 
activities ratio versus both isomers became 3. If the blocking is per
formed using EDA, activity versus p-NPB is slightly lower than in the 
other case, while the decrease in the activity versus triacetin was more 
significant (to around 75 % of that of the octyl preparation). Regarding 
the methyl mandelate isomers, the activity versus the R-isomer slightly 
increased while the activity versus the S-isomer decreased compared to 
the octyl preparation, the activities ratio became almost 5. Using Tri
sEAE as blocking agent, the activity versus p-NPB was similar to the case 

of EDA, higher using triacetin, and the clearest difference is using the 
mandelic esters. The activity versus the R-isomer decreased while the 
activity versus the S-isomer was maintained (compared to the TLL octyl 
biocatalyst), the resulting activities ratio is lower than 1. Using Asp to 
block the biocatalyst, activity versus p-NPB was 2.2 fold higher than 
using the octyl preparation, the activity was 85 % using triacetin and 
decreased more versus the R- than versus the S-methyl mandelate, the 
activities ratio become 1.25. Blocking using Cys gave an activity 
doubling that of the TLL-octyl preparation versus p-NPB, maintaining 
60 % of the activity versus triacetin, and decreased the activity more 
versus S-methyl mandelate than versus the R-isomer, giving an activities 
ratio of 2.5. That way, the functional properties of all the biocatalysts 
were quite different depending on the blocking agent, as it has been 
previously reported [90,92–94] altering in a very significant way the 
enzyme specificity and enantiospecificity. Considering that all bio
catalysts have the same enzyme distribution on the support, the same 
orientation (the enzyme is interfacially activated) and the same number 
of enzyme-supports bonds, the differences should be related to the only 
difference among the biocatalysts: the different support surface moi
eties. That way, the different interactions between enzyme and support 
surface should be the reason for these different enzyme features. 
Comparing the vinyl sulfone- octyl biocatalysts to the octyl biocatalyst, 
differences are extended to possible distortions caused on the enzyme 
surface by the covalent bonds. Some role of the immobilization pH 
cannot be discarded, as it has been reported to alter also the functional 
properties of lipases immobilized on hydrophobic supports, being also 
associated to the creation of different enzyme structures [96]. In any 
case, the objective of having a collection of biocatalysts with very 
different functional properties has been accomplished. 

Using the glutaraldehyde preparations, again great differences could 
be found depending on the immobilization pH value. The activity versus 
p-NPB of the enzyme immobilized at pH 8 is 2.5 fold lower than that of 
the enzyme immobilized at pH 5. Although the support enzyme loading 
is double than that when using the octyl preparation (because we use 
agarose 6BCL and immobilization yields is next to 100 % (Fig. 3S)), the 
activity versus p-NPB is much lower than those described for the hy
drophobic supports (near 100 fold in the most extreme case). Using 
triacetin, activity is again much lower than in the other biocatalysts (by 
almost a factor of 50), but the activities of both glutaraldehyde bio
catalysts becomes more similar (1.35 fold higher for the enzyme 
immobilized at pH 5). However, the activity versus the methyl man
delate isomers is much higher than that found for the octyl biocatalysts 
(by almost 7 fold). In fact, the glutaraldehyde TLL biocatalysts presented 
more activity versus methyl mandelate than versus triacetin, in 
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Fig. 3. Inactivation courses of different TLL biocatalysts in 10 mM Tris-HCl 
buffer at pH 7.0 and 75 ◦C. Other specifications are described in Methods. 
TLL-octyl (solid square and solid line); Gly-TLL-VS-octyl (solid rhombus and 
solid line); EDA-TLL-VS-ocyl (solid circles and solid line); TrisAEA-TLL-VS-octyl 
(solid triangles and solid line); Asp-TLL-VS-octyl (open squares and dotted line); 
Cys-TLL-VS-octyl (open rhombus and dotted line); TLL-Glu (pH 5.0) (open 
circles and dotted line); TLL-Glu (pH 8.0) (open triangles and dotted line). 

Table 1 
Mass activity (immobilized biocatalyst) of different TLL biocatalysts with 
different substrates: 50 mM R- or S-methyl mandelate (pH 7 and 25 ◦C), 50 mM 
of triacetin (pH 7 and 25 ◦C) and 1 mM of p-NPB (pH 7 and 25 ◦C). Experiments 
were performed as described in methods.  

Biocatalyst Activity (U/g) 

p-NPB Triacetin R- 
Mandelate 

S-Mandelate 

TLL-octyl 1390.9 ±
25.0 

110.9 ±
5.4 

1.3 ± 0.06 0.7 ± 0.03 

Gly-TLL-VS-octyl 3279.0 ±
20.6 

102.1 ±
4.1 

1.2 ± 0.05 0.4 ± 0.02 

EDA-TLL-VS-octyl 3038.8 ±
51.7 

83.6 ± 3.7 1.4 ± 0.02 0.3 ± 0.01 

TrisAEA-TLL-VS- 
octyl 

3000.6 ±
28.3 

94.0 ± 4.9 0.6 ± 0.02 0.07 ±
0.003 

Asp-TLL-VS-octyl 3109.6 ±
132.4 

94.0 ± 3.7 0.5 ± 0.02 0.4 ± 0.02 

Cys-TLL-VS-octyl 2755.4 ±
98.1 

64.1 ± 2.2 0.5 ± 0.02 0.2 ± 0.01 

TLL-Glu (pH 5.0) 37.6 ± 2.2 2.7 ± 0.1 10.6 ± 0.5 10.6 ± 0.5 
TLL-Glu (pH 8.0) 15.6 ± 0.1 2.0 ± 0.1 9.1 ± 0.4 13.8 ± 0.7  
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opposition with the other preparations. The enzyme immobilized at pH 
5 did not discriminate between both isomers, while the enzyme immo
bilized at pH 8 preferred the S-isomer (with an activities ratio of around 
0.65), as opposed to most of the octyl preparations. That way, all the TLL 
biocatalysts have fully different specificities, in agreement with previous 
reports [74,82]. 

Another functional feature that is modulated by the immobilization 
protocol and blocking step is the stability of the immobilized enzyme 
[84,86,87,89,90,92–94]. Fig. 3 shows the inactivation courses of all the 
prepared biocatalysts. TLL-octyl presented a stability similar to that of 
the enzyme immobilized at pH 5 on glutaraldehyde, while the enzyme 
immobilized at pH 8 on glutaraldehyde was more stable. It should be 
considered that TLL has been immobilized in absence of detergent, that 
way, very likely, both glutaraldehyde biocatalysts may have mainly 
lipase dimers, with the open form of one molecule of TLL stabilized by 
another open lipase [109–112]. Furthermore, at pH 8, the possibilities of 
having a more intense multipoint covalent attachment increased, 
explaining the higher stability of this biocatalyst [42]. As previously 
reported [90,96], all the octyl-VS biocatalyst improved the stability 
compared to the octyl biocatalyst, but there are clear differences be
tween them. The most stable biocatalyst is that blocked with Cys, fol
lowed by the biocatalyst blocked using Gly (both clearly more stable 
than the enzyme immobilized on glutaraldehyde at pH 8), while the 
biocatalyst blocked with EDA and TrisEAE gave the lowest stabilities 
among these biocatalysts. That way, also the stability of the different 
biocatalysts differed, for both glutaraldehyde and VS-octyl ones, con
firming that the enzyme presented very different functional features, our 
initial objective. Next, we have submitted the different biocatalysts to 
the incubation with metal phosphates. 

3.1.2. Effect of the treatment with metal phosphate of the different 
biocatalyst on enzyme activity 

The biocatalysts were incubated with the three metal phosphates. 
Fig. 4S shows how the biocatalysts were colored depending on the salt, 
while all biocatalysts presented a similar color when submitted to the 
same mineralization protocol. Exceptions are the glutaraldehyde bio
catalysts, where the initial brown colors make color identification 
difficult, except for copper. 

Table 2 shows the effect of the treatment with the different metal 
phosphates in the enzyme activity versus the different substrates. 

Using the octyl preparation, the activity decreased using p-NPB as 
substrate by 25 % using zinc, and by >40 % using copper or cobalt. The 
activity versus triacetin increased by around 50 % using zinc, while it 
almost remained unaltered using copper and cobalt. Using the methyl 
mandelates as substrates, the zinc salt promoted a 30 % decrease for 
both isomers, using copper the activity versus the R-isomer remains at 
85 %, while versus the S-isomer it decreased below 60 %. Using cobalt, 
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the situation is the opposite, versus the S-isomer the activity decreased 
to 70 %, while the activity versus the R- decreased to 60 %. 

Using the VS biocatalyst blocked with Gly, the treatment with zinc 
salts promoted the activity versus p-NPB to increase by <10 %, versus 
triacetin by almost 20 %, while the activity decreased versus both 
methyl mandelates. This effect of the zinc phosphate on enzyme activity 
and specificity is fully different to that found using octyl biocatalysts, 
where the activities decreased versus all substrates except triacetin. 
Using copper salts, the activity significantly decreased versus p-NPB (by 
23 %) and R-methyl mandelate (by one third), remaining similar versus 
triacetin and S-methyl mandelate. The treatment with cobalt salts pro
duced a slight increase on the activity versus p-NPB (by >6 %), 
increasing almost by 20 % versus triacetin, with a similar decrease in the 
enzyme activity versus both isomers of methyl mandelate. That way, the 
response to the modification with the different salts of Gly-TLL-VS-octyl- 
agarose is very different to those found using the octyl preparation. This 
could be due to the enzyme distortion caused by the covalent immobi
lization or the interactions of the enzyme with the support. 

Next, we studied the effect of the metal modification of the EDA-TLL- 
VS-octyl biocatalysts activities. The treatment with zinc increased the 
activity versus p-NPB by 15 %, that way the zinc phospate- EDA-TLL-VS- 
octyl activity versus this substrate became similar to that of Zn phospate- 
Gly-TLL-VS-octyl. This treatment produced an increase of the activity 
versus triacetin (lower than 10 %) and R-methyl mandelate (50 %), 
while the activity versus S-methyl mandelate was maintained. When 
copper salts were used, the activity versus p-NPB increased by 10 % and 
versus triacetin by 50 % (becoming more active than TLL-octyl after any 
modification), and it remained unaltered for S-methyl mandelate while 
it decreased by >50 % for the R-isomer. Cobalt salts produced the 
highest increase in activity of this biocatalyst versus p-NPB (by almost 
30 %, becoming the most active biocatalyst versus this substrate), the 
activity versus triacetin increased by 15 %, and the activities versus both 
methyl mandelate isomers decreased. Again, this was different to the 
effect of the mineralization using the octyl-agarose, but also using the 
Gly-TLL-VS-octyl. That means that the enzyme-support interactions 
played an important role on the modulation of the enzyme mineraliza
tion effects. 

The effects of the modification of TrisEAE-TLL-VS-octyl biocatalyst 
offers a different picture. Zinc phosphate treatment again increased the 
activity versus p-NPB (by 18 %), maintaining the activities versus tri
acetin and R-methyl mandelate, while decreasing the activity by S- 
methyl mandelate (by almost 50 %). The copper treatment reduced the 
activity versus p-NPB (by >10 %), versus triacetin (by >30 %) and 
versus R- (by >15 %) and S- (by >40 %) methyl mandelate. Finally, the 
treatment with cobalt salt produced the highest increase in the activity 
versus p-NPB for this biocatalyst (over 20 %) and it also increased the 
activity versus triacetin (by 12 %), while it decreased the activity versus 
both methyl mandelate isomers, especially versus the S-isomer (main
taining only 14 % of the initial activity). In all cases, the treatment made 
that the biocatalyst recovered the preference by the R-isomer, in the case 
of the treatment with cobalt, the activities ratio become 5. 

Using Asp as blocking reagent, the treatment with zinc salts 
permitted to increase the activity versus p-NPB (by >11 %), and very 
significantly with triacetin (by 50 %, becoming the most active biocat
alyst versus this substrate). The activity versus the methyl mandelate 
isomers was almost maintained. Using copper phosphate, the activity 
versus p-NPB decreased by almost 40 %, versus triacetin it increased by 
>15 %, versus S-methyl mandelate it was maintained, but versus the R- 
isomer it decreased to 40 %. That way, this biocatalyst hydrolyzes the S- 
isomer twice as quickly as the R-isomer. The modification using the 
cobalt salt produced a small increase in the activity versus p-NPB, but 
the activity versus triacetin increased by almost 35 %. The activities 
versus R-methyl mandelate also increased, by 1.8 fold, while versus the 
S-isomer remained unaltered. 

Also, the modification of Cys-TLL-VS-octyl with the different salts 
offers a new different situation. Using zinc salts, the activity increased by 

>25 % versus p-NPB, almost by 60 % using triacetin, and decreased the 
activity versus R-methyl mandelate (by 20 %) and increased the activity 
versus the S-isomer (by 40 %). Using copper salts, the activity decreased 
versus p-NPB (by <15 %), increased by >40 % versus triacetin, 1.8 fold 
versus R-methyl mandelate and 2 fold versus the S-isomer. Using cobalt 
salts, the activity decreased almost by 30 % versus p-NPB, 5 % versus 
triacetin, but increased by 60 % using R-methyl mandelate and 50 % 
using the S-isomer. 

That way, the effect of the different mineralizations on the enzyme 
activity and specificities strongly depend on the blocking reagent. 
Considering that the enzyme orientation should be identical for all 
biocatalysts and also the number of enzyme-support linkages [96], this 
suggested that the enzyme-support interactions may be very relevant for 
the final effects of the mineralization, without discarding a role of the 
groups in the support in the metal phosphate crystal growth. Moreover, 
the metal phosphate treatment is able to tune the specificities of all the 
analyzed biocatalyst, each treatment favored some substrates while it is 
negative for others. 

Next, we have analyzed the effect of the mineralization on the ac
tivity of both glutaraldehyde biocatalysts (Table 2). Here, the support 
surface is the same for both biocatalysts, but the enzyme orientation of 
the enzyme and the number of enzyme support bonds may be different 
(therefore, also the enzyme conformation) [82,85]. 

The modification with zinc salt of the biocatalyst immobilized at pH 
5 produced a slight decrease on enzyme activity (by almost 15 %) while 
the biocatalyst prepared at pH 8 increased the activity by 50 %. Using 
triacetin as substrate, zinc mineralization did not present a relevant ef
fect on enzyme activity, for the enzyme immobilized at pH 5 it increased 
by >3 %, while for the enzyme immobilized at pH 8 it increased by 10 %. 
Using the mandelate esters, the enzyme immobilized at pH 5 decreased 
the activity by almost 50 % for the R-isomer, and by 27 % for the S- 
isomer. The enzyme immobilized at pH 8 almost maintained the activity 
versus the R-isomer (from 9.1 U/g to 8.9 U/g), but it significantly 
decreased its activity versus the S-isomer (to just over 35 %). The 
modification with copper salt promoted a significant increase of the 
activity versus p-NPB of the enzyme immobilized at pH 5 (by >50 %) or 
at pH 8 (by 60 %), also the activity versus triacetin increased (by almost 
75 % for the enzyme immobilized at pH 5 and by 15 % for the enzyme 
immobilized at pH 8). The activity versus R-methyl mandelate was 
strongly reduced, to 22 % using the enzyme immobilized at pH 5 and to 
45 % for the enzyme immobilized at pH 8, and versus the S-isomer the 
results were also negative: the activity decreased to 40 % for the enzyme 
immobilized at pH 5 and to 30 % using the enzyme immobilized at pH 8. 
The modification with cobalt salts produced a decrease in the activity 
versus p-NPB of the enzyme immobilized at pH 5 (to 56 %) while it 
produced an increase for the enzyme immobilized at pH 8 (almost by 20 
%). The activity versus triacetin of the enzyme immobilized at pH 5 
remained unaltered, while the enzyme immobilized at pH 8 increased its 
activity versus this substrate by 50 % (becoming higher than the coun
terpart immobilized at pH 5). The activity versus R-methyl mandelate 
decreased due to this treatment, to 32 % for the enzyme immobilized at 
pH 5 and to 11 % for the enzyme immobilized at pH 8. Furthermore, the 
activity versus the S-isomer decreased by this mineralization, to <55 % 
for the enzyme immobilized at pH 5 and to around 33 % for the other 
biocatalyst. 

Again, the effects of the mineralization strongly depended on the 
used biocatalysts. In this instance, the support surface is exactly the 
same, but the orientation and the number of enzyme linkages may be 
different. However, in all cases the mineralization permits to alter the 
enzyme specificity, increasing or decreasing the activity versus some 
substrates depending on the metal and the immobilization protocol. 

Combining salts and immobilization protocol, it seems that the po
tential of TLL mineralization to tune the enzyme features may become 
really impressive. 
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3.1.3. Effect of the mineralization on enzyme stability 
Fig. 4 shows the inactivation courses of the differently biocatalysts of 

TLL-octyl-agarose. As it has been previously reported [70], the stability 
of the enzyme strongly improved after modification with Zn2+, while 
Cu2+ even promoted a slight destabilization and Co2+ treatment almost 
did not present any significant effect. 

Using Gly-TLL-VS-octyl (Fig. 5a), Zn2+ treatment is also the most 
stabilizing treatment, however, the stabilization obtained using Co2+ is 
more significant than using the octyl biocatalyst, while Cu2+ maintained 
its destabilizing effect. Moving to EDA-TLL-VS-octyl (Fig. 5b), the results 
show that all salt treatments had no significant effects on enzyme sta
bility. For TrisEAE-TLL-VS-octyl (Fig. 5c), all modifications presented a 
destabilizing effect, only relevant for Cu2+ that became a very destabi
lizing treatment for this enzyme formulation. Asp-TLL-VS-octyl (Fig. 5d) 
offered a new picture; now Co2+ and Zn2+ mineralization exhibited a 
strong stabilizing effect, very similar, while Cu2+ showed a small 
destabilizing effect. The situation is similar for Cys-TLL-VS-octyl 
(Fig. 5e), although in this case the destabilizing effect of Cu2+ miner
alization is clearer. That way, as it occurred with the activity effects of 
the mineralization, the effects on enzyme stability of this enzyme 
modification strategy strongly depend on the blocking reagent (which 
alters the enzyme structure [96]). 

The inactivation courses of the glutaraldehyde preparations are 
showed in Fig. 6. For the enzyme immobilized at pH 5 (Fig. 6a), Zn2+

and Co2+ treatment produced a strong stabilization, while Cu2+ pro
duced a strong destabilization. If the enzyme is immobilized at pH 8 
(Fig. 6b), Co2+ is the only mineralization that clearly improved the 
enzyme stability (in a lower extension that for the enzyme immobilized 
at pH 5), Zn2+ almost did not alter enzyme stability, while Cu2+

dramatically destabilized the enzyme. This confirmed that the enzyme 
orientation or number of enzyme-support bonds may be critical to 
determine the effect of the mineralization on the enzyme stability. 

3.2. The case of CRL biocatalysts 

3.2.1. Immobilization of CRL on the different supports 
Fig. 5S shows the immobilization course of CRL on octyl-agarose. 

Around 80 % of the enzyme activity became immobilized in 2 h. The 
immobilization of the enzyme on octyl-VS maintained the immobiliza
tion yield in 80 % (Fig. 6S), and also the immobilization yield was very 
similar on glutaraldehyde at pH 5 and 8 (Fig. 7S). 

Table 3 shows the activities of the different biocatalysts versus the 4 
model substrates. CRL-octyl had the highest activity versus p-NPB, >11 
fold higher than versus triacetin. That activity was <5 fold lower than 
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Fig. 5. Inactivation course of different TLL-VS-octyl biocatalysts modified with metallic salt/sodium phosphate: (a) Gly-TLL-VS-octyl, (b) EDA-TLL-VS-octyl, (c) 
TrisAEA-TLL-VS-octyl, (d) Asp-TLL-VS-octyl, (e) Cys-TLL-VS-octyl. The biocatalysts were inactivated at 75 ◦C, in presence of 10 mM Tris-HCl buffer at pH 7.0. Other 
specifications are described in Methods. Unmodified biocatalyst (open squares and dotted line); biocatalyst modified with ZnCl2/sodium phosphate (solid squares); 
CuCl2/sodium phosphate (solid circles); CoCl2/sodium phosphate (solid triangles). 
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the activity versus R-methyl mandelate. The activities ratio with both 
isomers was almost 2.8. 

The use of Gly-CRL-octyl biocatalyst permitted to greatly increase 
the activity versus p-NPB (by almost 2.9), while it promoted a drop in the 

activity versus triacetin (from >49 U/g to 0.7), slightly reducing the 
activities versus both isomers of methyl mandelate. Blocking the bio
catalyst with EDA gave 2.4 higher p-NPB activity than the octyl bio
catalyst, lowering the activity versus triacetin to 1 % and for R-methyl 
mandelate to 45 % and to 87 % for the S-isomer. The use of TrisAEA gave 
an increase on the p-NPB activity of 1.6 compared with the octyl prep
aration. The activity with triacetin was of only 0.3 U/g. Using R-methyl 
mandelate the activity decreased to <45 %, while with the S-isomer the 
activity marginally increased. Blocking the biocatalyst with Asp pro
duced a biocatalyst 3 fold more active than the octyl biocatalyst using p- 
NPB, it reduced the activity versus R-methyl mandelate (to 64 %) while 
it slightly increased the activity versus the S-isomer (by a 5 %). Again the 
activity versus triacetin was strongly affected, maintaining only 0.7 U/g. 
The blocking with Cys gave an increase in activity versus p-NPB of 1.8 
fold. The activity versus triacetin suffered a drop, maintaining only 0.3 
U/g, while the activity versus R-methyl mandelate decreased by one 
third and the activity versus the S-isomer increased by >10 %. That way, 
the activities of the different biocatalyst prepared in octyl (VS) support 
were greatly different. Explanations for these results may be as described 
above for TLL. Again, we have built biocatalysts having different func
tional properties. 

Focusing on the glutaraldehyde biocatalysts, the activity versus p- 
NPB was not very different for both biocatalysts, and it was 30–40 % 
higher than using CRL-octyl. The activity versus triacetin was higher for 
the biocatalyst immobilized at pH 5 than at pH 8 (35 % higher), but 
lower than the enzyme immobilized on octyl agarose (by >25 %). Both 
glutaraldehyde biocatalysts hydrolyzed the S- methyl mandelate more 
rapidly than the R-methyl mandelate. The enzyme immobilized at pH 5 
was less active with both isomers (around 80 %) than the octyl prepa
ration. However, the enzyme immobilized at pH 8 was less active versus 
the R-isomer than the octyl preparation (by >10 %), and more active 
versus the S-isomer (2.8 fold). That way, enzyme specificity and enan
tiospecificity were very different for the different biocatalysts. Again our 
objective has been accomplished. 

Next, the enzyme stability of the different CRL biocatalysts was 
compared. Fig. 7 shows the inactivation courses of the different CRL- 
biocatalysts. CRL-octyl is the least stable biocatalyst, being the 
enzyme immobilized on glutaraldehyde at pH 8 less stable than the 
enzyme immobilized at pH 5, even though at pH 8 a higher number of 
enzyme-supports bonds may be expected. This suggests that the immo
bilization pH may alter the enzyme orientation on the support, as 
enzyme orientation also alters the effects of the immobilization on 
enzyme stability [84–87,89,90,92–94,113], and the immobilization 
achieved at pH 5 seems to involve more relevant areas for the enzyme 
stability [114,115]. The VS-octyl biocatalysts stabilities are in between 
the glutaraldehyde and the octyl biocatalyst, without too large differ
ences (the blocking with TrisAEA produced the least stable biocatalysts, 
while the blocking with Gly gave the most stable preparation). 

That way, again the functional properties of the different biocatalysts 
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Fig. 6. Inactivation courses of differently mineralized TLL-Glu biocatalysts immobilized at (a) pH 5.0 and (b) pH 8.0. The biocatalysts were inactivated at 75 ◦C, in 
presence of 10 mM Tris-HCl buffer at pH 7.0. Other specifications are described in Methods. Unmodified TLL-Glu (open squares and dotted line); TLL-Glu modified 
with ZnCl2/sodium phosphate (solid squares); CuCl2/sodium phosphate (solid circles); CoCl2/sodium phosphate (solid triangles). 
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Fig. 7. Inactivation courses of different CRL biocatalysts in 10 mM Tris-HCl 
buffer at pH 7.0 and 70 ◦C. Other specifications are described in Methods. 
CRL-octyl (solid square and solid line); Gly-CRL-VS-octyl (solid rhombus and 
solid line); EDA-CRL-VS-ocyl (solid circles and solid line); TrisAEA-CRL-VS- 
octyl (solid triangles and solid line); Asp-CRL-VS-octyl (open squares and 
dotted line); Cys-CRL-VS-octyl (open rhombus and dotted line); CRL-Glu (pH 
5.0) (open circles and dotted line); CRL-Glu (pH 8.0) (open triangles and 
dotted line). 

Table 3 
Mass activity (immobilized biocatalyst) of different CRL biocatalysts versus 
different substrates: 50 mM R- or S-methyl mandelate (pH 7 and 25 ◦C), 50 mM 
of triacetin (pH 7 and 25 ◦C) and 1 mM of p-NPB (pH 7 and 25 ◦C). Experiments 
were performed as described in methods.  

Biocatalysts Activity (U/g) 

p-NPB Triacetin R- 
Mandelate 

S- 
Mandelate 

CRL-octyl 614.3 ± 36.7 49.3 ±
2.4 

10.8 ± 0.5 3.9 ± 0.9 

Gly-CRL-VS-octyl 1761.0 ±
58.6 

0.7 ±
0.03 

9.2 ± 0.5 3.4 ± 0.2 

EDA-CRL-VS-octyl 1461.5 ±
28.3 

0.5 ±
0.03 

4.9 ± 0.2 3.4 ± 0.2 

TrisAEA-CRL-VS- 
octyl 

995.8 ± 14.5 0.3 ±
0.01 

4.8 ± 0.2 4.0 ± 0.2 

Asp-CRL-VS-octyl 1875.6 ±
91.68 

0.7 ±
0.03 

6.9 ± 0.3 4.1 ± 0.2 

Cys-CRL-VS-octyl 1129.9 ±
49.7 

0.3 ±
0.01 

7.2 ± 0.2 4.4 ± 0.1 

CRL-Glu (pH 5.0) 844.4 ±
25.69 

36.8 ±
1.8 

8.1 ± 0.5 8.8 ± 0.4 

CRL-Glu (pH 8.0) 825.9 ± 10.8 27.1 ±
1.4 

9.6 ± 0.5 11.1 ± 0.5  
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were quite different, and these biocatalysts were used for mineralization 
using diverse salts. 

3.2.2. Effect of the treatment with metal phosphate of the different 
biocatalyst on enzyme activity 

The different biocatalysts were treated with the different salts, 
Fig. 8S shows that the colors were similar to those observed using TLL. 
Table 4 offers the effect of the mineralization of the biocatalyst on their 
activities versus the different substrates. 

Starting with CRL-octyl, the use of zinc salts produced an increase of 
its p-NPB activity by around 10 %, it decreased the activity versus tri
acetin by 30 % and versus both methyl mandelate isomers by around 10 
%. Using copper salts, the increase on the activity with p-NPB is almost 
15 %, activities versus triacetin and R-methyl mandelate are fairly 
maintained and the activity versus S-methyl mandelate decreased by 
almost 20 %. Cobalt phosphate mineralization increased the activity 
versus p-NPB (by <5 %), and decreased the activity versus triacetin (to 
83 %), R- (to 88 %) and S- (to 75 %) methyl mandelate. 

The situation is different using Gly-CRL-VS-octyl, the modification 
with zinc phosphate had marginal effects on the enzyme activity, 
slightly decreased the activity versus p-NPB and S-methyl mandelate (to 
95 %), it maintained the activity versus triacetin, and increased the 
activity versus R-methyl mandelate (by 5 %). The use of copper salts also 
produced marginal effects on the biocatalysts features, while cobalt 
mineralization increased the activity versus p-NPB (by 12 %), R- and S- 
methyl mandelate (by >7 %), while the activity versus triacetin 
remained unaltered. Similar small increases or decreases in activities 
could be detected for the other CRL-VS-octyl biocatalysts, never 
exceeding 15 %. It seemed that the mineralization presented a much 
smaller effect for these CRL biocatalysts than when using TLL. 

The changes on enzyme activity induced by the mineralization using 
the glutaraldehyde biocatalysts were clearer. The enzyme immobilized 
at pH 5 slightly decreased its p-NPB activity after zinc mineralization, 
while the enzyme immobilized at pH 8 slightly increased its activity. 
Using triacetin, the enzyme immobilized at pH 5 increased its activity by 
33 %; if the enzyme was immobilized at pH 8, the increase on the ac
tivity is by 65 %. If R-methyl mandelate was used as substrate, the ac
tivity of the enzyme immobilized at pH 5 marginally increased, while 
the enzyme immobilized at pH 8 decreased its activity by >5 %. Using 
the S-isomer, the enzyme immobilized at pH 5 increased the activity 
after this mineralization by 8 %, while if the immobilization was per
formed at pH 8, the activity decreased to <80 %. 

Analyzing the effects of the copper salts treatment, the activity versus 
p-NPB decreased almost by 10 % for the enzyme immobilized at pH 5, 
while the enzyme immobilized at pH 8 lost one third of the activity. 
Using triacetin as substrate, the enzyme immobilized at pH 5 decreased 
the activity to <50 %, the other biocatalyst only lost 10 % of the activity. 
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Fig. 8. Inactivation courses of differently mineralized CRL-octyl biocatalysts in 
10 mM Tris-HCl buffer at pH 7.0 and 70 ◦C. Other specifications are described 
in Methods. Unmodified CRL-octyl (open squares and dotted line); CRL-octyl 
modified with ZnCl2/sodium phosphate (solid squares); CuCl2/sodium phos
phate (solid circles); CoCl2/sodium phosphate (solid triangles). Ta
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Both biocatalysts decreased their activities versus both methyl man
delate, but more for the S- than for the R-isomer. The activities ratios 
became inverted after the treatment, now the immobilized and copper 
mineralized enzyme preferred the R-isomer. 

Finally, using cobalt salts, the activity versus p-NPB marginally 
increased for the enzyme immobilized at pH 5, the increase is more 
significant for its triacetin activity (by 27 %). For R- and S-methyl 
mandelate, the increase in activity is small (5 and 7 %). The enzyme 
immobilized at pH 8 decreased its p-NPB activity to 85 %, while it 
increased its triacetin activity by 1.65 fold. Using methyl mandelate, the 
activity decreased for both isomers, more for the S-isomer. 

That way, although not as significant as in the case of TLL, the 
combination of immobilization protocol and mineralization salt 
permitted to tune the specificity and activity of immobilized CRL. 

3.2.3. Effect of the mineralization on enzyme stability 
Next, the effect of the mineralization on the biocatalysts stability was 

analyzed. Using CRL-octyl (Fig. 8), all mineralized biocatalysts were 
more stable than the unmodified octyl, being the biocatalyst modified 
with cobalt salts less stabilized than using the other salts and that bio
catalyst modified with zinc salts was the most stable. The situation was 
fairly different using Gly-CRL-VS-octyl (Fig. 9a), where the copper salt 

produced an enzyme destabilization and the stabilization obtained using 
zinc phosphate is much smaller than using the octyl biocatalyst. For 
EDA-CRL-VS-octyl (Fig. 9b), the treatments had a moderate effect on 
enzyme stability, slightly negative, being more destabilizing the 
mineralization using copper. TrisAEA-CRL-VS-octyl (Fig. 9c) stability 
was not affected by the treatments, except using copper, which had a 
negative effect. Asp-CRL-VS-octyl (Fig. 9d) and Cys- CRL-VS-octyl 
(Fig. 9e) was slightly stabilized using cobalt and zinc salts, and 
marginally destabilized using copper salts. 

Moving to the glutaraldehyde biocatalyst, the differences caused by 
the immobilization pH are very clear. While the stability of the enzyme 
immobilized at pH 5 (Fig. 10a) was almost not affected by the miner
alization using cobalt and zinc salts, copper produced a drastic desta
bilization. Using the enzyme immobilized at pH 8 (Fig. 10b), the zinc 
salt produced a clear stabilization, followed by the cobalt salt, while the 
copper mineralization produced an enzyme destabilization, although 
less relevant than using the enzyme immobilized at pH 5. 

That way, the mineralization effect on enzyme stability on immo
bilized CRL strongly depended on the immobilization protocol. In some 
instances, a mineralization protocol produced a great stabilization, 
while in others the same protocol even produced a negative effect. Using 
CRL, the effects may be less significant than using TLL, but they are still 
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Fig. 9. Inactivation course of different CRL-VS-octyl biocatalysts modified with different metallic salt/sodium phosphate: (a) Gly-CRL-VS-octyl, (b) EDA-CRL-VS- 
octyl, (c) TrisAEA-CRL-VS-octyl, (d) Asp-CRL-VS-octyl, (e) Cys-CRL-VS-octyl. The biocatalysts were inactivated at 70 ◦C, in presence of 10 mM Tris-HCl buffer at 
pH 7.0. Other specifications are described in Methods. Unmodified biocatalyst (open squares and dotted line); biocatalyst modified with ZnCl2/sodium phosphate 
(solid squares); CuCl2/sodium phosphate (solid circles); CoCl2/sodium phosphate (solid triangles). 
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very relevant. 

3.3. Operational stability of the biocatalysts in hydrolysis of methyl 
mandelic esters 

Although the objective of this paper was not to optimize any reac
tion, all the biocatalysts were reused 3 times in hydrolysis cycles of 
methyl mandelate hydrolysis (both R- and S-isomers). The activities of 
all biocatalysts were maintained during the 3 cycles over 95 % (nor 
shown results), as expected from the high stability of the octyl-lipase and 
glutaraldehyde-lipase preparations, even the destabilized biocatalysts 
maintained their activities under these mild conditions. Moreover, the 
color induced by the metal was maintained also almost intact after these 
3 reuses. 

4. Conclusion 

The results shown in this paper are new examples on the power of 
enzyme immobilization to tune enzyme functional features, including 
examples where the only difference is the final physical interactions 
between enzyme and support (i.e., octyl-vinyl sulfone biocatalysts 
blocked with different reagents). Now, we have clearly shown how the 
immobilization protocol determines the effect on enzyme functional 
properties of enzyme mineralization using metal phosphates. This oc
curs even if the only difference between the different biocatalysts is the 
groups located surface of the support, and therefore, the enzyme-support 
interactions. Changes on enzyme stability or activity versus a specific 
substrate caused by the mineralization using a specific metal salt may be 
positive or negative depending on the immobilization protocol. In the 
used examples, TLL seems to be more responsible to these changes than 
CRL, but in both cases the differences are significant enough. This means 
that to select the best immobilization protocol/enzyme/mineralization 
protocol, the researcher should analyze the final enzyme features in the 
specific process where the enzyme will be utilized (substrate, reaction 
conditions). 

This simple strategy opens the door to integrate enzyme immobili
zation and enzyme mineralization to increase the library of biocatalysts 
from a single lipase that can be available to optimize each specific 
process. Moreover, this suggests that the results obtained by minerali
zation of a specific immobilized biocatalyst cannot be directly extrap
olated to other biocatalysts. 

The use a wide battery of metals and immobilization protocols can 
permit to “create biocatalysts” adequate for many processes, even if the 
original enzyme does not look very adequate for the specific process 
[47,116]. 

It could be highly interesting to investigate the different structural 
changes that the enzyme can adopt as consequence of its interaction 
with the different support surfaces, as this can give some clues of the 
reasons for the different activities and stabilities of the biocatalysts [96]. 

The potential of biophysical, physic-chemical and spectroscopic tech
niques to advance in the structural analysis of immobilized enzymes and 
understand the structure-function relationship of the enzymes is 
advancing very rapidly and their potential (today still they have some 
limitations) [117,118], to improve the understanding the phenomena 
that determine the final properties of the immobilized enzyme may open 
new opportunities in the development more controllable and efficient 
immobilization process [117–126]. Although the future of these tech
niques gives us a reason to be optimistic, the current scenario is they are 
still far from can purpose a clear finger-printing that can explain the 
functional features of an immobilized enzymes. 
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