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Abstract

Lipase adsorption on solid supports can be mediated by a precise balance of electrostatic
and hydrophobic interactions. A suitable fine-tuning could allow the immobilized enzyme
to display high catalytic activity. The objective of this work was to investigate how pH and
ionic strength fluctuations affected protein-support interactions during immobilization via
physical adsorption of a Candida rugosa lipase (CRL) on MgFe;Os. The highest amount of
immobilized protein (IP) was measured at pH 4, and an ionic strength of 90 mM. However,
these immobilization conditions did not register the highest hydrolytic activity (HA) in the
biocatalyst (CRLa@MgFe,0,), finding the best values also at acidic pH but with a slight
shift towards higher values of ionic strength around 110 m A. These findings were
confirmed when the adsorption isotherms were examine 1 ur Jer different immobilization
conditions so that the maximum measurements of '™ a.™ not coincide with that of HA.
Furthermore, when the recovered activity was examined, a strong interfacial
hyperactivation of the lipase was detected trwards acidic pH and highly charged
surrounding environments. Spectroscopir stuies, as well as in silico molecular docking
analyses, revealed a considerable invch ement of surface hydrophobic protein-carrier
interactions, with aromatic aminoac'ds, especially phenylalanine residues, playing an
important role. In light of these fir.d’ny., this study significantly contributes to the body of
knowledge and a better u-dersianding of the factors that influence the lipase

immobilization process on iMmayetic inorganic oxide nanoparticle surfaces.

Keywords: ionic stre.gin; lipase immobilization; interfacial hyperactivation; adsorption;

hydrophobic interactions.



1. Introduction

Enzyme immobilization is the process that involves both a conformational change and a
complete or partial restriction of the degrees of freedom of biocatalyst movement, because
of its binding or anchoring to physical support. The biocatalyst must retain its entire or
partial catalytic activity after the immobilization process to produce an active and efficient
system. In this line, enzyme immobilization onto solid supports could allow easy reuse of

these biocatalysts, whose production and purification are usually expensive [1].

The enzyme simple adsorption on solid substrates methocology has been the easiest,
cheapest, and simplest to implement [2]. During enzyme con:an.2nt in a solid surface, a
solid-liquid interface forms a microenvironment relativz . e surrounding aqueous
solution that can affect protein structure and activity (3). 'n addition, the solid surface
exerts an electrostatic field that could affect the bekavicr of the solvent molecules, buffer

salts, substrates, products, and even the same enzvr:s |=_.

Among the most widely used enzymes at in wn.uustrial level, the lipases (triacylglycerol
ester hydrolases, EC 3.1.1.3) are enz_'mes that catalyze the hydrolysis of ester bonds
present in acylglycerols [5]. These vnzymes display their full catalytic capability linked to
lipid-water interfaces; as a result, v/n-..> they contact with the aforementioned interface, they
produce an activity greater thin Mat shown in the aqueous phase, a process known as
interfacial activation. This nicaess is mediated through a conformational change involving
a chain of hydrophobic «mirv acids (lid) that can cover the active site of the enzyme
(closed conformatinn) or :xpose it (open conformation) [6]. Considering this behavior,
electrostatic and hydro yhobic interactions drive protein-support interaction in the lipase
immobilization process [7]. These enzymes tend to increase their relative activity when
they are selectively adsorbed on hydrophobic supports since they can recognize surfaces
similar to their natural substrates, and thus undergo interfacial activation during
immobilization [8,9]. However, the hydrophobicity of the support is not a dominant
parameter in the lipase immobilization efficiency; since the polarity of the enzyme

microenvironment has a strong impact on the protein-support interaction [10].

In this sense, the lipase adsorption phenomenon to different supports is strongly

determined by the pH and the ionic strength of the reaction medium [11]. The pH



determines the nature of the charges present in the support and in the immobilized protein,
which will depend mainly on its isoelectric point. In this way, pH modification influences
the formation of electrostatic-type interactions and lipase-support hydrogen bonds [12].
Instead, variations in ionic strength impact the surface ionic bacchants of proteins and
supports by exerting a shielding effect through the ions present in the solution. [13]. As a
result of the ion competition, increases in ionic strength weaken electrostatic interactions
between proteins and the support, favoring the formation of hydrophobic contacts. The
latter is mostly owing to the necessity to stabilize the most hydrophobic portions of the
protein that are exposed as a result of protein dehydration, >s the surrounding water

molecules are involved in the hydration of salt ions [14].

Magnetic inorganic particles constitute one of the surrorts most used for enzyme
immobilization since they provide some advantages s.'cn as small particle size, super-
paramagnetism, and a large specific surface arew [L; Among the different magnetic
particles, mixed iron oxide nanoparticles (ICN™s) nave gained a lot of attention for their
efficient support properties and easy recuve "y v ‘ith the assistance of a magnetic field [15].
These compounds are featured by the p.~sence of multiple surface ionizable hydroxyl
groups, which are widely employer to ~nchor new chemical groups. Indeed, it is usual to
functionalize IONPs for enzym~*ic ™ mobilization using organic and inorganic chemicals
to avoid nanoparticle aggrecaticn, limit interactions with system components, and add
chemical groups to facilitate ~nzyme binding. This allows for the creation of a wide range
of protocols and methoac'ogies for biocatalytic systems [16-19]. However, research into
direct interactions bew 'een "naked" IONPs and immobilized enzymes is currently incipient
and little explored [20,21].

The aim of this work was the study of support-protein interactions in the adsorption of
Candida rugosa lipase (CRL) on MgFe,O,4 nanoparticles. This novel support is a cubic
spinel ferrite nanoparticle, synthesized by our work group through a thermal decomposition
process of an inorganic precursor. It was previously used as a support for lipase
immobilization through covalent bonds demonstrating utility in the manufacture of
biodiesel [22] and the enrichment of fish oil polyunsaturated fatty acids content [23].

Besides, this support was recently used in the immobilization by adsorption of lipase



enzyme aggregates (CLEAS) [24]. Following this line of work, the present paper strongly
focuses on the study of protein-support surface interactions to improve catalytic activity by
controlling the environment involved in the immobilization process. The influence of pH
and ionic strength on this was explored using a response surface methodology, which,
unlike "one factor at a time™ studies, provides for a full evaluation of the interaction
between the variables under consideration. Although these statistical designs are generally
utilized as response optimizers, our work aims to use this tool as a key axis of research to
deep inside the interactions that occur between the enzyme and the support during

immobilization.

2. Materials and Method
2.1. Chemicals and reagents

CRL (LT1754), bovine albumin (BSA), Cor.i.~ssie Blue G-250, p-nitrophenylpalmitate
(p-NPP), and pentacyanonitrosil ferrate sa''s wecre purchased from Sigma-Aldrich. All
organic solvents (Sintorgan S.A.) w e used without further purification. Chemical
substances intended for buffer prepa-ation (Na,HPO,4, NaH,POy,, citric acid, sodium citrate,

NaHCO3 and H,CO3) were purche ses from Cicarelli.

2.2. Lipase immobilization
2.2.1. Support synthesis

The synthesis of M Fe, D, used as support for lipase immobilization was carried out by
thermal decomposition of Mg[Fe(CN)sNO]-4H,0 [25]. Platinum crucibles with the solid
inorganic complex were placed in a muffle furnace (Furnace DM 40, Zhemack technical)
with programmed temperature ramps, for 5 h until reaching 650°C, and then allowed to
stand for 12 h at room temperature. In the end, the solid obtained corresponded to MgFe,0,4
or magnesium ferrite. The synthesis of the precursor inorganic complexes as well as the
study of the thermal decomposition until obtaining the mixed oxide has been previously

studied in a work carried out by our group [22].

2.2.2. Response Surface Methodology



Using the DesignExpert®11 software, a response surface methodology (RSM) was
proposed using a central composite design (CCD), to study the effect of pH and ionic
strength on the immobilization of C. rugosa lipase onto MgFe,O,4 by physical adsorption.
The responses used to evaluate the design were: immobilized protein, hydrolytic activity,
specific activity, Gibbs free energy, immobilization yield, and recovered activity. Two
levels (+1 and -1) were selected for each factor, plus a central point (0) with pH values of 4,
6, and 8, while for the ionic strength of 50, 100, and 150 mM, obtaining a total of 20 trials
with duplicates included (Supplementary Material - Table S1). For the adjustment of the
different conditions of pH and ionic strength, the following tu*fers with the appropriate
molarity were used: citrate for pHs 3 and 4; phosphate for p.4s 6 and 8, and carbonate for
pHs higher than 8. The general immobilization protocni to .arry out the process was at
25°C with constant agitation for 18 h. Additionally, *~= ;~itial protein concentration in all
assays was 35 pg/mL, always maintaining a 1:9 (m/.} ratio of support: enzyme solution.
The immobilized biocatalysts obtained at the :nr. nf the process (CRLa@MgFe,O4) were
recovered magnetically and washed twice *~iv: distilled water.

2.2.3.Protein determinations

Lipase activity was measured Ls'n¢ p-nitrophenol palmitate (p-NPP) as substrate [26].
Free (100 pL) or immobilized ‘ipasc (0.005 g) was dissolved to a final volume of 1 mL in
the following reaction mix:ire: 100 mM pH 7 phosphate buffer, 0.01% w/v gum Arabic,
0.4% w/v Triton X-100_ a1, = mM p-NPP. This was gently stirred at 37°C for 10 minutes
and then was centr.'ae™ for 30 s (10,000 rpm) to separate the supernatant from the solid in
the immobilized enz:#ne. The p-nitrophenol (p-NP) released as a result of enzymatic
hydrolysis was quantified spectrophotometrically at 405 nm. One unit of international
enzyme activity (IU) was defined as the amount of biocatalyst that released 1 umol of p-NP
per minute under standard conditions described for the assay.

Bradford’s methodology [27] was used for protein quantification using bovine serum

albumin (fraction V) as standard.

2.2.4. Immobilization parameters



The amount of immobilized protein (IP) on MgFe,O4 (mg protein/mg support) was
calculated according to the following equation:

Venz(CO - Cf)
m

IP =

Where Ven; is the volume of the enzymatic solution in mL, Cy is the initial protein
concentration (mg/mL), C; is the residual concentration of protein in solution after the
immobilization process (mg/mL) and m is the mass of the support (mg).

The specific activity (SA) (IU/mg protein) was calculated as the ratio between the
lipolytic activity in the biocatalyst (IlU/mg protein support, ‘HA) and the amount of
immobilized protein (IP).

For its part, the Gibbs free energy (kJ/mol) was deterrnincd according to the following
equation:

_IP

Ce

With R as the universal gas constant /8.714 x 10 kJ/mol.K), T is the absolute

AG = —RTInK, - K,

temperature (298.15 K) and K. is the eruihdrium constant. K. was determined as the ratio
between the amount of protein immobilize' protein (IP) and residual protein concentration
(Ce) at equilibrium.
The immobilization yield (1Y}, e~ Jetermined according to the following equation:
EA, — EAf
EA,

Where EAp and EAr a2 Lie enzymatic activities of the solution before and after enzyme

1Y (%) = ( )v, .90

immobilization (1U/n."' ), respectively.

Finally, the recove <d activity (RA) expressed as a percentage was calculated as follows:

RA(%) = x 100

Where HA is the hydrolytic activity of the biocatalyst (IU/mg support) y IU; is the
activity of the soluble enzyme before immobilization (IU/mg support) and 1Y is the

immobilized yield described above.

2.2.5. Stability tests



Comparative stability studies were carried out between the free and immobilized lipase
as a function of temperature, pH, and different organic solvents. The temperature range
evaluated was 30-80°C and the samples were prepared in 50 mM pH 7 phosphate buffer.
The pH was evaluated from 2 to 10 and the samples were left to stand at room temperature
(near 25°C). Finally, the samples were exposed at 25°C to the following organic solvents
(50% v/v): methanol, ethanol, propanol, butanol, ethyl acetate, acetone, and hexane. The
incubation times of all the samples under different conditions was one hour. After this
period, the residual activity of the biocatalyst was measured taking into account the
conditions detailed above (Section 2.2.3.). In all cases, the resic.~l activity observed in the
different catalytic systems was calculated considering 10C% cf the enzymatic activity

determined under standard conditions.

2.3. Physic-Chemical characterization
2.3.1. Adsorption isotherms

The effect of initial protein loading or the immobilization process was examined. The
adsorption conditions in terms of pH onu ionic strength were set based on the results
obtained in the CCD, while the othe: factors were kept as those described above (Section
2.2.2.). The experimental data outuicd from the protein adsorption equilibria for the
different conditions were fitt"d t non-linear models for the Langmuir (Eq. 1) and

Freundlich (Eq. 2) isothermr.< whose equations are described below:

__ 9max-Ce

e = KL +Co Eqg. 1
1

e = Kp.C" Eq. 2

Where ¢, is the adsorption capacity at equilibrium (mg protein/mg support), Ce is the
residual mass of protein per unit volume in the lipase solution (mg protein/mL), Qmax IS the
maximum adsorption capacity of the support, K. is the Langmuir constant which is related
to the adsorption energy (mL/mg protein), Kg is the Freundlich isotherm constant (mL/mg
protein) and n is the Freundlich exponent (dimensionless).

Previous equations were also adapted to describe the equilibria in terms of the hydrolytic

activities measured before and after the immobilization process:

Ae:M Eqg. 3

Ki+ae



1

A, = Kp.a? Eq. 4
Where A. is the hydrolytic activity recorded on the support at equilibrium (1U/mg
support), a. is defined as the residual activity per mg of support in solution after
immobilization (IU/mg support), gmax IS the maximum activity hydrolytic that could be
found in the support according to the model (1U/mg support).
The choice of the type of isotherm that best describes the adsorption process on both
supports was based on the determination of the correlation coefficients (R?) from the non-

linear regressions in both models.

2.3.2.Surface charge

The measurements of surface charge by { potentia' o1 e nanoparticles studied were
carried out using a DLS SZ-100 Horiba. Dispersions of 1 e nanoparticles (0.5 mg/mL) were
made in buffer solutions of different pH anc ionic strengths. Before taking the
measurements, all the dispersions were sonicatc t fuor 10 minutes to avoid the formation of
aggregates. The detection angle was 17(° a.d for each of the samples, at least 30

measurements were made in a period of 30 >

2.3.3.Spectroscopical analysis

Attenuated Total Reflect:ince Fourier transform infrared (ATR-FTIR) spectra were
recorded for the different san.~les on a Thermo Nicolet 6700 spectrometer equipped with a
DTGS KBr detector, ¢nd .“Br beam splitter. 1 mg of each sample placed on a crystal was
and the measurements vere obtained using an AMTIR crystal element in a horizontal ATR
cell (Thermo Nicolet, Inc.). FTIR spectra were processed by OPUS 7.0 software.

The Raman spectra for the different samples were measured using a Raman DXR
Microscope (Thermo Fisher Scientific). Data were collected using a solid-state laser from a
532-nm iodine pump using a power of 10 mW (spectral resolution of 5 cm™). A confocal
slit opening of 50 um and a 40X objective was used for data collection. To achieve a high
enough signal-to-noise ratio, 80 laser exposures were made in a time of 6 s that were

accumulated for all samples.

2.4. Insilico analysis



Molecular docking studies were carried out to study the interaction between C. rugosa
lipase and the MgFe,O4. The crystal structure of this enzyme in its open conformation was
obtained from the Protein Data Bank (PDB: 1CRL) [28], and its visualization was
performed using the UCFS Chimera V1.13 software [29]. On the other hand, the structures
of the oxides were generated and optimized using the Gaussian®16 program and the
Crystallography Open Database. They consisted of three-dimensional orthorhombic and
cubic networks obtained by doubling the unit cell along one of the crystal planes. Protein-
support docking studies were carried out using AutoDock 4.2, taking the oxide meshes as

enzyme ligands.

2.5. Statistical analysis
All the samples and assays carried out in this wor': ‘ve-2 performed in triplicate and the
results are reported as the mean and its standard devi.**un (SD). The comparative analyses

were carried out using the Minitab19® softwarr: tr.rough a Tukey's test (o = 0.05).

3. Results and Discussion
3.1. Effect of pH and ionic strengu: on the immobilization process

Protein immobilization by adsc.y . on support would be mediated through a delicate
balance between electrostatic ond 1.ydrophobic interactions. Their appropriate fine-tuning
would allow the exhibition 21 high catalytic activities in the immobilized enzyme [30]. In
this sense, the pH would 'y, a crucial role by controlling the ionization of the acid and
base groups in the cro.~ir. On the other hand, the degree of dissociation of these groups
would also be direct" influenced by the local electrostatic field near the surface, which
would be given by the ionic strength of the surrounding solution [31]. Taking this into
account, in this work the pH and the ionic strength were taken as variables to study the
CRL immobilization by adsorption on the mixed oxide MgFe,O,4 using an RSM. Through a
central composite design (CCD) the statistical parameters calculated based on the
experimental data for each response evaluated are summarized in Table 1 and will be
described in detail in the following sections. The data matrix obtained for all the responses
of the design in all the runs is detailed in Table S1 (Supplemental Material). All of the
statistical estimators ensured strong reproducibility, reliability, and homogeneity in the

10



measured data, as well as an agreement between the practical values and those predicted by
the generated models (Table 1 and Supplementary Material - Table S2). Finally, the
responses were fitted to second-order polynomial equations using the significant variables

and interactions, which are outlined in the Supplementary Material.

3.1.1. Factor influence on immobilized protein (IP) and hydrolytic activity (HA)

Based on the surface graph in Figure 1A, the highest measurements of IP were recorded
at pH 4 and 90 mM of ionic strength. When we compare these results with those obtained
with HA as a response to the design (Figure 1B), the highest H.~ ‘7alues were also recorded
at acid pH but, unlike the IP, the maximum peak measured he 1 a : light shift towards higher
values of ionic strength near to 110 mM. Taking a more g>ner \l viewpoint, we can observe
that the highest IP values were recorded at pH 4 in e (nic strength range of 50 to 120
mM, whereas the greatest HAs were in the region >f 90 to 150 mM. In this way, the
conditions that maximized the amount of IP d:d not coincide with the maximum HA
values. Similar results were reported hy Collu et al. [32] when evaluating the
immobilization of Pseudomonas fluorescrs lipase against different ionic strengths.

Physical adsorption of enzymes typically involves electrostatic and hydrophobic
interactions that contribute in diffe:eat proportions, resulting in a multipoint union between
the protein and the support. El¢ ~tros:atic interactions are favoured during immobilization at
low ionic strengths becaus~ competition between the ions in the medium and the ionic
groups on the enzyme 2na ~'pport surfaces is reduced [33,34]. Meanwhile, in high-ionic-
strength settings, t'\o h,drophobic portions of the protein are exposed due to dehydration
caused by the shield’ag of surface charges by salt ions [35,36]. Thus, under these
conditions, hydrophobic protein-carrier interactions would be favoured. Given the charged
nature of the surface of MgFe,O,, ion exchange is likely to play a key role in protein-carrier
interaction. As a result, increasing ionic strength reduces the number of electrostatic contact
locations with the enzyme. Keeping this in mind, our findings suggest that a higher
proportion of electrostatic interactions mediating lipase binding at low ionic strengths
would allow better IP values to be obtained. At higher ionic strength, however, we found a
decrease in IP measurements as the participation of hydrophobic contacts between the

enzyme and the oxide increased.
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The best IP and HA values observed at pH 4 in our experiments could be attributed to
the enzyme being immobilized in a more favourable spatial orientation, which could
improve its catalytic performance. Recently, Silva Cavalcanti et al. examined the
immobilization of Thermomyces lanuginosus lipase on "naked" iron oxide nanoparticles via
physical adsorption [20]. These authors performed an in-silico study of the enzyme's
surface charge at pH 4 and 8, indicating that at acidic pH, protein-support binding would be
preferred in regions opposing the enzyme's catalytic site. The experimental support for this
idea led them to believe that these conditions allowed for directed immobilization of the
lipase, exposing its active region. CRL has an isoelectric point ..>ar 4.5 [37,38], so, at acid
pH, it has a slightly positive net charge. The occurrence of .vdrphobic interactions with
the support that allows an interfacial activation is mc-e tasible as we approach the
isoelectric point of the lipase and this could be reflectz 1. the highest values of IP and HA
obtained at an acid pH [39]. This behaviour was alsc. sreviously reported by Alves et al.
[40] and Sarno and luliano [41] who found traf in the immobilization of T. lanuginosus
lipase the best records for the amount of prate.n adsorbed was at pH 5, near to its isoelectric
point (4.4). On the other hand, when tre pH increases, it would be expected that the
contribution from electrostatic interactions would begin to unfavourably affect the
enzyme's attachment. This is becarsr., \vinen we are over the isoelectric point, the lipase gets
a net negative charge like the :ippurt surface, leading to electrostatic repulsion [42]. This
can be seen in our results, v.he, ~ the lowest IP and HA values were obtained at pH 8.

Traditionally, acidic h >nJ low ionic strength are the most used conditions to maximize
lipase immobilizat..n y*elds due to two main reasons: the conformational equilibrium of
the lipase is shifted t~wards its open form and the formation of lipase-lipase dimers is
reduced [11,43]. Our studies reveal that these parameters coincided to boost the amount of
IP but not HA. One possible explanation for the reduced activity levels seen at low ionic
strengths is a high density of adsorbed enzyme per support surface, which causes
diffusional limitations [44]. Although a rise in ionic strength reduces the fraction of
immobilized lipases in their open state, they may experience interfacial hyperactivation due
to increased exposure of their hydrophobic residues near the enzyme's active site.
Moreover, at high ionic strength, the exposure of the lipase's hydrophobic areas also

induces protein dimers formation, which would be detrimental to HA. Based on our
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findings, this phenomenon may have been relevant at very high ionic strengths of 150 mM,

when a decline in HA was observed.

3.1.2. Factor influence on specific activity (SA) and Gibbs free energy (4G)

In the case of SA, the lowest computed values were obtained mainly at acidic pH
(Figure 1C), which may imply that a proportion of proteins immobilized are catalytically
inactive. As previously stated, this could be either due to the formation of dimers/protein
aggregates or the high density of enzyme adsorbed on the surface of the oxide. On the other
hand, SA values varied greatly at pH 8, observing the highest o:.c at 100 mM. Despite this,
the lowest values of IP and HA were obtained under the:e conditions, as seen in the
aforementioned results.

When analyzing the design taking the Gibbs free £~=ry'/ as a response (Figure 1D) this
parameter took negative values in all the condition.> evaluated, demonstrating that the
adsorption process occurred spontaneously. A .cr.rding to the literature, AG values in the
range of 0 to -20 kJ/mol correspond to a phvs.~orption bonding process; while values below
-40 kJ/mol would indicate a bonding p. ~ress by chemisorption [45]. In our experimental
data, the AG values ranged betweer, -11.40 and -24.08 kJ/mol, suggesting that physical
forces guided the lipase interactioi. ©sn vigFe,O,4. As expected, the most negative values of
AG coincide with those pointc where the highest IP was recorded, where the adsorption
equilibrium was more shiftcd o lipase adsorption, resulting in a more spontaneous process.

In line with the analr=is o7 AG, adsorption isotherms at 25°C were performed to study
the relationship be. 2e.> the concentration of lipase adsorbed on MgFe,O,4 and its residual
concentration in the =27ueous phase at equilibrium [46]. Two conditions were optimized
from the models generated in the CCD: maximizing IP or HA. The amount of protein at
which the system becomes saturated was determined and the experimental data of the
protein adsorption and activity isotherms were adjusted to the non-linear models of
Langmuir or Freundlich (Figure 2). Table 2 details the conditions given by the CCD to
obtain the maximum values of IP and HA, as well as the theoretical value predicted for
these responses, their desirability, and the practical value obtained under the design

conditions.
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The protein isotherms reflected a high enzyme-support affinity due to the sharp increase
observed at low concentrations and then stabilize at higher ones (Figure 2. A1 and A2). In
all cases, the data fitted the Langmuir model better than Freundlich (Table 2) which is
based on the formation of a molecular layer of adsorbate that interacts with the surface of
the adsorbent with all adsorption points with the same binding energy [47]. In general, the
Langmuir adsorption model is usually the most common by which proteins are adsorbed on
different supports, with previous reports for the immobilization of lipases by physical
adsorption on oxides such as Fe3O4 [48], SiO, [16,49] or CuO [50].

One of the most important data provided by the fit to a Langr...'ir model is the maximum
amount of protein that the support is capable of adsorbing (qm ). Under the conditions
where the IP was maximized, MgFe,O, would be capaile ¢f adsorbing up to 3.888 mg
protein/mg support, while when the conditions were ~e1 *o maximize the HA, the model
predicted a 3.197 mg protein/mg support adsorption \ T=ole 2). In turn, we can notice how
these maximum estimated values after adjust'nc the experimental data to the Langmuir
model were close to those predicted by tr.> model generated from the CCD, and the
practical values obtained experimentally *» standard tests.

When analyzing the activity isourerms (Figure 2. B1 and B2) and the parameters
determined for the adjustment to exci1 ...0del (Table 2), it was observed that these data also
fitted better for a Langmuir mc-'el. 12 the conditions to maximize HA, values near 76 U/mg
support were recorded. It st.ou 3 also be noted that the conditions that enhance HA consider
ionic strengths greater thai, 1)0 mM, where hydrophobic interactions between the protein
and the support wel'd o= "naximized. These experimental observations once again confirm

that there was no corre! ation between the maximum IP and the maximum HA.

3.1.3. Factor influence on immobilization yield (1Y) and recovery activity (RA)

The 1Y reflects the percentage of theoretical activity that would be retained on the
support based on the drop-in activity measured in the supernatant before and after the
immobilization process. As can be seen in the surface graph in Figure 1E, the behavior of
this response showed a strong dependence on both the pH and the ionic strength and their
interaction (p < 0.05; Table 1). The highest 'Y was recorded at the extreme points of the

statistical environment analyzed, showing a curvature towards minimum values of the
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response when working in intermediate conditions of pH and ionic strength, reflecting the
statistical significance that the quadratic terms had in the model (Table 1). It was
interesting to observe how a high 1'Y was obtained at pH 8, comparable to those recorded at
pH 4, even though, as previously observed, their IP and HA records were considerably
lower. This may be because, during the adsorption of the enzyme to the support at pH 8,
conformational changes would produce in the lipase, altering its stability and compromising
its catalytic capacity. As the results described above indicate, only a small amount of
protein was adsorbed under alkaline conditions. In previous works carried out by our
working group, we observed that the stability of the lipase of C. " 'gosa decreases rapidly at
alkaline pH [22] so it is likely that a proportion of lipases th.t reinained in the supernatant
after immobilization was not catalytically active, which 'wou'd lead to higher 1Y values,
thus overestimating the real value. At pH 4, we can 2~e how the 1Y reduced as the ionic
strength increased. These findings are congruent wit. tie IP measurements (Figure 1A),
which revealed that the lowest levels of adsorb :d protein were seen at high ionic strengths.
Thus, the 1Y values at acidic pH are most! e.-olained by an enzyme adsorption process on
the support. When these results were co.mrared to the HA values at pH 4 (Figure 1B), the
lowest 1Y coincided with the greate.t HA values, which could suggest activation of the
immobilized lipase.

On the other hand, RA refl-cts (e percentage of the activity recorded in the adsorbed
enzyme concerning that is theoretically lost in the enzymatic solution used for
immobilization [51]. ' Mi, way, values less than 100% would indicate that the
immobilization pro..~ss *would affect the catalytic capacity of the enzyme, while at higher
values we would be i» the presence of enzyme activation. The surface plot represented in
Figure 1F shows a marked increase at 150 mM and pH 4. As can be seen in these
conditions RA was slightly lower than 2000% reflecting a clear hyperactivation of the
enzyme. In the rest of the conditions, RA showed values close to 100%, registering the
lower ones when the immobilization was carried out at pH 8. This behavior suggested an
enzymatic inactivation process probably due to conformational changes in the tertiary
structure of the enzyme that compromised its catalytic capacity [52]. The statistical
parameters of the design showed that both factors studied were significant in the response
(p < 0.05; Table 1) with positive statistical effects for the ionic strength (E = 124.15) and
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negative for the pH (E = -337,71). Thus, the proximity to the isoelectric point of the lipase
was crucial for the occurrence of interfacial activation while variations in ionic strength
towards higher values would reinforce the hydrophobic protein-support interaction leading

to hyperactivation.

3.2. Surface charge

Z potential studies were carried out to determine the net surface charge in the different
systems evaluated (Figure 3A). In terms of lipase surface charge, it exhibited typical
behaviour around its isoelectric point, regardless of ionic streny:h, with positive values at
pH 3 and 4, and negative values at pHs greater than 5. O~ th.: other hand, at 50 mM,
MgFe,0O, exhibited a net negative charge or near neutralit / thr oughout the pH range tested.
This is due to the negatively charged external hydro = yroups that are closely associated
with the surface of this oxide and that come from *“ie hydration water of the reaction
medium. [53]. When we compare these result, . 50 mM to those in Figure 1A, we can
observe that larger IP recordings were obtair,2d at acidic pH, which gradually decreases as
the pH increases. As can also be seen .~ «-igure 3A, the enzyme was positively charged
(close to neutrality) at pH 3 and 4 anu might interact electrostatically with MgFe,O,4. When
the systems were evaluated at 15) .n.vi, the IP peak was observed between pH 5 and 6
(Figure 1A). Analyzing the su:ace charge of the oxide revealed that, like lipase, it acquires
positive values at pH 3 and 4, .“hich means that electrostatic repulsion may occur. Already
at pH 5, the oxide got » neg=tive charge close to 0, implying that it would obtain a neutral
charge between pt. * a4 7, very near to the enzyme's isoelectric point. At pHs higher than
6 the net surface ch='ge of the oxide and CRL was negative at both ionic strengths,
therefore it is probable that electrostatic repulsion phenomena occur hindering CRL
adsorption. The surface charges of the oxide after enzyme adsorption were more positive at
pH 3 and 4 and more negative at pH 5. This could be associated with additional charges
provided by the enzyme. The most negative values were recorded at 50 mM compared to
those at 150 mM probably due to the lower amount of counterions present at low ionic

strengths to neutralize the negative surface charges contributed by the protein.

3.3. Stability studies
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The stability tests and subsequent analysis were conducted using the biocatalyst
produced (CRLa@MgFe,O,4) under the CCD model's settings, which maximized the
amount of immobilized protein (pH 3.5 and ionic strength of 74.09 mM; Table 2). First of
all, Figure 3B showed that CRLa@MgFe,O, was more stable than the free enzyme at a
temperature range of 30-50°C. However, at 60°C, a drop in the residual activity was
observed, which was almost null at 80°C. Similar behavior was observed by Zhuang et al.
[54], who reported that a lipase immobilized on functionalized graphene oxide was less
stable than the free one from 60°C. This increase in stability and temperatures up to 50°C
lies in the conformational rigidity obtained by the enzyme: after its immobilization
increasing the energy needed to induce its denaturation 55] Regarding pH stability
(Figure 3C) the best values of residual activity were -eco-ded at acidic pH, showing
CRLa@MgFe,0O,4 considerably more stable than free “k. This may be directly related to
immobilization conditions. Nevertheless, when movn. (o0 higher pH, the residual activity
fell slightly, possibly due to a progressive clarge of the microenvironment that would
induce conformational changes in the en7:/m\> altering the protein-support interaction and
leading to leakage problems.

Regarding organic solvent toleran.~ the methanol strongly compromised the stability of
CRLa@MgFe,0, (Figure 3D), ur.li'\e iree CRL which keeps up about 50% of activity. A
similar effect was observed i the gresence of butanol. On the other hand, good residual
activities were measured in the nresence of ethanol, propanol, and acetone compared to the
free enzyme, registerine va: e s greater than or near 50% for CRLa@MgFe,Q,. Since short-
chain alcohols, suc w 2thanol, are frequently utilized in transesterification reactions,
resistance to them is ~rucial [44,56]. The improved lipase stability may be attributed to the
creation of a nano environment close to the support, which would prevent the denaturation
of the enzyme. Therefore, the effective concentration of organic solvents in the enzyme's
immediate vicinity is much lower than the concentration of the bulk solution [57,58].
According to the literature, those enzymes bound by hydrophobic interactions tend to be
considered sensitive to environmental disruptions. The presence of electrostatic interactions
would allow firmer adsorption of the enzyme, improving its conformational rigidity by a

multipoint union and increasing its stability [59,60].
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3.4. Spectroscopical analysis
3.3.1. Fourier transform infrared spectroscopy

The FT-IR spectra for MgFe,O4, CRL, and CRLa@MgFe,0, are shown in Figure 4A.
Characteristic peaks for CRL were observed at 1651 and 1537 cm™ and correspond to the
Amide | and Il bands respectively [61]. The intensity of those peaks underwent changes
after the immobilization of the enzyme indicating a conformational change that occurred at
the level of the tertiary structure of the protein [49]. On the other hand, was possible to
observe the characteristic peak of the hydroxyl groups near 3421 cm™, observing a slight
shift towards values of 3222 cm™, suggesting the formation of 1.:xdrogen bonds during the

immobilization process [30,62].

3.3.2.Raman spectroscopy

Figure 4B shows the Raman spectra for the differc~t systems studied. The intense peak
observed for the MgFe,O,4 oxide at 690 cm™ tc ge.her with the weak band at 539 cm™, and
466, 311, and 208 cm™ can be attributed to Ay, Eg, Faq, belonging to the motion of the
oxygen atoms in tetrahedral AO, and oc:2".edral BOg groups, respectively [63]. All signals
are in agreement with the vibrational .~odes previously reported by other works [64].

The most important informatior. r.ei.ved from the analysis of a protein Raman spectrum
lies in the vibrational modes ¢ soc.ated with the amide groups and aromatic amino acids
[65]. For the CRL spectrur® w~ can observe that the band of Amide | was located at 1650
cm™ while that of Amide 't was at 1328 cm™. After immobilizing the enzyme in both
instances, a small ¢, ~ew 21 Shift was noticed at higher wavelengths [66].

Concerning the arnr.iatic amino acids, CRL presents in its structure 5 Trp, 20 Tyr, and
31 Phe [28]. First, Trp residues showed an intense band at 1557 cm™ due to the indole ring,
which is associated with a Fermi resonance that manifested as a doublet at 1360 and 1340
cm™. The intensity ratio recorded at both wavelengths (lisso/l130) gives an idea of the
hydrophobicity of the environment surrounding indole moieties [67]. In our work, the
l1360/l11340 Was 0.8 for CRL, while it increased to 0.9 for the CRLa@MgFe,O,4, which would
indicate that there was an increase in hydrophobicity in the Trp environment.

The peak of maximum intensity at 1557 cm™ corresponded to tyrosine (Tyr) residues

and did not suffer shifts after the immobilization process. On the other hand, Tyr residues
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are characterized by two specific bands of weak to medium intensity around 850 and 830
cm™ and their intensity radio at these wavelengths (lgso/lsso) is indicative of the state of
hydrogen bonds associated with the OH of the ring [68]. In our work, the free enzyme
showed these peaks at 854 and 838 cm™ with an Igss/lgss of 0.76 for CRL, while in the
immobilized lipase, this value was modified to 0.66, which could indicate that phenolic OH
in Tyr in CRL tend to act as a hydrogen-bond donor when interacted with MgFe,O..

The phenylalanine residues in CRL showed one of the most intense bands in the
spectrum at 1034 cm™, which is associated with a characteristic vibrational mode of the Phe
aromatic ring [69]. The Raman intensity for this peak was sigra‘icantly reduced when the
spectrum of CRLa@MgFe,0, was analyzed. This could sug est :hat the lipase adsorption
would be restricting the ability of these amino acids tc emit a signal in the spectrum,
probably because they are strongly involved in the prei~in support interaction.

Another alteration observed in CRL after its immuiinzation was the shift of an intense
band at 710 cm™ towards 702 cm™, which is ¢ssuciated with the asymmetric stretching of
the C-S bond in the Cys residues, possibh’ a.e to a disulfide bond breaking. In this sense,
studies carried out with the lipase frcm Thermomyces lanuginosus suggested that the
isomerization of disulfide bridges bew. ‘een Cys residues would be a key structural factor for
the conformational transition of tt.2 er _yme between its open and closed form [65,70]. In
this sense, the bands between 210 a.id 540 cm™ associated with these bonds were analyzed
before and after the immokili.>tion process. CRL showed a medium-intensity single band
at 523 cm™ characteristi~s ~f the trans-gauche-gauche rotamers of the C-CH,-S-S-CH,-C
fragment. Howeve., C.*! ~@MgFe,O, showed a dramatic conformational change around
one of the S-S bridge< .0 trans-gauche-trans, because of the appearance of a weak peak at

540 cm ! attributed to the frequency v(S-S) fragment.

3.5.  Molecular docking studies

Molecular docking analysis was performed to theoretically observe (in silico) the
interaction between MgFe,0,4 and the CRL. Figure 5A shows the most likely binding point
between a MgFe,O,4 oxide in the lipase structure. As can be seen, the mesh of the oxide was
located in the vicinity of the pocket and the lid, a region containing a catalytic triad that
constitutes the active site of this enzyme. This could suggest that this protein-support
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binding site could induce a conformational shift towards the open form of lipase, with the
oxide binding in the vicinity of the lid and preventing its closure. Figure 5B also shows the
interaction models produced by the molecular docking program where it was possible to
observe the amino acids of the CRL that are involved in the interaction with the support,
which is also listed in Table 3. The residues involved were mainly nonpolar, suggesting
that hydrophobic-type interactions prevail in lipase adsorption. Four phenylalanine residues
(Phel33, Phe296, Phe344, Phe448) and other nonpolar as Leu78, Leu297, or 11e453 were
implicated in protein-support linkage. As seen earlier, the Raman intensity generated by
Phe residues was markedly reduced after the immobilizatio:,.. Moreover, we can also
observe that protein-support interaction was also mediated tt-ouc 1 hydrogen bonds so that
the generated hydrophobic interactions would be reinfoi~ed Jy others of an electrostatic

nature that would involve Thrl32 and Thr347 residuec.

4. Conclusions

A precise balance of electrostatic ard \./drophobic interactions can mediate lipase
adsorption on solid supports. With the +iyht fine-tuning, the immobilized enzyme could
have high catalytic activity. In this reyrd, it was possible to optimize the immobilization of
CRL on MgFe;04 at pH 4, with an irn.¢ strength of 90 mM; however, these immobilization
conditions did not reflect the bost h,A in the CRLa@MgFe,04, which was better to a higher
ionic strength. Furthermore, su “ng interfacial hyperactivation was also observed in this last
condition. This behavinu, _ould be caused by surface hydrophobic protein-carrier
interactions with a an.~tic amino acids like phenylalanine. Also, the contribution of
interactions of an eler.rostatic nature at acidic pH contributed to the development of a
multi-point attachment. Therefore, to obtain an active biocatalyst, it is necessary to
understand the variables that influence the lipase immobilization process consider not only
the enzyme and support nature but also the environment where the immobilization takes
place. This work contributes to the understanding required for the suitable development of

biocatalysts that might be exploited in biotechnologically relevant chemical reactions.
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Figure Captions

Figure 1. Surface plots for the interaction between ionic strength and pH and its effect
in CRL adsorption on MgFe,O, for the design response: .mmobilized protein (A),
hydrolytic activity (B), specific activity (C), Gibbs free ener.v (1)), immobilized yield (E)
and recovery activity (F).

Figure 2. Protein (A) and activity (B) isotherms fo, the immobilization of CRL on
MgFe,O, under the conditions generated by the CCL *u maximize IP (1) or HA (2). The
solid red line and the dashed blue line reprecer. the fit of the experimental data to the
equations of the Langmuir and Freundli~h ,~otherms, respectively. g: and k; denote the
amount of protein adsorbed and ac.‘/.y registered at the support at equilibrium,
respectively, whilst C, and A, represaont the residual protein and activity in solution after
immobilization.

Figure 3. A. Z potential mecsure.nents for the MgFe,0O,4 without and with CRL adsorbed
at 50 and 150 mM; MNP< = magnetic nanoparticles. Thermal (B), pH (C), and organic
solvents (C) stabilities for ;re~ CRL and CRLa@MgFe,O,4. The asterisk indicates that there
were no significan’. ['tficrerices between the pairs of trials compared.

Figure 4. Infraed (A) and Raman (B) spectra for MgFe,O,, CRL, and
CRLa@MgFe;0,.

Figure 5. A. Most probable molecular docking model between CRL and MgFe,O,
oxide. The oxide mesh is represented by green and red spheres. B. Region of interaction
between CRL and MgFe,0, detailing the amino acids involved.
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Table 1. Statistical parameters associated with the CCD for the immobilization of CRL onto

MgFe,0,, taking as responses: immobilized protein (IP), hydrolytic activity (HA), specific activity

(SA), Gihbs free energy (AG) immobilization yield (1Y) and recovered activity (RA).

HA AG Y RA
FACTO - - - - - -
Effe P Effe P Effe P Effe P Effe P Effe P
RS valu valu valu valu valu valu
ct ct ct ct ct ct
e e e e e e
H (A - < < < < - <
PH () - 11.6 - 0.00
0.98 0.00 0.00 0.00 4.26 0.0L 337. 0.00
5.74 1 47 38
83 01 01 01 CL 71 01
lonic - <
0.08 0.13 - 0.05 046 0.27 0.2) - 124. 0.00
Strengt 0.96 0.00
69 48 1.09 21 45 10 03 9.72 15 06
h (B) 69 01
AB - - <
0.96 - 0.01 0+ 023 034 0.00
0.00 1.98 4,79 39.3 0.00
13 1.51 16 8/ 53 66 04
27 2 01
A’ ] <
0.08 0.12 0.99 0.00 0.04 278 65.2 0.02
0.015 5.52 0.53 0.00
92 57 76 12 61 8 7 99
77 01
B? - - -
0.26 0.00 o1l - 0.09 0.00 0.00 0.54
0.86 0.77 3.36 16.5
63 04 27 2.35 23 78 46 01
"1 61 6
A’B - < <
0.01 0.00 0.00 0.40 272.
053 0.00 1.98 7.68 1.30 1.17 0.00
72 14 27 29 12
81 01 01
AB?2 < < < -
0.59 0.00 - 0.00 - 0.00
0.00 2.25 0.00 9.25 0.00 125.
32 87 8.36 07 3.34 61
01 01 01 26
A’B? - < <
- 0.01 - 0.58 0.00 127 555 0.16
0.45 0.00 1.27 0.00
1.94 88 1.02 28 31 1 1 20
55 01 01
Model < < < < < <
"~ 000 000 000 000 000 000
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01 01 01 01 01 01

R* 0.9790 0.9512 0.9357 0.9728 0.9934 0.9889

Rajusted 0.9637 0.9157 0.8889 0.9530 0.9885 0.9808

Table 2. Optimal conditions provided by the CCD to maximize the IP (mg protein/mg support) or
HA (1U/mg support) responses during the immobilization of CR!. on MgFe,0,. The expected
values based on the model and those obtained experimentally are showi. The associated parameters
for the adjustment of the experimental data to the protein and aci'vity isotherms to the Langmuir
and Freundlich models for both conditions are also detailed.

Maxinizn 9 (P Maximizing HA

N pH 525 3.00
CCD conditions
IS 74.09 114.203
IP 3.249 2.852
Expected values HA 28.830 34.949
Desi chility 0.816 0.930
) o 3.53+£0.05 2.51+0.09
Practical values
HA 31.11+2.44 38.31+1.23
_  Omax 3.888 3.197
Langmuir Mode.
KL 0.0693 0.2136
(protein isothzvn.> )
R 0.8362 0.9569
N n 6.327 4.053
Freundlich "/Aodel
Ke 3.425 2.442
(protein isotherms) )
R 0.6739 0.7942
. Omax 72.38 75.96
Langmuir Model
KL 0.5120 1.237
(activity isotherms) )
R 0.9345 0.9888
n 1.577 1.445
Freundlich Model
K 52.92 33.73
(activity isotherms) )
R 0.8998 0.9804

IS = lonic strength (mM)
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Table 3. Binding energy, inhibition constant, amino acid residues and the occurrence of hydrogen
bonds involved in the interaction of CRL with the MgFe,O, after performing the molecular

docking.

Binding energy (kcal/mol) -8.03

Kinhibition (MM) 1.0

Pro65

Leu78 Leu297

Val 127

Gly128

Thr132 The34”

Phel33 Phe'96 ri1e344 Phe448
Glu208

Ser450

e1n3

Amino acids involved

- Thri32
Hydrogen bonds Thr347
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