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Lipases have been used in industrial processes as biocatalysts for transesterification reactions.
The synergism between enzymes and magnetic properties may be reached by using magnetic
nanoparticles (MNPs) as support to immobilize them in aggregate structures, denominated by
magnetic crosslinked enzyme aggregates (MCLEA). One of the advantages of such supports is
the possibility of using magnetic separation for enzyme recovery, reducing costs and allowing
reuse in continuous systems. Here, porcine pancreatic lipase (PPL) was immobilized onto
functionalized magnetite support (Fe;O,-APTS) with a protein binding efficiency of 78.84%.
Physical and chemical properties of the nanoparticles and immobilized lipase were characterized by
X-ray diffraction (XDR), transmission electron microscopy (TEM), infrared spectroscopy (FTIR),
dynamic light scattering (DLS), zeta potential, vibrating sample magnetometer measurements (VSM),
and *'Fe Mossbauer spectroscopy. The immobilized lipase additionally exhibited improved stability
across wide pH and temperature ranges compared with free lipase. The immobilized derivate also
attained good reusability, maintaining 61.37% of its initial activity after 6 reaction cycles. Through
magnetic behavior and also because of its surface modification to crosslinking the enzyme, the
MCLEA produced in this work has enhanced the biocatalytic activities of PPL.

Keywords: immobilization, porcine pancreatic lipase, magnetic nanoparticles, hydrolytic
activity, MCLEA

Introduction

Enzymes are applied efficiently in different sectors such
as the food and pharmaceutical industries.' Currently, there
is great interest in the use of enzymes in the production
of biofuels as many chemical reactions can render them
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economically competitive.>® According to the support and
production method selected, the activity and reusability of
the enzyme are strongly influenced,”® conferring greater
stability and resistance across different pH and temperature
ranges, in addition to preserving enzyme activity over
several catalytic cycles.’

For the biocatalysts to succeed, the support must be inert
and compatible with the enzyme and must not interfere with
its native protein structure or compromise its biological
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activity.!® The best support options are solid carriers
that interact with the enzyme by adsorption, covalent
bonding, encapsulating, confinement, or crosslinking.!!2
Previous studies'® have indicated that carbon nanotubes,
silica mesopores, nanofibers, nanocomposites, nanorods,
and magnetic nanoparticles (MNPs) are all feasible
nanomaterials for support.

Among the different supports, magnetite nano-
particles (Fe;O,) emerge as a promising material that
plays an essential role in enzyme immobilization. Fe O, is
colloidally stable, exhibits good liquid dispersion, and may
be easily applied on an industrial scale.'*'*However, Fe,0,
nanoparticles are prone to oxidation in the environment
necessary for reactions, so a protective shell of silica
or other inert material is required to achieve chemical
stability.'”'® Furthermore, Fe,O, can be functionalized with
a wide range of functional groups capable of immobilizing
enzymes on its surface, without losing the magnetic
properties that allow easy separation from the reaction
medium through an external magnetic field."”

Lipases have been the most used biocatalysts in
industrial processes. They can be applied in several types
of industries, being one of the most historically important
groups of biocatalysts for biotechnological applications.?*?!
They found applications in synthesizing fine chemicals,
such as agrochemicals, therapeutics, cosmetics, and flavors;
new biopolymeric materials, and biodiesel production.'

Lipases (E.C.3.1.1.3) are classified as hydrolases,
mainly hydrolyzing triglycerides (TAGs) to glycerol and
fatty acids.” These enzymes are classified based on their
origin: plant, animal, and microbial lipases. Animal lipase
is low-cost and obtained from the pancreas of cattle, sheep,
or swine.? Lipases operate at the interface between lipids
and water and therefore possess an o-helical amphipathic
‘cap’ region of the protein that covers the catalytic residues
of the active site.” A closed cap protects the active site from
the environment and makes interaction with the substrate
impossible; an open cap allows the protein to perform its
catalytic activity.?*

Crosslinked enzyme aggregates (CLEAs) are an
excellent technology for the immobilization of enzymes
that, when used in conjunction with surface-functionalized
magnetic nanoparticles, can form magnetic crosslinked
enzyme aggregates (MCLEASs).” In addition to the
biocatalytic properties of CLEAs, such as increasing enzyme
thermostability compared to free enzymes,”* MCLEAs
add the magnetic properties of Fe;O, nanoparticles,
becoming advantageous during magnetic separation. Other
advantages of using MCLEAs include a higher proportion
of enzyme-substrate, improved reusability, reduced chance
of contamination, improvements in activity, process control,
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catalytic process, functional effectiveness, product stability,
and level of continuous operation.”’

Some scientific literature has already described the
immobilization of porcine pancreatic lipase (PPL) with a
magnetic carrier and characterized hydrolytic activity in
olive 0il,?** however, the use of MNPs to immobilize a PPL
enzyme was not discussed based on its magnetic properties.
This work aimed to evaluate the immobilization of PPL
onto MNPs and its application in biocatalysts reactions. The
hydrolytic activity was evaluated for free and immobilized
PPL to determine the catalytic viability of immobilized
PPL in the transesterification of olive oils to produce
biodiesel. The enzyme aggregates obtained in this work have
demonstrated that the concept test of these magnetic supports
and their crosslinking with the enzyme lead to cutting-edge
materials that will certainly improve biodiesel synthesis.

Experimental
Chemicals

Iron(Il) chloride tetrahydrate (FeCl,.4H,0), iron(III)
chloride hexahydrate (FeCl,.6H,0), diethanolamine (DEA),
diethylene glycol (DEG), glutaraldehyde (25%),
phosphate buffer (pH 7.4), porcine pancreatic
lipase (PPL), polyethyleneglycol (1 x 10° g mol'),
3-aminopropyltriethoxysilane (APTS) and gum arabic
powder were purchased from Sigma-Aldrich Co. (Burlington,
USA). Sodium hydroxide (NaOH) and commercial ethanol
were purchased from Synth (Sao Paulo, Brazil). Sodium
chloride was purchased from J. T. Baker, S.A. (Philllipsburg,
USA).

Synthesis of MNPs functionalized with amine group

The Fe,O, MNPs were obtained by the precipitation
in alkali media. Briefly, 2 mmol of FeCl,.4H,0 and
4 mmol of FeCl;.6H,O were dissolved in 80 mL of
DEG/DEA (1:1, v/v) and, separately, 16 mmol of NaOH
was dissolved in 80 mL of DEG/DEA (1:1, v/v). The
solutions were magnetically stirred in a round flask,
under an argon atmosphere. The reaction took place at
200 °C for 8 h. After cooling to ambient temperature,
the black precipitate was centrifuged and washed with
alcohol/water (1:1, v/v) three times. Then, the sample was
dried in a dissector and denominated by Fe,0,.%

For functionalization, 200 pL of APTS were added to
20 mL of Fe;O, suspension. The system was magnetically
stirred for 24 h and then centrifuged and washed with
alcohol/water (1:1, v/v) three times. The precipitate was
denominated by Fe,O,-APTS.
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MCLEASs obtention

An aliquot of 5 mL of Fe,0,-APTS (0.9 g mL"") was
added to a Falcon tube containing 18 mL of phosphate buffer
(0.01 mol L', pH 7.4). Subsequently, 2 mL glutaraldehyde
(25%) were added and the solution was vortexed for 1 h, at
room temperature, to obtain the aggregate structures. The
system was centrifuged and the precipitate was washed
with alcohol, water, and phosphate buffer solution (1:1:1) to
remove any excess glutaraldehyde, at least 10 times until the
supernatant turns colorless. Then, the magnetic aggregate
was suspended in 20 mL of phosphate buffer, followed by
the addition of 50 mg of PPL and 0.01 g of polyethylene
glycol (1000 kDa). Vortexing was performed for 5 min
before the solution was maintained for 16 h at 6 °C. The
suspension was centrifuged and the precipitate was washed
with phosphate buffer (pH 8.0, 1 mol L) to remove any
free PPL. The sample was denominated by Fe,O,-PPL.

Enzymatic immobilization yield

The immobilization yield was evaluated through
protein dosage carried out by Bradford assay, according
to a previous work.*! Equation 1 was employed for
immobilization yield determination:

Immobilization yield (%) = (1 - %j x100 (1)

1

where P, corresponds to the protein concentration of free
PPL and P; is the protein concentration of the immobilized
Fe,O,-PPL sample.

Hydrolytic activity of lipase immobilized with MNPs

The hydrolytic activity was determined by the olive
oil emulsion method proposed by Bassan et al.** 2.5 mL
of olive oil and water emulsion (1:1 v/v) and 2 mL of
phosphate buffer (0.1 mol L', pH 8.0) were mixed. The
reaction media was kept under stirring at 150 rpm in
a thermostatic bath. 2 mL of the immobilized enzyme
solution (1 mg mL") were added, keeping the system
under stirring at 37 °C for 5 min. After the incubation
period, 10 mL of a mixture of ethanol and acetone (1:1)
and 10 mL of a previously standardized KOH solution
(0.05 mol L!) were added. Excess KOH was titrated with
HCI (0.05 mol L"). The enzymatic activity was calculated
according to equation 2:

(Vo —V,)x M x10°

t xm

A=

2
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where A is the hydrolytic activity (U g '), M is the molarity
of the HCI solution (mol L), t is the incubation time (min),
V, is the blank volume (L), V, is the sample volume (L)
and m is the mass of the biocatalyst (g).

Determination of the optimum pH and temperature

To study the influence of pH on free and immobilized
lipase, the analyses were carried out at a constant 37 °C,
varying the buffer’s pH from 3 to 10. After establishing
the optimum pH value of the enzyme, the pH was kept
constant and the temperatures were evaluated between
30 and 60 °C to determine the optimum temperature for
biocatalyst activity.*® Na,HPO, (0.1 M) and citric acid
(0.1 M) were employed to prepare a buffered solution
comprising between pH 3.0 to 8.0. Buffers made from
Na,CO, (0.1 M) and Na,HPO, (0.1 M) were used for pH
range of 9 and 10.

Thermal stability

To compare thermal stability, free and immobilized
enzymes were incubated in 1 mL of phosphate buffer
(0.1 mol L") at pH 7.0 and pH 8.0, respectively, at 60 °C for
4,8, 12, and 24 h. Storage stability and reaction temperature
of free and immobilized preparations were studied during
storage at 4 °C and at reaction time by evaluating their
activity for 4, 8, 12, and 24 h.» The reusability of the
enzyme was evaluated in the transesterification reaction
of olive oil. After reaction at 60 °C, the immobilized
derivative was separated by a magnet and washed three
times with n-hexane and then three times with water. After
this treatment, the immobilized enzyme was resuspended
in a new aliquot of substrates for the next catalytic cycle.

Instrumentation

The Fourier transform infrared (FTIR) spectra were
recorded by a PerkinElmer Frontier model spectrometer
(Waltham, USA), equipped with attenuance total
reflectance (zinc selenide crystal) apparatus. Spectra
were recorded by 128 scans, with 4 cm™! resolution.
Transmission electron microscopy (TEM) analysis was
carried out with a Philips CM 120 microscope (Amsterdam,
Netherlands). The software ImagelJ (version 1.45s)*> was
used for image treatment. The X-ray diffraction (XRD)
patterns of samples were obtained in a Siemens D5005
diffractometer (Berlin, Germany) using Ko radiation,
with a wavelength (L) of 0.15418 nm. Measurements
were recorded at the 20 scan interval from 10 to 80°, with
a scan speed of 0.02° per second. The thermogravimetric
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analysis (TG) of the samples was performed on Netzsch
STA 409/CD equipment (Ulm, Germany) under dry airflow
of 100 mL min’'. Zeta potential was determined by the
Zetasizer Nano ZS, Malvern (Malvern, UK). The samples
were dispersed in an aqueous solution of 0.001 mol L' NaCl
and titrated in the pH range of 3 to 10. The hydrodynamic
diameter was determined by the Zetasizer Nano ZS,
Malvern (Malvern, UK), by dynamic light scattering (DLS)
technique, which samples were dispersed in deionized
water (free PPL sample was previously filtered before
measurement). The magnetization measurements were
performed in a vibrating sample magnetometer (VSM)
from LakeShore, model 7400 (Westerville, USA), at
300 K. The Mossbauer spectra were recorded at 300 K in a
spectrometer from SEECo (Westerville, USA) operating in
the transmission mode, using a ¥’Co gamma-ray radiation
source with 12 mCi activity. The spectra were fit using
Normos90 software;*® the isomer shifts are reported relative
to a-Fe at 300 K.

Results and Discussion

Characterization of lipase immobilization onto magnetic
nanoparticle support

The X-ray diffractogram patterns from
synthesized (Fe,0,), functionalized (Fe,O,-APTS), and
immobilized (Fe,O,-PPL) samples are shown in Figure 1.
The X-ray diffraction peaks correspond to the inverse-
spinel structure magnetite, consistent with its standard
structure (JCPDS card No. 39-1346), and no secondary
phase was observed. The estimative of crystallite diameter
was calculated from the Scherrer equation, finding 9.75 nm
for Fe,0,, 9.94 nm for Fe,O,-APTS, and 10.17 nm for
Fe,0,-PPL samples. The samples showed crystallite sizes
close to the bare nanoparticles (NPs). It is known that the
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APTS functionalization molecules are covalently bonded
to the surface of the nanoparticles, thus, the chemical
modification of the NPs surface may lead to a thin layer of
a different iron oxide. According to the X-ray diffractogram
patterns, for all samples, and within the XRD sensitivity,
we conclude that there are no second phases.
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Figure 1. XRD pattern of Fe,O,, Fe,0,-APTS, and Fe,O,-PPL.

The TEM image of Fe,0,-APTS particles is shown in
Figure 2a. This micrograph displays sphere-like NPs which
are homogeneous in shape and size. Figure 2b shows the
histogram of nanoparticle sizes. The sizes of 135 NPs were
evaluated and the data of frequency versus size was fit to a
lognormal distribution. The average nanoparticle size was
found to be approximately 5.1 nm. The results obtained
from XRD and TEM analyses are in accordance with the
data reported in the scientific literature.>** Based on the
results obtained from XRD regarding the crystallite size,
which refers to the average size of individual crystallites
in a solid material and are due to pertains to the smallest
crystal or polycrystalline solid comprising the crystalline
structure, it is observed that this size is slightly larger than

Diameter (nm)

Figure 2. (a) TEM images of Fe,O,-APTS sample. (b) Histogram distribution of Fe,O,-APTS.
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the average particle diameter found in TEM. A particle
is composed of aggregated multiple crystals, and when it
is small enough, it can refer to a single crystal. Thus, the
average particle size is never smaller than the crystallite
size. The underestimated average value in TEM is primarily
attributed to the limited number of counts and the presence
of aggregates, which hinders the accurate determination
of the real size of nanoparticles. However, considering the
obtained standard deviation, it is evident that the values
are convergent.

Since the magnetic core structure was preserved after
the functionalization steps, the surface modification was
evaluated by FTIR, as shown in Figure 3. For the Fe,O,
sample, the bands observed at ca. 3200 and ca. 1600 cm™!
were attributed to the presence of water (O—H stretching,
H-O-H deformation, respectively). The intense bands
observed at 597 and 445 cm' were attributed to the
characteristic Fe—O bond of iron oxide.*® After APTS
functionalization, a significant increase in the intensity
of the bands at ca. 3395 and 1625 cm™ was observed
and a broadening and displacement can be ascribed to an
increase in the contribution of O—H groups derived from
silanol and to the N—H folding of primary amines present
in the APTS molecule. The bands at 2922 and 2853 cm'
were attributed to symmetric and asymmetric stretching of
C-H, as well as the weak bands in the regions 1450 and
1384 cm™ were assigned to C—H folding. A weak and broad
band observed in the region 1065 cm™! was attributed to the
vSi-O stretching, corroborating the formation of a Si—O
coating on the surface of MNPs.¥ After functionalization
with the PPL enzyme, a broader and more intense band at
ca. 3450 cm™! was observed as a result of the contributions
of O-H and N-H bonds caused by the presence of the
enzyme, as well as a significant increase in the bands of
C-H. In addition, the main bands associated with proteins
were observed on free PPL and Fe,O,-PPL samples, such
as amine I (ca. 1641 cm™), amide II (ca. 1560 cm™), and
amide III (ca. 1400-1200 cm™").*¥4° No additional band was
observed on the Fe;O,-PPL sample, once the crosslinking
reaction between aldehyde groups from glutaraldehyde and
amine groups from PPL and Fe,O,-APTS sample took place
on the same absorption region from proteins. However, the
primary amine (N—H stretching at 3550 cm™) is observed
only in the free PPL sample. As the primary amine is
consumed by the crosslinking step, this band is suppressed
and cannot be identified in the Fe,0,-PPL sample spectrum.

Zeta potential was also used to assess surface
functionalization. Figure 4 depicts the zeta potential of the
samples as a function of pH. The isoelectric point (IEP)
for the Fe,O, sample is 2.9. Due to surface modification
with APTS, the IEP for Fe,O,-APTS shifted to 6.4, as
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Figure 3. FTIR-ATR spectra of Fe,O,, Fe;O,-APTS, Fe,O,-PPL, and
free PPL samples.

expected for the increase in the density of amino groups on
the surface of the nanoparticles.*! Free PPL has an IEP of
5.4, a value close to the immobilized sample (IEP = 5.0).
The changes in zeta potential features are caused by the
functional groups identified by FTIR measurements for
each nanoparticle functionalization step, corroborating
both findings.
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Figure 4. Zeta potential of Fe,0,, Fe,O,-APTS, Fe,O,-PPL, and free PPL.

The average hydrodynamic diameter and polydispersity
index (PDI) are summarized in Table 1, meanwhile,
Figure 5 shows the distribution profile, which presents
a single population for all functionalization steps. The
aggregate Fe;O, sample shows an average hydrodynamic
diameter of 234.1 nm. The hydrodynamic diameter
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increases to 554.1 nm upon functionalization with APTS,
due to the growth of silica shell on the nanoparticle
surface. Furthermore, the functionalized particles may
experience cross-linking, since the APTS molecule has
three hydrolysable groups in its structure, which leads
to the development of larger aggregates. Hydrodynamic
diameter is also related to surface charge. According to the
zeta potential versus pH curves in Figure 4, the value of
zeta potential decreases in modulus from —25 mV (Fe,0,)
to =7 mV (Fe,0,-APTS), and the absence of electrostatic
repulsion may result in an aggregation process. The
hydrodynamic diameter observed for free lipase was
7.6 nm, which is expected for small proteins. Due to
crosslinking, which occurs when many supported enzymes
combine throughout the reaction with glutaraldehyde,
the immobilization step also displayed an increase in
hydrodynamic diameter to 1088 nm. These results confirm
the surface modification of the magnetic carrier with lipase.

TG was employed to determine the amount of enzymes
that effectively bonded to the magnetic carrier. This

Table 1. Average hydrodynamic diameter (D,) and polydispersity
index (PDI) for Fe,O,, Fe,O,-APTS, Fe,O,-PPL, and free PPL

Sample D, /nm PDI
Fe;0, 234.1+29 0.251
Fe,0,-APTS 554.1+1.1 0.417
Fe,0,-PPL 1088 + 45 0.490
Free PPL 7.6+0.2 0.131

APTS: 3-aminopropyltriethoxysilane; PPL: porcine pancreatic lipase.

Magnetic Crosslinked Porcine Pancreatic Lipase Aggregates for Transesterification Process

determination was accomplished by comparing the mass
loss between the samples of Fe,O,-APTS, Fe,O,-PPL, and
free PPL (Figure 6). The mass losses below 200 °C can be
attributed to the removal of water. For Fe;O,-APTS, mass
loss was only 5.39% from 25 to 1000 °C, indicating good
thermal resistance. The thermal behavior of Fe;O,-PPL
exhibited a mass loss of 69.81% from 600 to 800 °C.
For free PPL, 96.14% of organic composition was lost
up to a temperature of 650 °C. This finding suggests that
the immobilization may raise the temperature at which
the enzyme decomposes to levels above those observed
for free PPL. The remaining mass of the Fe;O,-PPL was
0.64 mg, representing 30.19% of the initial mass amount.
By crossing the tangent lines, the TG curve can be verified,;
at a temperature of 794 °C, they indicate a mass loss of
77.14%, therefore 22.86% is attributed to lipase on the
magnetic support surface.

The hysteresis curves (Figure 7), recorded at 300 K,
show remanent magnetization (Mr) and coercivity
field (Hc) values of 1.31 emu g and 49 Oe for Fe,O,-APTS,
and 0.13 emu g and 45 Oe for sample Fe,0,-PPL. In both
samples, the small values of Mr and Hc indicate that a
fraction of NPs is in the superparamagnetic regime and the
rest is in the thermally blocked regime. The magnetization
values measured at field strength of 1.5 T were 21.6 and
7.4 emu g! for Fe,O,-APTS and Fe,O,-PPL, respectively. To
obtain the magnetization, the measured magnetic moment
is normalized by the sample mass; thus, the magnetization
of sample Fe;0,-PPL is smaller because of the mass of the
PPL. Superparamagnetic NPs in the absence of a magnetic
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Figure 5. Hydrodynamic diameter distribution of Fe,0,, Fe;O,-APTS, Fe,O,-PPL, and free PPL.
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Figure 6. TG curves for Fe,0,-APTS, Fe,O,-PPL, and free PPL.
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Figure 7. Hysteresis curves recorded at 300 K for samples Fe,O,-APTS
and Fe,O,-PPL.

field behave like a non-magnetic system; however, in the
presence of a field, they are strongly attracted by magnets.
In this sense, the Fe,O,-PPL NPs may be removed from
the aqueous dispersion by using a magnet.

Figure 8a shows the spectrum of sample Fe,O,-APTS, it
was fit to two components: a doublet due to superparamagnetic
NPs and a distribution of sextets ascribed to thermally
blocked NPs (Table 2). The distribution of hyperfine magnetic
field (H,,) is displayed in Figure 8b and has its highest peak
at 42 T; however, the magnetic field extends up to 50 T.
The relative absorption area (RAA) of blocked particles
was 65%. The distribution of H,,; shows fields noticeably
smaller than expected for either bulk magnetite (46-49T)
or maghemite (50 T).*¢ This is because the whole system
has not reached yet a blocked regime; in such a scenario,
the H,; would be larger, and it will be close to 49-50 T. The
component doublet is related to superparamagnetic NPs,
these are NPs with smaller size than the blocked ones. In
both cases, the isomer shifts (IS) are in agreement with Fe**.%

Figure 8c shows the spectrum of sample Fe,O,-PPL.
In order to fit the spectrum, we considered a sextet and a

J. Braz. Chem. Soc. 2024, 35, 6, e-20240002
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doublet. The sextet has H,; and RAA of 48.8 T and 9%,
respectively, meanwhile the doublet has RAA of 91%. This
sample has a larger number of superparamagnetic NPs
compared with sample Fe,O,-APTS.

Superparamagnetism is a property occurring in small,
single-domain magnetic NPs without magnetic interaction,
it is characterized by a blocking temperature (Tb), above
which the NPs are superparamagnetic and below Tb
the NPs are blocked. Factors like relaxation time of
moments between the easy axis of magnetization (1),
magnetocrystalline anisotropy (K), and volume of NPs (V)
affect the blocking temperature (T,). In an ensemble of no
interacting single-domain NPs, the magnetic moments in
each NP experience a relaxation time (t) is given by the
Néel equation 3:

eKaT 3)

where Ky is the Boltzmann constant, T is temperature,
T,1s a constant of the order of 10°-10-!'" s. The relaxation
is considered slow when 1 is of the same order as the
measuring time (t,,), the value of t, depends on the
experimental technique. For instance, t,,is of 10 or 108 s for
the techniques magnetometry or Mossbauer spectroscopy,
respectively. In case of t = 1, then T = T, (blocking
temperature). In case of existing a magnetic interaction
between NPs, the Néel equation is modified by adding a
temperature term (T*) ascribed to interactions between NPs
(see equation 4) as discussed by Allia et al.** in his model
interacting superparamagnetic regime:

KV
. tOeKB (T+T) @
The theory indicates that the actual magnetic moments
on magnetic dipolar interacting NPs are systematically
larger than those obtained considering the size of the NPs.
The expectations of the model have been confirmed in
granular Cu-Co alloys interacting superparamagnets* and
Fe-oxide NPs,** among others.

Thus, the magnetic dipolar interparticle interaction
becomes stronger when the NPs are too close, in this
condition, a given NP feels the magnetic field from the
neighbor NPs and their magnetic moments become
blocked. This energy decreases when the NPs are moved
far apart from each other. Therefore, the functionalization of
magnetite NPs with PPL will increase the distance between
two neighbor NPs by twice the size of the PPL molecule
and, thus, more particles will turn superparamagnetic.
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Figure 8. Mossbauer spectra recorded at 300 K for samples: (a) Fe;0,-APTS and (c) Fe;0,-PPL. (b) The histogram of the hyperfine magnetic field used

to fit the spectrum of sample Fe,O,-APTS.

Table 2. Hyperfine parameters from fittings of spectra recorded at 300 K
for samples Fe;O0,-APTS and Fe,O,-PPL

Fe,0,-APTS Fe,O,-PPL
Doublet Sextet Doublet Sextet
IS/ (mms™) 0.343 0.321 0.301 0.350
QS /(mms™) 0.753 0.084 0.570 0.051
H, /T - 442 - 48.8
RAA/ % 35 65 91 5

IS: isomer shifts; QS: quadrupole splitting; H: hyperfine magnetic field;
RAA: relative absorption area; APTS: 3-aminopropyltriethoxysilane; PPL:
porcine pancreatic lipase.

Catalytic activity of MCLEAs in olive oil transesterification

MNPs are excellent materials for use as carriers to
immobilize enzymes since they can be stored for a long time
and have high stability at neutral pH.** To determine the
immobilization yield of enzymes on the surface of MNPs,
the protein concentration dose was carried out. After 16 h
of immobilization, Fe;O,-PPL has a protein concentration
of 17.98 ug mL™! compared to 22.78 ug mL" in free PPL,
yielding an immobilization rate of 78.84%.

The effect of pH on the activity of the free and
immobilized enzymes was evaluated. The highest activity
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of immobilized and free lipase was established as 100%
and other pH conditions were listed as relative activities
(Figure 9a). The results show that optimal activity for free
PPL occurs at pH 7 while its Fe,O,-PPL form occurs at
pH 8, indicating that immobilization influences the optimal
pH. In addition, the immobilized derivative showed less
variation in activity over a wide range of pH from 6 to
9, while the free enzyme showed a great loss of activity
when reaching pH 8 and 9. Insoluble supports generally
provide a unique microenvironment for immobilized
enzymes, resulting in different performances in catalytic
action. Some carrier properties, such as hydrophobicity,
surface charge, and porosity, act to maintain the orientation
and conformation of the enzymes on the carrier surface.
Luo et al.¥ demonstrated through electrostatic analysis
that most areas of the Candida albicans lipase, mainly
the region around the active center, have a negative
charge. Thus, the formation of covalent bonds between
the enzyme and positively charged support might lead to
conformational changes close to the active site and protect
the active enzyme regions from pH changes.

The activities of free and immobilized lipase were also
investigated concerning the temperature (Figure 9b). The
Fe,O,-PPL sample did not show great activity variations
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between 30 and 50 °C. At 50 °C, the immobilized derivative
had an increase in its activity, reaching its maximum at an
optimum temperature of 60 °C. The results obtained from
Fe,O,-PPL had better resistance to high temperatures than
other supports used for PPL immobilization described in
the literature, such as chitosan-SBA-15 nanocomposites
and Fe,0,-chitosan.*

Thermal stabilities of the free and lipase immobilized
were studied by measuring the activities of the lipase
after incubation in phosphate buffer (Figure 9c). The
results show that the soluble enzyme and the immobilized
preparation retain almost 40% of the activity after 24 h of
incubation at 60 °C. Despite both curves had shown similar
behavior, the immobilized sample shows advantages
over the free one according to its reusability, as will be
discussed in the next paragraphs. The storage temperature
of 4 °C was also evaluated during incubation of 24 h, and
Fe,O,-PPL presented 62% of relative hydrolytic activity
compared to free PPL with 59% (Figure 9d). According
to the results, the Fe;O,-PPL loses activity more gradually
after 12 h, whereas the activity decline in the free sample
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Figure 9. (a) Relative hydrolytic activity (%) of Fe;O,-PPL and free PPL
as a function of pH. (b) Relative hydrolytic activity (%) of Fe,O,-PPL
and free PPL as a function of temperature. (c) Thermal stability at 60 °C
for 24 h. (d) Storage stability at 4 °C for 24 h.
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is more pronounced. Despite the short storage stability in
phosphate buffer, the immobilized sample shows better
strength than free PPL.

The reusability of the biocatalyst has been also
investigated to offset the cost of enzymes when compared to
homogeneous and chemical catalysts. After each reaction,
the immobilized lipase was recovered with a magnet and the
next batch was carried out with a new substrate. Fe,O,-PPL
showed a good ability to be used repeatedly (Figure 10).
The initial activity before any recovery was set as 100%
and, after 6 cycles, 61.37% of the initial activity of the
derivative was maintained. Although the cycles lead to a
reduction in activity, immobilization has the ability to lessen
any modification to the enzyme’s structure that could cause
denaturation. This finding is good for reducing operational
costs in real industrial processes. Similar outcome was
attained in an earlier study using PPL immobilization on a
magnetic graphene oxide platform, in which recyclability
kept good activity (around 90%) for the first 6 cycles.*
The literature reports similar behavior for immobilizations
involving PPL and magnetic nanoparticles,* metal-organic
frameworks (MOFs),* and zeolite supports,’! where activity
has kept above 50% after 6 cycles.

[ Fe,0,-PPL
Reaction temperature of 60 °C
Optimium pH 8

100

80

60

401

20

Relative Hydrolytic Activity(%)

3 4
Numbers of cycle

Figure 10. Relative hydrolytic activity (%) as a function of number of
cycles using Fe,O,-PPL.

Conclusions

The obtaining and characterization of MCLEAs were
successful. The functionalization and immobilization
did not alter the crystal structure of the magnetic core.
Besides, FTIR and zeta potential measurements confirmed
functionalization with APTS and PPL immobilization.
The enzyme immobilization also reveals a higher thermal
resistance of MCLEA than compared with free lipase.
The Mossbauer spectra of sample Fe,O,-PPL showed
mainly a doublet, indicating that this sample is in the
superparamagnetic regime. Regarding enzymatic activity,
immobilized PPL presented higher activity at 60 °C than
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free PPL. The free PPL had an optimum pH of 7.0, while
the Fe,O,-PPL immobilized derivative gave an optimum
pH of 8.0. The immobilized lipase exhibited remarkedly
stability across a wide range of pH and temperature
compared to the free one, along with good reusability after
6 cycles. The immobilization method has shown to be an
excellent candidate for transesterification processes and the
Fe,0,-PPL biocatalyst will be trialed in the production of
biodiesel in future works.
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