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Abstract

Laccase from Aspergillus sp. (LC) was immobilized on functionalized silica hierarchical (microporous-
macroporous) MFI zeolite (ZMFI). The obtained immobilized biocatalyst (LC@ZMFI) was characterized
by X-ray diffraction (XRD), scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (ATR-FTIR), N2 adsorption/desorption isotherms, solid-state NMR spectroscopy and
thermogravimetric analysis (TGA) confirming the chemical anchoring of the enzyme to the zeolitic
support. The optimal pH, kinetic parameters (Km and Vmax), specific activity, as well as both storage and
operational stability of LC@ZMFI were determined. The LC@ZMFI Km and Vmax values amount to 10.3
UM and 0.74 umol - mg™ min, respectively. The dependence of specific activity on the pH for free and
immobilized LC was investigated in the pH range of 2 to 7, The highest specific activity was obtained at
pH = 3 for both free LC and LC@ZMFI. LC@QZMFI retained up to 50% and 30% of its original activity
after storage of 21 and 30 days, respectively. Immobilization of laccase on hierarchical silica MFI zeolite

allows to carry out the reaction under acidic pH values without affecting the support structure.
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Graphical abstract

N+

. A He CH
R B | *  “oH 2

& A HSC\/\ ~
S~

MSPs 25°C20h

+ +
+-r~+++-v ++ 2T+,

ey it

+E 347
o+

i+ F
o8+
IR -
T SR N —
+ + —
; ¥ £ +
& 3
T =5 g ] B
¥ 110 °C 72h /—O O—\

TPA* (1]




1. Introduction
The demand of enzymes involved in industrial processes, such as food processing,* leather treatment,?
textile,® wastewater treatment,* pharmaceutical chemistry,® biofuels production,®’ bioremediation,® is
continuously growing. The current global enzyme market is valued at $5.5 billion and by 2023 it is
predicted to reach $7.0 billion.® Laccases (E.C. 1.10.3.2, p-diphenol: dioxygen oxidoreductase) are active
toward a wide range of substrates. To date, laccases (LCs) have been investigated for several applications,
such as bleaching of denim and paper,® removal of toxicants released during combustion processes,**
decolorization,*?> removal of phenols from wastewaters,'> and biomass delignification.!* LCs are
constituted by a polypeptide chain containing about 500 amino acids residues and linked to saccharide
molecules. The amino acids residues are arranged in three domains.'>'® One mononuclear copper site
containing a type | Cu is located at the T1 site, where the reducing substrate binds, and it is responsible
for the characteristic colour of the enzyme in the oxidized state Cu?*.%® The trinuclear copper site contains
one type Il Cu and two type Ill Cu. Substrate oxidation at the mononuclear site generates electrons that
are transferred to the trinuclear site where O is reduced to H>O.®> Copper species can be classified
according to their spectroscopic behaviour. The T1 copper has a strong absorption around 600 nm, while
the T2 copper shows a weak absorption in the visible region but is EPR-active. The two coppers of the
T3 site display an absorption band at about 330 nm. They are EPR silent due to an antiferromagnetic
coupling mediated by a bridging ligand.*® Their molecular mass commonly ranges between 50 and 140
kDa, but it has been reported to be from 34 to 383 kDa for laccases from Pleurotus eryngii and Podospora
anserina.” The LC’s isoelectric point is usually around 4.0, even if there are some laccases with alkali
isoelectric points.t” Although LCs present several advantages compared with synthetic catalysts, their use
in native form for industrial processes is often hampered by harsh reaction conditions (such as extreme
pH values and temperatures), which could result in loss of catalytic activity.'® Immobilization on solid
supports is considered an attractive technology for making enzymes suitable for biotechnological
applications.'® Indeed, immobilized enzymes usually display higher resistance to harsh environmental

conditions, allow reusability and may result in improved thermal stability compared to free enzymes.?°



The enzymatic activity and stability depend on the choice of the support as well as the type (e.g. physical
or covalent) of enzyme immobilization.'®?*2* Nowadays, a wide range of supports, e.g. mesoporous
silica,>1°2425 xerogels,?® magnetic nanomaterials,?” agarose,?® nanofibrous polymers?® and metal organic
frameworks®%2* have been explored as enzyme carriers. Among the several materials reported in the
literature, due to their high surface area,® and their well-defined pore systems, zeolites could in principle
be suitable carriers for enzyme immobilization.*® However, most zeolites are microporous materials (pore
size < 2 nm) and, thus, not suitable for enzyme immobilization. In the last 15 years, a new class of
materials called hierarchically-ordered zeolites, constituted by a hierarchical pore system (bimodular or
multimodular) has received increasing attention. Although the utilization of zeolites as enzyme carriers
is limited by their narrow micropores, the synthesis of zeolitic systems with intracrystalline meso- or
macropores can overcome this issue allowing to use zeolites as hosts for enzymes or other
biomacromolecules.®~*. From the synthetic point of view, the introduction of macropores in zeolites is
often hampered by several limitations such as the low wettability of the hard templates with zeolite
precursors, poor thermal stability of the template under zeolite synthesis conditions, difficulties in
controlling the thickness of the zeolitic walls, and the template removal after hydrothermal synthesis.
Nevertheless, most of these drawbacks could be avoided using mesoporous silica particles (MSPs) as
templates for macropore formation.3"*? Recently, a three step procedure to obtain a MFI-type zeolite (the
MFI topology consists of intersecting straight and sinusoidal channels*®) with embedded macropores
(with a diameter in the range 250 - 500 nm) has been reported by Machoke et al.*” This material is termed
ZMFI,

Since LCs from fungi show higher activity and stability under acidic conditions (i.e., pH 3-6). LCs
immobilization on stable supports in this pH range such as silica material could be significant for their
stabilization and activity performance. In this work, laccase from Aspergillus sp. was immobilized on
hierarchical micro/macroporous silica MFI zeolite (acid stable material) to obtain LC@ZMFI biocatalyst
with a high immobilization efficiency of 79.4 % and a loading of 9.72 mg g™* compared to other works

reported in the literature.***® For example Qiu et al. immobilized laccase from Aspergillus oryzae on



mesoporous silica obtaining an immobilization efficiency of 43.6 %.%° The immobilization of the laccase
was carried out post-synthetically. The immobilized biocatalyst was characterized employing XRD, SEM,
TGA FTIR, N2 adsorption/desorption isotherms, solid-state Magic Angle Spinning (MAS) NMR
spectroscopy and electron spin resonance (ESR) spectroscopy. The free LC, and LC@ZMFI biocatalysts
were also characterized in terms of specific activity, kinetics (Km and Vmax) and (storage and operational)
stability. A Vimax 0f 64.7 pmol - mg™* min* and 0.74 umol - mg™* min and a Km of 11.2 uM and 10.3 uM
were obtained at pH 3 for both free LC and LC@ZMFI, respectively. LC@ZMFI retained up to 50% and

30% of its original activity after storage of 21 and 30 days, respectively.

2. Materials and Methods

2.1 Chemicals

Laccase from Aspergillus sp (activity of > 1000 LAMU g 1); 2,2’-azinobis-(3-ethylbenzothiazoline-6-
sulfonate) diammonium salt (> 98%) (ABTS); sodium hydroxide, NaOH; sodium phosphate, monobasic
NaH2PO4 (99%); sodium phosphate dibasic, NazHPO4 (99%); Bradford reagent; HCI (37%); acetic acid
(99%); sodium acetate (anhydrous) (> 99.0%); citric acid (> 99.5%);(3-Aminopropyl) triethoxysilane
(APTES) (99.0%); glutaraldehyde (50% solution in water); cetyltrimethylammonium bromide (CTAB)
(98 %); ethanol (96% technical grade) were purchased from Sigma-Aldrich (Germany). TPAOH solution
(40 wt% technical grade, from Clariant (Germany). Tetraethyl orthosilicate (TEOS, 98 %) from Alfa
Aesar. All reagents were used as received without further purification. Deionized water was used to

prepare all agueous solutions.

2.2 Synthesis of MFI-Type zeolite

The synthesis MFI-Type zeolite was carried out following the procedure reported by Machoke et al.%
Briefly, in each crucible 250 mg of mesoporous silica particles (MSPs) and 340 mg of TPAOH solution
(40 wt% technical grade) were mixed and dried at RT (20 °C) for 20h. First, the MSPs have been weighted
and then TPAOH has been added dropwise. Afterwards, the mix of reaction was gently mixed with a

spatula and transferred into a Teflon-lined stainless-steel autoclave (45 mL) filled with 24 mL of



deionized water. Thereafter, the autoclave was closed and kept in an oven at 383 K for 72h. The white
powder was recovered by filtration, washed with deionized water, and dried overnight at 348 K. Finally,

the TPA* was removed at 823 K for 4 h under air flow.

2.3 Immobilization of laccase on zeolite Type MFI

The immobilization of LC on ZMFI occurred via post-synthetic treatment according to Salis et al.'®
Briefly, 125 mg of zeolite type MFI (ZMFI) was added to 3.75 mL of dry toluene, then 125 uL of 3-
aminopropyltrimethoxysilane (APTS) was added to the suspension. The mixture was heated under reflux
for 15 h. The zeolite-APTS was collected by filtration, washed with acetone, and dried overnight at room
temperature under vacuum. Glutaraldehyde-activated (ZMFI-NH=CH) was prepared by soaking 125 mg
ZMFI-NH2 in a mixture of 100 uL 50% aqueous glutaraldehyde and 2.75mL 0.1M phosphate buffer
solution (pH = 7.5) for 1 h. The carrier was washed twice with 5 mL of the same buffer for 30 min under
stirring, centrifuged and the washing liquors removed. The wet solid was immediately used for laccase
immobilization. Finally, the LC immobilization was carried out mixing a in sodium phosphate buffer (100
mM and pH 8.0) with the modified zeolite. the result suspension was stirred for 2 h. The obtained solid
(LC@ZMFI) was recovered by centrifugation at 4000 rpm for 4 min, washed 3 times with deionised water

and dried at room temperature.

2.4 Characterization of ZMFI and LC@ZMFI samples

Thermogravimetric analysis (TGA) was carried out by means of a TA instruments TGA 2950 in a
temperature range from 25 °C to 700°C and a heating ramp of 5 °C min™*, under synthetic air flow (flow
rate = 40 mL min). Scanning electron microscopy (SEM) analysis was performed by using a Carl-Zeiss
Gemini Ultra 55 microscope with an acceleration voltage of 1 kV. Attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectra were recorded using a Jasco FT/IR 4100 equipped with a PIKE
GladiATR accessory with a single reflection diamond prism over the wavelength range, 4000 to 500 cm-
1. N adsorption/desorption isotherms were recorded at 77 K using an ASAP 2010 (Micromeritics).
Samples were firstly degassed under vacuum for 24 h at 80°C. The Brunauer—Emmett-Teller (BET)*’

and the Barret-Joyner—Halenda (BJH) “® methods were used to calculate the specific surface area, the



pore volume, and the pore size distribution. A Panalytical X’Pert PRO diffractometer with an X’Celerator
line detector was used for X-ray diffraction (XRD) experiments with Cu Ka radiation. The data were
collected with a 26 step size of 0.013 ° from 2 ° to 80 ° and an accumulation time of 10.16 s. A Jasco V-
650 UV-Vis spectrophotometer was used for enzymatic activity tests.

Solid-state NMR spectra were recorded on a 500 MHz (11.7 T) wide-bore Agilent DD2 spectrometer in
a 3.2 mm zirconia rotor. 2°Si HPDEC spectra were acquired at 10 kHz MAS rate, by applying a [1/2 pulse
of 3.5 ps, followed by 86 kHz spinal-64 *H decoupling. 1200 scans were recorded with a recycle delay
of 150 s. 3C CP MAS NMR spectra were acquired at 15 kHz MAS rate. *H 2.5 [Js pulse on *H was
followed by a linear ramp from 41 to 54 kHz, while keeping the *C RF at 53 kHz. 86 kHz spinal-64 *H
decoupling was applied during acquisition. 25000-33000 scans were averaged with a recycle delay of 2.5
S.

EPR spectra were measured at 100 K on a Bruker EMXmicro at a MW frequency of 9.44 GHz. 5 scans
were accumulated at a MW power of 2.02 mW with an attenuation of 20 dB. Modulation amplitude was

set to 9 G at a modulation frequency of 100 kHz.

2.5 Determination of encapsulation efficiency

Protein loading and immobilization efficiency of the immobilized biocatalysts, LC@ZFMI, were obtained
by means of the Bradford assay.3'*° Briefly, the protein content was determined using the Bradford
reagent (Bio-Rad) and BSA (bovine serum albumin) as the protein standard (20 mg L™). The calibration
curve was built by preparing a set of BSA solutions in acetate buffer pH 5 100 mM at different
concentrations (0.5-20 mg L) from dilution of the standard solution. Then, a 0.5 mL aliquot of each
solution was mixed to 0.5 mL of Bradford reagent in a glass cuvette. After exactly 10 min the absorbance
of the solutions was measured at the wavelength of 595 nm.*® The protein concentration in the supernatant
was evaluated by measuring the absorbance (A = 595 nm) of a mixture containing 0.5 mL of supernatant
and 0.5 mL of Bradford reagent after 10 min of incubation. The amount of immobilized protein is

calculated from the difference between the amount used for immobilization and the amount that is in the



supernatant. The immobilization efficiency (IE%) is the percent ratio between the amount of immobilized

protein and the amount of protein in the immobilizing solution:

IE% = (1- [P}¢/ [P]o) -100%

where [P]oand [P]s are the initial and the final protein concentrations in the immobilising solution. 3149

2.6 Determination of biocatalytic activity

The catalytic activities of LC@ZMFI were quantified by Jasco 650 UV-Vis spectrophotometry, at A =
420 nm (25 °C). The activity measurement of LC@ZMFI was carried out adding 5 mg of LC@ZMFI in
2.845 mL of 100 mM citrate buffer at pH 3. The reaction started by adding to the mixture a volume of
0.150 mL ABTS 5 mM in a cuvette kept under stirring and at T = 25°C. The blank was measured by
mixing 2.845 mL of citrate buffer pH 3 100 mM with 5 mg of LC@ZMFI. The activity test of the ZMFI
material was carried out as control experiment to evaluate possible interferences between the material and
the enzymatic activity. No activity was detected for LC-free ZMFI. All activity measurements were

carried out at least in triplicate. Specific activity (U mg™) was calculated through the following formula:

SpECifiC activity - slope -Vcuvette-1000-diluition factor - [ pmol ] - [mlg]

Venzyme -€cABTS+. -c (enzyme) mg -min

One unit (U) of laccase activity is defined as the amount of enzyme required to convert 1.0 umol of 2,2’-

azinobis-(3-ethylbenzothiazoline-6-sulfonate) diammonium salt (ABTS) to ABTS™ per minute at 25 °C.

3. Results and Discussion

3.1 Samples characterization

The XRD patterns (Figure la) exhibit sharp reflections at 20 = 8°, 9°,14°,15°,16°, 24° and 24.5°
characteristic for the MFI topology.®”®* The LC@ZMFI sample reveals a XRD pattern similar to the
ZMFI parent material demonstrating that laccase immobilization did not affect the zeolite structure. The
N> adsorption/desorption isotherms of ZMFI and LC@ZMFI samples are shown in Figure 1b. Both

samples display a type | isotherm, which is characteristic for microporous materials.>? The ZMFI sample



has a specific surface area (Sger) of 534 m? g that decreases to 297 m? g for LC@ZMFI (Table 1).
Similarly, the pore volume decreases from 0.27 (ZMFI) to 0.13 cm® g (LC@ZMFI) suggesting the
successful post-synthesis immobilization of laccase on silica MFI zeolite.

Table 1. Textural properties of ZMFI and LC@ZMFI and laccase loading and kinetic parameters of
ZMFI and LC@ZMFI

Samples aSgeT 5V/p IE L Km Vmax
(m?2g") (ecm*g?h) (%) (mgg?) (M)  (umol - mg* min*)

ZMFI 534 0.27 - - - -
LC@ZMFI 297 0.13 79.4 9.72 10.3 0.74
Free LC - - - - 11.2 64.7

aSurface area (Sget) obtained from N, adsorption/desorption isotherms; ® Pore volume (Vp)
Thermogravimetric analysis (Figure 1c) confirms the high stability of MFI zeolite in the temperature
range between 100 °C and 500 °C, where a negligible mass loss of 2 % was observed. Similarly, no
appreciable mass loss at T > 500°C is observed (data not shown). LC@ZMFI shows a mass loss of 4.3%
and 4.5% in the ranges 100°C — 220°C and 220°C — 445°C, respectively. At these temperatures, the
observed mass loss is likely due to the decomposition of organic molecules and of the immobilized
enzyme. Although two clear distinct mass loss steps in those temperature ranges are observed, it is
difficult to discriminate which one is ascribable to enzyme mass loss with absolute certainty. Finally,
above 445°C, no mass loss for both ZMFI and LC@ZMFI samples is observed. Protein loading (L) of
LC@ZMFI sample, quantified by means of the Bradford assay, is 9.72 mg g (Table 1) while the
immobilization efficiency (IE%, defined as the amount of immobilized protein relative to the total protein

amount in the solution) is 79.4 %.
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Figure 1. a) XRD patterns b) N2 adsorption/desorption isotherms and c) thermogravimetric analysis
(TGA) of ZMFI and LC@ZMFI in air.
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The modification of zeolite MFI (ZMFI) was also monitored employing FT-IR and solid-state NMR
spectroscopy. The FT-IR spectrum of the ZMFI (Figure 2) shows a broad band at about 1060 cm™! due
to Si-O-Si asymmetric stretching, a band at 960 cm™! due to Si—-OH stretching and one at 795 cm™' due
to Si—-O-Si symmetric stretching. After surface modification with 3-aminopropyl-triethoxysilane
(APTES), the band at 960 cm™* disappears and a new band appears at 690 cm™ that is ascribed to N-H
bending vibrations. Additional evidence for the zeolite modification are the stretching vibration of C-H
bonds at 2870 cm™ , 2900 cm™ and bending vibration of H-C—H bond at 1380 cm™ appear confirming
the reaction of free silanols with APTES.** As a result of laccase immobilization, a band at 1647 cm™!

(~C=N- bonds), due to the reaction between the -ZMFI-CHO and laccase appears.

—ZMFI

N
Si-OH
]
N-H N-H

(‘”a

M\v /
N-H
2900 cm™?

—LC@ZMFI

000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2. ATR-FT-IR spectrum of parent ZMFI zeolite, the with APTES modified sample and the
LC@ZMFI biocatalyst.

13C Cross Polarization (CP) solid-state NMR spectra clearly show the grafting of APTES onto the zeolite,
by appearance of resonances at 10, 21, 42 and 58 ppm, characteristic for C1-C3 and the amine carbon atom

of APTES (Figure 3 a).>® After modification with glutaraldehyde, additional resonances appear at around

11



30 ppm, indicative for additional aliphatic groups, and at 62 ppm, assigned to the C=N functionality, but
possibly overlapping with unreacted C-NH. amine groups from APTES. At 200 ppm, a particularly
characteristic resonance for the aldehyde functionality appears. Note that we have not carried out **C CP
MAS NMR on the laccase functionalized ZMFI, as the expected multitude of carbon signals of the
enzyme would prohibit further detailed structural analysis. The degree of functionalization was evaluated
quantitatively by 2°Si direct excitation, high power decoupling (HPDEC) MAS NMR spectra (Figure 3
b). T? and T2 sites corresponding to the surface-grafted species at approx. -50 and -68 ppm are visible, as
well as a small amount of hydroxylated silicon sites (Q%) and non-hydroxylated Si(0Al) sites of the ZMFI
framework.®” Integration of all resonances yields a degree of functionalization of ca. 6 %. Note that this
is overall a high degree of functionalization, as most silicon sites are buried inside the zeolite and are not

accessible for APTES.

200 150 100 50 0
13C chemical shift / ppm

b) ‘ Si(0Al)
\ (@)
T24T3 @ \
e A
0 -50 -100 -150

295i chemical shift / ppm

Figure 3. a) 3C CP MAS NMR spectra of ZMFI-NH: (yellow) and ZMFI-N=C-R (green). Line
broadening: 100 Hz. Signals between 110-130 ppm correspond to toluene from synthesis. b) 2°Si HPDEC
MAS NMR spectrum of ZMFI-N=C-R. Line broadening: 50 Hz.

The sucessful immobilization of LC is furthermore confirmed by ESR spectroscopy (Figure 4), showing

that the solid biocatalyst contains LC with no major effect on the close environment of the ESR-active

Cu centers of the enzyme.
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Figure 4. ESR spectra of laccase in solution as supplied and immobilized on ZMFI recorded at 100 K.

Scanning electron microscopy (SEM) images (Figure 5) of ZMFI show particles with the characteristic
MFI morphology possesing additional macropores.®” After laccase immobilization the obtained

LC@ZMFI sample retains its morphology in comparison to the parent ZMFI material (Figure 3b).

Figure 5. SEM images of a) ZMFI b) LC@ZMFI.

3.2 Determination of the optimal pH and kinetics for free LC and LC@ZMFI

According to the substrate involved in the reaction mixture, the LCs show different optimal pH values.
For example, in the case of phenolic and arylamine substrates involved in the reaction, which entail the
release of a proton and an electron, laccases exhibit a bell-shaped pH activity profile with an optimal pH
dependent on the laccase and the substrate. This is due to two opposing effects, 1) The redox potential
difference between the reducing substrate and the T1 Cu (correlating to the electron transfer rate,
promoted by higher pH), and i1) The binds of a hydroxide anion to the T2/T3 Cu (which inhibits the
activity at a higher pH). It is important to point out that the optimal pH work is related to the nature of

LCs. Indeed, fungal laccases such as the LC from Trametes versicolor show maximal rates at acidic pH,

13



whilst bacterial laccases show a clear preference for the basic pH values. The effect of pH on laccase
activity was investigated in the pH range of 2 to 7 using 2,2’-azinobis-(3-ethylbenzothiazoline-6-
sulfonate) diammonium salt (ABTS) as substrate. The different pH values were obtained by using
different buffers, e.g. 100 mM citrate buffer (pH 2 - 4), 100 mM acetate buffer (pH range 5-6) and 100
mM phosphate buffer (pH 7). Both free LC and LC@ZMFI have a similar activity trend, i.e. As the pH
was decreased, the activities of both free and immobilized laccase increased. exhibiting a maximum of
catalytic activity at pH = 3 (Figure 6a). The activity of LC@ZMFI decreased to almost 50% at pH 5 and
to 90% at pH 7 in comparison with the activity at pH 3. This trend is in agreement with what reported by
Miller et al. for Aspergillus sp. laccase immobilized by covalent bonding on nanozeolites.’” According to
these results, the kinetic parameters Km and Vimax were determined at pH 3. This is in agreement with e.g.

Wang et al.>®
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Figure 6. a) Specific activity as a function of pH and b) Michaelis-Menten plot for free laccase and
LC@ZMFI.
The kinetics of the free and immobilized Aspergilus sp. laccase was studied in 0.1 M citrate buffer at
pH=3 using 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonate) diammonium salt (ABTS) as substrate
(Figure 6b). The Michaelis-Menten constant Kwu slightly decreases upon immaobilization, being 11.2 and
10.3 uM for free LC and LC@ZMFI, respectively (Table 1), suggesting that the immobilization results
in a slight increase of enzyme-substrate affinity. This phenomenon could be ascribable to a modification

of the enzyme conformation leading to a better accessibility of the substrate to the active sites due to the
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immobilization procedure. The Vmax instead, is strongly affected by immobilization, decreasing from 64.7
(free LC) to 0.74 pmol - mg™ mint (LC@ZFMI). Such activity decrease has been previously observed
for laccases immobilized on other supports.* For example, the Vmax of Aspergillus sp. laccase
immobilized on Fe-BTC and ZIF-zni metal organic frameworks was 1.32 pmol min™* mg?* and 0.17 umol
mint mg?! for LC@ZIF-zni and LC@Fe-BTC, respectively.** However, a strict comparison of kinetic
parameters with the present work cannot be done because the assays were carried out at different pH
values. Indeed, Fe-BTC MOF is unstable under acidic conditions, so that LC@Fe-BTC was assayed at
pH 5 although the optimal pH for Aspergillus sp. laccase is 3. Vera et al. Immobilized laccases from
aspergillus sp, from Trametes versicolor and from Myceliophthora thermophila on polymeric
microspheres. The kinetic parameter regarding Aspergillus sp. and Trametes versicolor laccase follows
the same trend reported in our work, that is, a decrease of both Km and Vmax whilst in the case of
thermophila laccase their result showed an increase in Kv value and a decrease in Vmax.>® Taghizadeh et
al. immobilized by physical adsorption a laccase from Trametes versicolor on NaY (laccase@NaY') and
its modified desilicated and dealuminated forms in order to obtain hierarchical zeolites, laccase@DSY
and laccase@DAY respectively. The Ku values were 0.73, 0.26, and 0.31 for the immobilized enzyme
and 1.01 + 0.03mM for the related controls of the free laccase (NaY, DAY, and DSY, respectively).®
Dos Santos et al. co-immobilized a lipase and a laccase from Aspergillus sp. on agarose-based supports.
The kinetic parameters regarding of the laccase showed a slight decrease upon immobilization from 0.072
to 0.068 and 0.21 to 0.13 for Ky and Vmax respectively.®® Ameri et al. reported the immobilization by
physical adsorption of laccase from Trametes versicolor onto two hierarchical zeolites called HR-Y and
HR-Z. They obtained a Vimax of 1.11 and 1.02 pmol min™ and a Ku of 0.26 and 0.31 mM for HR-Y and
HR-Z, respectively.** These results demonstrate that the kinetic parameters are affected by the nature of
the support and the type (physical, covalent, entrapment, etc.) of immobilization. However, an accurate
comparison of our results with those reported in literature is difficult because the specific conditions of
the activity assays (e.g. pH) are often different. Moreover, since the reaction rates are proportional to the

amount of active enzyme molecules, but the percentage of molecules active immobilized enzymes is
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unknown the comparison between kinetics parameter of native laccase to immobilized laccase is often

very complicated.5?

3.3 Storage stability and reuse of LC@ZMFI

Immobilized enzymes are generally subject to a partial or even full inactivation after long storage times.®?
The LC@ZMFI was stored at 4 °C and the residual activity was checked for 30 days. The storage stability
of LC@ZMFI retained 52% of its initial activity at the 21% day and about 20% of its initial activity at the
30" day (Figure 7a). Similarly, Zheng et al. reported a laccase from Trametes pubescens immobilized on
chitosan beads showed an activity retention of about 50% after 30 days.%? The storage stability trend
agrees with other works of laccases immobilized on silica materials reported in literature. For example,

Hu et al. immobilized a laccase on mesoporous silica particles, their immobilized laccase retained 79.25%

and 60.35% of its initial activity after 18 days and 30 days respectively.®?

120 ) 120 b
m a B LC@ZMFI

100 LC@ZMF] 100 @ )
& 80 80
= £
E 60 :E-E‘“GO
£ 40 S 40

20 20

0 1T 5 7 11 18 21 30 0 6
Day cycles

Figure 7. a) Storage stability of LC@ZMFI, activity normalized at 1.12 umol min?* mg™. b) Reuse of
LC@ZMFI, activity normalized at 0.9 umol mint mg™.

Biocatalyst reuse plays a crucial role for reducing the overall costs in industrial applications.** Data in
Figure 7b show the reuse studies of LC@ZMFI. LC@ZMFI retained 50.5% of its initial activity after the
1% reuse. Thereafter, it retained 30% and 15% of the initial activity at the 2" and 3" cycle respectively,
which further decreases in the next cycles. The rapid decrease in activity of the LC@ZMPFI due to reuse,
it might be associated with partial inactivation of enzyme due to the collection procedure. The used
biocatalyst was collected by centrifugation and for each reuse cycle of reaction the collected powder was

washed with buffer and dried at air atmosphere avoiding keeping washing buffer which would dilute the
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mix of reaction. As reported in literature laccase shows extremely high sensitivity to environmental
conditions, which means that the stability of laccase is poor under natural conditions. Therefore, the
drying process could most likely affect the enzyme activity. However other works reported the rapid
decrease in activity for immobilized LCs. For example, Wang et al immobilized a LC in a biochar
obtaining a storage stability and reuse comparable with our results.>® Ameri et al. obtained a immobilized
laccase’s reusability retention after ten consecutive ABTS oxidation cycles at 5.6%, 6% for LC@NaY
and LC@ZSM-5 respectively.* The loss of activity due to reuse could be related to the influence of the
substrate concentration (ABTS) on the laccase activity. Girelli et al. immobilized a laccase laccase from
Trametes versicolor on a silica-chitosan hybrid support. The Michaelis-Menten curve of the immobilized
enzyme showed substrate inhibition at a high concentration of ABTS.®* The same phenomenon was
observed by Dos Santos et al.®° It could be possible that ABTS is not totally removed from the biocatalyst
after the first reuse cycle leading to an ABTS accumulation that inhibits the laccase activity as a

consequence of a rapid LC@ZMFI inactivation.

4. Conclusion

Aspergillus sp. laccase was immobilized onto a hierarchical (microporous-macroporous) MFI zeolite.
The structure of MFI zeolite, characterized employing XRD, SEM, TGA, and FTIR, was not affected by
LC immobilization. The values of immobilization efficiency and loading were 79.4% and 9.72 mg g},
respectively. pH strongly affected the activity of both the free LC and LC@ZMFI resulting in a maximum
of specific activity at pH 3. The Km of LC@ZMFI was a bit smaller than that of the free laccase, assayed
at pH 3, suggesting a slight increase in enzyme-substrate affinity. Vmax, instead, was much lower for
LC@ZMFI compared with free laccase as a result of a partial inactivation likely due to the immobilization
process. The immobilized biocatalyst retained around 70 % of its activity for 11 days, and 50 % after 21
days. It is well known that the enzymatic activity is highly influenced by pH. LCs generally display their
optimum activity in the pH range of 3.0-5.5.65% Therefore, the choice of a stable material able to work

at the enzymatic optimal pH is crucial. Although the use of MOFs as the enzymatic carriers is widely
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described in the literature, recent studies have shown that MOFs are not stable at low pH, 34678 where
LCs exhibit maximum activity. The use of the silica hierarchical zeolite allows to carry out the reaction
under the optimal pH of laccase avoiding the dissolution of the support. Previous works reported the
enzymatic immobilization on different zeolites.**®° However, those systems are often affected by mass
transfer limitations. To date only few works regard enzymes immobilized on hierarchical zeolites have
been reported in literature.**® Further investigation in terms of mass transfer and enzymatic activity at

different temperatures will be carried out using this support.
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