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Abstract

This study investigated the use of nanozeolites as support for laccases from P. ostreatus
(LPO), Aspergillus sp (LAsp) and A. bisporus (LAB) immobilization applied to 2,2,6,6-
tetramethylpiperidine-N-oxyl (TEMPQO) mediated glycerol oxidation. Selected
complexes led to up to 5% glycerol conversion, and interestingly, up to 100% selectivity
to glyceraldehyde after 48 h. Free enzymes led to significantly higher yields (up to 82%)
but lacked on selectivity when tested under the same conditions. These findings suggest
that laccases immobilized into nanozeolites are promising catalysts for the selective
oxidation of glycerol. With the aim to understand the different behavior of free or
immobilized enzymes, electron paramagnetic resonance (EPR) spectroscopy was applied.
A significant shift of the T2 parallel copper hyperfine coupling constant was observed.
This suggested a perturbation on the catalytic site after immobilization due to pH variation
of the enzymatic microenvironments, thus influencing performance of laccase

immobilized on nanozeolites.
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1. Introduction

Glycerol (1,2,3-propanetriol) (GLY), commonly used as a renewable solvent in
many chemical processes [1], has lately been widely studied as a versatile building
block. Its highly functionalized structure, containing three hydroxyl groups, enables it to
be transformed into a plethora of value-added chemicals [2]. Furthermore, glycerol is
the main co-product of biodiesel manufacture. The recent increase in biodiesel
production has led to a glycerol market surplus, and the price of glycerol has dropped

significantly. Moreover, crude glycerol from transesterification demands costly



purification to make it suitable as feedstock for industrial deployment. This makes the
synthesis of value-added products from glycerol a key step for making both, biodiesel
manufacture and crude glycerol purification, economically feasible [1, 2].

On the other hand, transforming glycerol into new products highly depends on
catalysts and catalytic routes. This has motivated studies in the development of new
technologies and routes to transform glycerol and expand its market. Among the
transformation routes, oxidation is one that provides glycerol conversion into several
value-added products [1], such as glyceraldehyde (GcAd), oxalic acid (OAc), formic
acid (FAc), glyoxylic acid (GoAc), glycolic acid (GcAc), mesoxalic acid (MAC),
tartronic acid (TAc), 1,3-dihydroxyaceton (DHA), glyceric acid (GAc) and
hydroxypyruvic acid (HpAc) with applications in several different areas [3-6].
However, selectively oxidizing glycerol is challenging, as it demands the usage of
appropriate catalysts under very specific reaction conditions [7].

The catalytic routes employed for glycerol oxidation vary from heterogeneous or
homogeneous catalysis to biocatalysis or electrochemical oxidation [8]. Heterogeneous
catalysts use a commonly supported noble metal, with limited reuse and high cost [1, 2,
9]. Homogeneous catalysis is mainly performed using expensive stoichiometric
oxidants, such as halogenated organic solvents, and generates hazardous or toxic waste,
that reduces their industrial interest [1, 3, 8, 10, 11].

Biocatalysis is an alternative route, where microorganisms and enzymes uses
glycerol as a carbon substrate [8]. Special attention is given here to the enzymatic
glycerol oxidation performed by the multi-copper containing laccases (EC 1.10.3.2 p-
diphenol:dioxygen oxidoreductases) in a TEMPO-mediated system [9, 12-14]. Laccase-

mediator systems (LMS) are widely used in organic synthesis typically using ABTS,



syringaldazine, B-diketones, and TEMPO as mediator. They are considered a green
alternative to established routes using problematic terminal oxidants such as
hypochlorite [15-18], however concerning the green oxidation of glycerol in an enzyme-
mediator system is still scarce. The laccase from T. hirsuta in its free form, or
immobilized onto silica pellets, was used for this purpose [12]. A sequential oxidation
of glycerol has been observed to glyceraldehyde, glyceric acid, tartronic acid, and
finally, to mesoxalic acid. Moreover, it was indicated that the product yield depended
on TEMPO concentration, and that free and immobilized enzymes performed
differently. Although the free enzyme presented increased formation of products, it
lacked stability over time, while the immobilized laccases showed the opposite
behavior. Although only a small number of studies have endeavored in this field, the
reports have pointed out that the laccase/TEMPO-mediated glycerol oxidation is a
promising system for the selective glycerol oxidation. The understanding and
development of environment-friendly heterogeneous biocatalysts for the selective
glycerol oxidation would certainly lead to glycerol and, concomitantly, biodiesel,
economic appreciation.

The search for an appropriate support is key for any enzyme immobilization, and it
lies on how well the support can retain enzyme activity, stability and reusability. The
application of laccases is wide, and several reports describe the immobilization of this
enzyme on organic and inorganic supports [19]. In previous studies, we reported the use
of nanozeolites as supports for lipases immobilization and the complexes application for
biodiesel production [20, 21]. The modulation of these inorganic supports allowed a
broad search for supports that not only retained enzyme activity, but improved it,

alongside good stability and reusability. The reduction of the size of zeolite particles to



the nanometer scale can lead to significant changes in their physicochemical properties,
such as increasing their external area, allowing better access to and exposure of their
active sites, high dispersibility in both aqueous and organic solutions and easy
adjustment of their tunable surface properties, especially regarding the surface charge
and hydrophilicity/hydrophobicity properties [22]. The use of lipases-microzeolites and
lipase-nanozeolites complexes in the production of biodiesel has led to the conclusion
that lipases-nanozeolites complexes are more efficient catalysts in the production of
fatty acid ethyl esters (FAEES) [21].

To the best of our knowledge, only alumina pellets and Na-alginate matrixes have
been employed to laccases immobilization and complexes applied to glycerol TEMPO-
mediated oxidation [9, 12, 13]. This gave rise to the following questions: a) Would it be
possible to take advantage of the physicochemical properties of nanozeolites to
immobilize laccases? b) What would be the catalytic performance of the nanozeolite-
lacases complexes in the TEMPO-mediated glycerol oxidation in comparison with the
free enzymes? c¢) Would the support/enzyme interaction lead to any structural
perturbation of the catalytic site, and so reflect on changes on catalytic activity? In order
to properly answer these questions systematic experiments involving nanozeolites
syntheses and their use as solid supports for the immobilization of laccases from P.
ostreatus (LPO), Aspergillus sp (LAsp) and A. bisporus (LAB). Afterwards the
nanozeolite-enzymes complexes were used as biocatalysts for glycerol oxidation using
TEMPO as mediator. Although there are a plethora of laccases enzymes which in
principle can be used for the green oxidation of glycerol only T. hirsuta or T. versicolor

have been so far investigated, therefore in this study the potential of Pleurotus



ostreatus, Agaricus bisporus and Aspergillus sp laccases are for the first time

investigated aiming the green glycerol oxidation.

2. Materials and methods
2.1. Materials

All reagents used in this study, including enzymes, were acquired from Sigma-
Aldrich. Inorganic salts and organic bases were used for the preparation of nanozeolitic
matrices, as well as organic compounds used in the chemical functionalization of these
materials were of reagent grade (>98%). The enzymes studied were the laccases (EC
1.10.3.2) from Pleurotus ostreatus, Agaricus bisporus and Aspergillus sp. Glycerol
(>99%), 2,2,6,6-tetramethylpiperidine-N-oxil (TEMPO) (98%) and 2,2'-azino-bis (3-
ethylbenzothiazolin-6-sulphonic acid) (ABTS) (>98%). Acids, solvents and standards
used for HPLC analyses were of HPLC grade (>99%). All reagents were used as acquired,
except the laccase from Aspergillus sp, which in some cases underwent filtering and/or
buffer exchange processes, using Amicon® Ultra-0.5 (Ultracel-10 membrane, 10 kDa).
LAsp is referred as “untreated” or “treated” when used without filtering or filtered,
respectively. The free treated and untreated were tested for glycerol oxidation, and results
were statistically the same.
2.2. Preparation of the nanozeolitic supports

The synthesis of the faujasite type X (FAU/Na"), titanium silicalite (TS-1), zeolite
socony mobil-5 (ZSM-5), linde type A (LTA) and beta (BEA) nanozeolites were carried
out according to previous described methods: FAU/Na* [23, 24], TS-1 [25, 26], ZSM-5
[27], LTA [28] and BEA [29]. The FAU/Na" nanozeolite was submitted to an ion

exchange process to replace sodium cations for copper dications, similarly to previously



reported [20]. 1 g of FAU/Na* was suspended in 30 mL 0.5 M CuSO4 water solution in
a 50 mL flask, sealed, magnetically stirred (1200 rpm) at room temperature for 1 h, and
then incubated at 80 °C for 7 days under static conditions. Then, the product was
centrifuged for 5 minutes (13,000 x g), washed several times, and dried at 60 °C
overnight. The ion exchanged derivative was designated FAU/Cu?*. lon exchange
experiments were performed only for FAU/Na* since the other nanozeolites have low
aluminum content which precludes ion exchange with extra framework cations.
2.3. Functionalization and cross-linking of the nanozeolitic supports

The alkoxysilane functionalization using (3-aminopropyl)trimethoxysilane
(APTMS) and cross-linking using glutaraldehyde (GA) were performed following the
procedure previously described [21]. Prior to the functionalization, the as-synthesized
nanozeolites TS-1, ZSM-5, LTA, and BEA were calcinated. The samples were heated in
an air stream at 550 °C, using temperature ramps [21]. The FAU/Na* and FAU/Cu?
supports were not treated as no template was used in their synthesis. The alkoxysilane
functionalized nanozeolites obtained were denoted FAU/Na*/APTMS,
FAU/Cu?/APTMS, TS-1/APTMS, ZSM-5/APTMS, LTA/APTMS and BEA/APTMS.
The cross-linked materials were named FAU/Na*/APTMS/GA, FAU/Cu*/APTMS/GA,
TS-1/APTMS/GA, ZSM-5/APTMS/GA, LTA/APTMS/GA and BEA/APTMS/GA.
2.4. Physicochemical characterization of supports and supports-enzymes
complexes

The prepared materials described above were characterized using X-ray diffraction
(XRD), scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). The XRD analyses were performed with a MiniFlex Il instrument (Rigaku,

Tokyo, Japan) equipped with a rotating anode source with flat-plate Bragg-Brentano



geometry and a graphite monochromator, operating at 40 kV and 40 mA, with Cu K
radiation (wavelength = 1.5418 A). The powder diffraction patterns were recorded in
the 20 range from 3 to 50 °, with scanning at a goniometer rate of 2° min . SEM
images were recorded using a 400-L FEI (FEI/Magellan) instrument, coupled with
energy dispersive X-ray analyzer, and the sample grid was observed at 5 kV. A thin
coating of gold was deposited onto the samples prior to the SEM analyses. TEM data
were obtained from powdered glasses suspended in isopropanol and deposited on grids
using a FEI TECNAI G2 F20 HRTEM (200 kV) microscope equipped with a field
emission gun. Fourier transform infrared (FTIR) spectra were acquired using a
PerkinElmer Frontier FTIR spectrometer equipped with an Attenuated Total
Reflectance (ATR) accessory. The samples were scanned 64 times between 4000 and
400 cm™?, at a resolution of 4 cm™,

The continuous wave electron paramagnetic resonance (CW EPR) measurements
were performed on a X-band (9.4 GHz) EMXmicro BRUKER spectrometer at 20 K
(temperature control by Oxford Instruments CF935 cryostat) using 100 kHz modulation
frequency and 0.8 mT modulation amplitude. The microwave power used was 0.27
mW. Field calibration was carried out using 2,2-diphenyl-1-picrylhydrazyl. The spectra
were recorded as, solid, frozen solids and exhibit a random collection of orientations of
the paramagnetic centers with respect to the applied magnetic field. The corresponding
anisotropic g and A tensors extracted from the spectra provide information about the
magnetic environment of the copper centers. The simulations of the CW EPR spectra
were performed using the Easyspin simulation software package [30]. Some zeolites
have shown low levels of metallic impurities (either Fe3* or Cu?*) possibly arising from

the calcination step.



2.5. Laccases immobilization onto cross-linked zeolites

The commercial laccases LPO, LAB and LAsp were covalently immobilized onto
the APTMS/GA maodified nanozeolites. Initially, stock solutions of the solid extract
laccases LPO and LAB (0.5 mg/mL) were prepared in 100 mM acetate buffer (pH 5),
and stored at 8 °C until use. The LAsp laccase, purchased already in solution, was
diluted in acetate buffer to the concentration of 0.5 mg/mL. The immobilization
protocol consisted of suspending 1 g of APTMS/GA modified nanozeolite in 15 mL of
laccase solution, magnetically stirring for 16 h at room temperature, followed by
separation by centrifugation (11,000 x g). The supernatant was stored for remaining
activity and protein loading measurements. The precipitate was washed with acetate
buffer (100 mM, pH 5) 5x, dried at room temperature, and then stored at 8 °C until use.
The amount of the immobilized enzymes adsorbed on the zeolitic matrixes, was
determined according to the method described by Bradford [31].
2.6. Determination of enzymatic activities

The free or immobilized laccase activities were determined according to the study
of Liebminger et al. (2009)[12]. The ABTS oxidation was followed spectroscopically
using a Q798U/QUIMIS® UV/vis spectrometer. The general activity assay is described
as follows: 1440 puL of 100 mM acetate buffer (pH 5), 20 pL of an aqueous ABTS
solution (11 mg/mL), and 40 pL of laccase solutions (1.25x10 mg/mL) were added
sequentially into a glass cuvette (I = 0.5 cm). The absorbance was recorded for 3
minutes at 436 nm (e436 = 29.200 M~1cm™t) at room temperature. This protocol was
slightly varied to determine complex laccase/nanozeolite activities. Assays were carried
out in 20 mL uncapped glass vials containing 2 mg of complex laccase/nanozeolite

suspended in 1480 uL of 100 mM acetate buffer (pH 5) + 20 pL of an aqueous ABTS



solution (11 mg/mL). The suspension was magnetically stirred for 9.5 min, rapidly
transferred to a centrifuge tube, centrifuged for 30 s (11,000 x g), the supernatant
transferred to cuvette, and absorbance collected immediately, 10 min total reaction time.
One unit (u) of the enzyme was defined as 1 umol ABTS oxidized per minute under the
stated assay condition. The enzymatic activity was denominated U (u/mL) or U (u/mg)
for free or immobilized enzyme, calculated using the equations below [20]:

U=Abs*Vi /e*L*VexT*10%xD

U=Abs* Vi /e*L*wixT#*10%% D
where Abs, is the absorbance at 436 nm; V4, is the total reaction volume (1.5 mL); Ve, is
the laccase solution volume; wy, is the added complex weight (mg); &, is the molar
extinction coefficient (29200 M1cm™); L, is the light path (0.5 cm); T, is the incubation
time; 103, is the units correction factor; D, is the sample dilution, if necessary.

Optimum temperature, optimum pH, thermostability and pH stability were

determined for free LPO, LAB and LAsp adjusting the described protocol. Stock
solutions of transition metals (20, 40, 60, 80 and 100 mM) were prepared in 100 mM
acetate buffer (pH 5) and used to verify their influence on the laccases activity at room
temperature following the general protocol (stock solutions instead of just buffer). All

assays run in triplicate if not otherwise stated.

2.7. Glycerol oxidation

The glycerol oxidation was performed following the method described by Liebminger et
al. (2009)[12], with the pertinent modifications to our system. In a typical assay, 5 mL
of solution prepared in 50 mM sodium acetate buffer, pH 5, containing glycerol (200

mM), TEMPO (30 mM), and amounts of in solution laccases (0.15 U) or immobilized
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solid materials (catalyst weight with activity equivalent to 0.15 U). The reactions were
carried out for 48 hours at room temperature (25 °C). Glycerol oxidation products were
quantified using High Performance Liquid Chromatography, using an Agilent
Technologies (Waldbronn, Germany), model 1220 Infinity with a Photodiode Array
Detector, DAD. An Aminex HPX-87H (BioRad) 300 x 7.8 mm column was used. The
mobile phase was a 4 mM H2SOa solution in ultrapure water (18 Q). Flow was adjusted
to 0.5 mLmin, and 20 pL of sample injected. Column incubated at 60 °C throughout

20 minutes chromatographic analysis.

3. Results and Discussion
3.1. Zeolitic supports characterization

The synthesis of the FAU/Na*, FAU/Cu?*, TS-1, ZSM-5, LTA and BEA
nanozeolites were confirmed by comparing XRD patterns (Figure S1) and SEM images
(Figure S2) with literature [24-29, 32, 33] as thoroughly described in previous studies
[20, 21]. Particular attention was given to the FAU/Cu?* material due to new
observations regarding its content. FAU/Na* and FAU/Cu?* SEM images and XRD
patterns are contrasted in Fig. 1. Despite apparent similar morphologies revealed by
SEM (Fig. 1B and 1C), the XRD patterns presents significant differences (Fig. 1A).
Previous this behavior has been assigned to a possible structure directing role of the
copper ion on the Faujasite topology, which apparently shifted to a Gismondine (GIS)
topology under ion exchange conditions [20]. However, in this study, an investigation
has been carried out aiming to prove if the topology has indeed shifted or the XRD
patterns are results of something else. Initially, the search on a XRD database was

performed using the program Match!* [34]. Surprisingly, a mineral presented around
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90% Bragg reflections matches with the FAU/Cu?* ones. This mineral is a hydrous
copper sulfate with the formula Cus(SO4)(OH)4 called antlerite, with characteristics
infrared bands at 3570, 3490, 1153 and 1109 cm™ [35]. These infrared bands can be
found in the FAU/Cu?* FTIR spectra while it is not present in the FAU/Na* spectra (Fig.
1D). On the other hand, a group of bands in the 1000 — 400 cm™ region, where
characteristic zeolitic bands are found [36], can be observed for both materials.
Moreover, Bragg reflections in 26 equal 6° and 10°, characteristic of the faujasite
material [20], are found in the copper exchanged material, but not in the antlerite
pattern. This suggest that the FAU/Cu?" material is actually composed of more than one
topology, the faujasite topology and a copper sulfate topology. To verify on that TEM
has been employed. Fig. 2 A1 and A2 shows dark field and bright field TEM data of the
FAU/Cu?" material, respectively. It is clear the presence of different shapes objects,
where a globular-like morphology is in contrast with a rod-like morphology.

A small section from Fig. 2A1, where two particles of different shapes could be
found (Fig. 2B1) was submitted to EDX analysis, in which oxygen (Fig. 2B2), silicon
(Fig. 2B3), aluminum (Fig. 2B4), copper (Fig. 2B5) and sulphur (Fig. 2B6) were
mapped out. It is evident that the globular-like particle is rich in silicon and aluminum,
while the rod-like particle presents very low content of these elements. Meanwhile,
oxygen, copper and sulphur are present in both particles, with oxygen found more
intensively in the globular-shaped object and copper and sulphur in the rod-shaped
object. The high aluminum and silicon content of the globular material allows inference
that this is a zeolitic material, and the presence of copper spread uniformly though its
structure indicates that the sodium from the FAU/Na" zeolite has been replaced for

copper cations, as expected in an ion exchange treatment. In contrast, the absence of
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these elements in the other particles confirms a presence of a second phase in the
FAU/Cu?". The presence of sulphur in both phases can be result of small layers of the
copper sulfate mineral deposited onto the zeolitic phase. The second phase formation in
an ion exchange process has been previously reported [37, 38]. Both studies attributed
the mineral formation to harsh ion-exchange conditions (high temperature and copper
concentration). Similar conditions were employed in this study (7 days, 80°C, 0.5 M
CuSO0s4), so the faujasite copper ion exchange has indeed led to a second phase
formation rather than structure directing the FAU to GIS topology, and data strongly
suggests antlerite as the secondary phase.

Fig. 1D also presents the FTIR spectra for the FAU/Na* and FAU/Cu?*
alkoxysilane functionalized (FAU/Na*/APTMS and FAU/Cu?/APTMS) and cross-
linked (FAU/Na*/APTMS/GA and FAU/Cu?*/APTMS/GA). New absorption bands are
revealed when comparing spectra from each treatment stage. This can be associated
with the modification groups used and can be assigned in all modified nanozeolites
(Figure S3), providing evidence of effective treatments, as previously detailed [21].
3.2. Laccases characterization

The commercial laccases LPO, LAB and LAsp were spectroscopically
characterized by means of their activity towards ABTS oxidation; varying parameters
such as temperature, pH and chemical environment. Fig. 3A left shows the laccases’
activity response when temperature was varied. Optimum temperatures around 60, 75
and 65 °C were found for LPO, LAB and LAsp, respectively. Other than temperature,
pH is a relevant parameter to consider when working with laccases, commonly reported
to be pH dependent with greater activity in acidic mediums [39]. Fig. 3A right

illustrates the laccases pH dependence, and their optimum pH has been determined to be
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around 3. Both optimum temperature and pH determined are in good agreement with
literature [39-42].

Further, the thermostability and pH stability of the laccases were verified. The
enzymes activities were checked over time for incubation temperatures of 30, 45 and
60 °C, at pH 4.5, Fig. 3B. In general, high instability is noted for LPO and LAsp, only
stable at 30°C. On the other hand, LAB presented quite good stability even for higher
temperatures. Fig. 3C presents the behavior of the laccases over time when incubated in
pH 2, 3, 4, 5 and 6 buffer at 30 °C. LAsp is only stable at pH 6, in all other cases, fast
activity reduction was observed. LPO is quite stable for pH values 4, 5 and 6, but
moderate activity reduction was observed for pH 3. LAB, which had good temperature
stability, is also stable for different pH values. Significant instability is noted for all
laccases at pH 2.

The final stage of the free laccases characterization investigated whether some
transition metal would interfere with the enzyme’s activity. The enzymes activities were
measured in the presence of varied concentrations (20 — 100 mM) of bivalent metals
(Cu?*, Zn?*, Ni?*, Co?", Mn?* and Mg?*). In general, the tested metals did not interfered
or lead to moderate increase of enzyme activity, except for cobalt and copper, Fig. 4.
The enzyme’s responded negatively to cobalt. The higher the concentration of cobalt,
the lower the enzyme relative activity. Interestingly, the presence of copper led to the
most increase of all the enzyme’s activities as the concentration was increased. It is
known that copper enhances laccases activities [43, 44], due to the favorable
equilibrium maintenance of the four copper atoms at the catalytic site, required for
optimum performance.

3.3. Laccases immobilization and complexes characterization

14



The differently prepared nanozeolitic supports were tested for the laccase’s
immobilization. Table 1 presents the immobilization results with regard to enzyme
loading percentage, remaining activity (remaining activity in supernatant solution after
immobilization process) and complexes activities. For comparative use, it is indicated
the theoretical value that would be expected for the activity of the complexes if the
entire enzyme content available was immobilized in the support and maintained 100 %
of its activity (15000 nU), which is considerably higher than the activities of all
complexes tested, even those that immobilized approximately the entire enzyme content
available. This is mainly as a result of changing the catalytic system from homogeneous
to heterogeneous. The dispersibility of an enzyme in solution is much superior to the
dispersibility of nanozeolite complexes/enzymes. This is due to mass transfer
limitations, which can critically affect the kinetics of a catalytic system [45]. Therefore,
the activities of the complexes will be compared to each other, not with a supposed free
enzyme equivalent.

All complexes showed some activity towards ABTS oxidation, however, the
complexes with the copper containing support, FAU/Cu*/APTMS/GA, showed quite
superior activity per milligram of complex, 1879 + 45 pU —
FAU/Cu?*/APTMS/GA/LPO, 1535 + 39 nU — FAU/Cu?*/APTMS/GA/LAB, and 3166
+ 57 pU — FAU/Cu*/APTMS/GA/LAsp. The only other complex that presented
comparatively good activity was the complex BEA/APTMS/GA/LAsp (2133 + 55 pU).
All other complexes gave activities lower than 400 pU. Notwithstanding, the
FAU/Cu?/APTMS/GA/laccases complexes were chosen for further complex

characterization with regard to optimum reactional conditions and stability.
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The selected complexes were submitted for the ABTS oxidation varying
temperatures (30, 45 and 60 °C) and pH (3, 4 and 5), and the relative activities are
illustrated in Fig. 5A. All complexes presented optimum catalytic performance at 30 °C
and pH 3. However, for this pH, the complexes activities were reduced at higher
temperatures, more drastically for the LAsp complex, showing no activity at 60 °C.
LPO and LAB complexes presented around 30% and 60% the activities at pH 3/30 °C,
respectively. In general, each complex showed a unique response to the same
experimental conditions. While the optimum was also at pH 3 for LAB at 45 °C, for
LPO and LAsp, the optimum was observed at pH 4. In addition, at 60 °C, the LPO
complex showed very similar activities for the tested pH, whilst LAB and LAsp showed
optimum at pH 4. It was clear that the immobilized and free enzymes behaved very
differently. To analyze whether immobilization led to more stable enzymes, the
thermostability of the complexes were assayed at pH 3 and 30 or 45 °C, Fig. 5B. The
single most striking observation to emerge from the data analysis was that the
complexes were not stable at pH 3 for long periods, independently of temperature. The
data presented so far was used to define which would be the appropriate conditions for
the selected complexes application to the proposed glycerol TEMPO/mediated
oxidation. Based on optimum performances and stability, pH 5 and 25 °C were initially
used for this reaction.

3.4. Glycerol oxidation

Table 2 presents the glycerol oxidation results. Initially, the free laccases were
tested for the proposed TEMPO-mediated oxidation of glycerol. LPO presented the
highest conversion yield (81.54%) in 48 hours, followed by LAsp (28.77%) and LAB

(3.19%) at 25 °C. Despite highest conversion, LPO selectivity to glyceraldehyde
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(57.10%) was lower than LAsp (78.00%), with secondary most abundant product being
glyceric acid (21.00% conversion / 25.75% selectivity) and glyoxylic acid (3.30
conversion / 11.47 selectivity), respectively. In contrast, LAB yield was only 3.19%,
with high selectivity to glyceraldehyde (97.81%). In terms of production, all tested
complexes yielded less than 5% conversion, and similarly to LAB, presented high
selectivity to glyceraldehyde (>88%).

The oxidation products for free LPO was followed up over time to get insights
concerning the glycerol oxidation pathway, Fig. 6. In the first 3 hours, the reaction
mainly produced glyceraldehyde (GcAd), and very small amounts of glyoxylic (GoAc),
glyceric (GAc) and oxalic (OAc) acids. In the next 3 hours, the amount of GcAd
approximately doubled, while GoAc and GAc yields increased about 4 and 5-folds,
respectively. Noteworthy, from this set of data was the production of three compounds,
GcAd, GAc and GoAc. The yield of GcAd increased in the first 24 hours, but reduced
in the next 24 hours. GAc amount was increased during the complete interval follow up.
GoAc amount increased in the first 6 hours, then reduced in the next 6 hours, then
increased again for the rest of the reaction. Based on these results, we can suggest that
LPO TEMPO-mediated reaction followed a similar pathway to the reported by Zhou et
al. (2008)[1], which considered that glycerol would first be oxidized to glyceraldehyde,
which would then in sequence be converted to glyceric acid, and glyceric acid to
tartronic acid. Tartronic acid on its turn could be transformed into mesoxalic acid, or
oxalic acid, or glyoxylic acid. Overall, a series of different reactions was in place in this
study, leading to non-selective glycerol oxidation, which is in agreement with the study

reported by Liebminger et al. (2009)[12].
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Table 3 summarizes the main results of the studies that previously addressed this
system compared with the results in this study. Different laccases, supports,
immobilization methods and reaction conditions were tested. It is clear that only free
enzymes have led to high yields of oxidation products. However, the amount of free
enzyme (based on activity) used in this study is lower than the amount used for the
other studies, in the order of 6 folds. This allows us to point out that both, LPO and
LAsp, which have never before been studied in this context, are potential catalysts for
the proposed reaction. On the other hand, when attention is given to studies in which the
laccases were immobilized, none presented high conversions — less than 30% — and in
agreement with our study. Certainly, greater or lesser residual activity of immobilized
enzymes is directly related to the physical-chemical interactions between enzymes and
supports, as well as the interaction with the mediators involved. To shed light on these
results, CW EPR spectroscopy was applied.

3.5. EPR analysis

Laccase has an EPR spectrum indicating the presence of a combination of T1 and
T2 catalytic copper centers [46]. Fig. 7A-F shows X-band EPR spectra obtained for the
laccase/nanozeolite complexes (solid lines) compared with the spectra of the enzyme-
free nanozeolites (dotted lines). Simulations were performed to determine the spin
Hamiltonian parameters and are presented in Table 4 (Figure S4). In all cases,
significant differences are evident in the spectra when comparing the g and hyperfine
values of the T1 and T2 coppers catalytic sites, with the FAU/Cu*/APTMS/GA/LAsp
and LTA/APTMS/GA/LASsp, in which the high concentration of Cu?* present in the

zeolite suppressed the signals of the laccase coppers.
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To help us understand the results, comparison was made to the EPR spectra of the
laccase samples in frozen solution at pH 7 and 4.5, and untreated at pH 7 (Fig. 7G). The
frozen solution laccase EPR spectra , again, show the typical spectral features of blue
laccases [46, 47] with both T1 and T2 copper sites being present. The treated enzyme at
pH 7 presents a shift in the isolated resonances characteristic of copper T2 to smaller gi
and Ay values (arrow indicate the shift); the parallel hyperfine coupling constant is
220.2 x 10 cm! for the treated enzyme at pH 4.5 while the constant determined for the
enzyme at pH 7 is 170.1 x 10* cm™. This indicates variation of the unpaired electron
delocalization on Cu?* as a function of pH. The untreated sample, pH 7, presented a
spectrum with resonances close to those observed for the treated enzyme at pH 7 with
subtle changes in line width.

Interestingly, the g and A values of the T2 copper site of the immobilized samples
most closely resemble the values of the treated/untreated laccase at pH 7(Fig. 7H). This
is most evident for the Ay value of BEA/APTMS/GA/LAsp complex with its almost
identical value to the untreated enzyme. It is possible that this arises from the distortion
of the coordination geometry of the T2 copper site (Figure S5). The parameters for the
T1 copper site show less variation.

The data in Fig. 7 indicate a strong influence of pH on the EPR spectroscopy of the
LAsp laccase, and in addition, that the spectral resonances observed for the immobilized
enzyme are very close to those observed for the enzyme at pH 7. This raises the
hypothesis that the microenvironments of immobilized enzymes are highly sensitive to
changes in pH. Moreover, this could explain the reduction of the catalytic activity of the
laccases immobilized in zeolites, since the data clearly indicate optimal activity for the

free enzymes at acidic pH. And, although the reaction medium for glycerol oxidation
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was adjusted to pH 4.5, it does not necessarily reflect the pH of the enzymatic
microenvironments close to the zeolite surface. Overall, the EPR study, reveals
significant changes to the laccase copper catalytic sites on immobilization.
4. Conclusions

The different synthetized nanozeolites could successfully immobilize the tested
laccases. Faujasite nanozeolite ion exchanged with Cu?* and functionalized with
APTMS and cross-linked with GA successfully immobilized the laccases LPO, LAsp
and LAB resulting in different nanozeolite-lacases complexes with great activity
towards ABTS. Oxidation of glycerol to glyceraldehyde, glyceric acid, among other
products, was achieved. Although the application of the selected laccase/nanozeolite
catalysts to glycerol TEMPO-mediated oxidation did not result in high yields of
conversion, significant selectivity to glyceraldehyde was observed (up to 100%). In
contrast, free enzymes led to higher yields of conversion, but a plethora of different
products were obtained. This suggests that the immobilization of laccases into
nanozeolites generates a promising catalyst for the controlled TEMPO-mediated
glycerol oxidation. EPR spectroscopy data revealed a significant change of the spin
Hamiltonian parameters in the parallel region of the T2 copper site depending on pH. In
the free form, LAsp gs and Ay were 2.270 and 220.2 x 10 cm, respectively, at pH 4.5,
whilst at pH 7 these values varied to 2.275 and 170.1 x 10 cm™. The spectral features
of the immobilized LAsp has approximately the same values for the free enzyme at pH
7, and the BEA/APTMS/GA/LAsp complex (g 2.275 and 173.4 x 104 cm™). These
results in principle could explain the low effectiveness of the complexes observed not
only in this study but also in other similar systems reported in the literature. Therefore,

the study suggests that in the future for the designing of effective catalysts of this
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immobilized laccase/TEMPO-mediated glycerol oxidation system, attention should be

paid to the microenvironment of this system.
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Figure Captions

Fig. 1. Characterization of the supports. XDR patterns (A) and SEM images of
FAU/Na* (B) and FAU/Cu?* (C) supports. FTIR spectra of these two materials
compared with its APTMS alkoxysilane functionalized and GA cross-linked derivatives

spectra (D).

Fig. 2. TEM data for the sample FAU/Cu?*, dark field (A1) and bright field (A2).
Energy dispersive X-ray (EDX) mapping analysis of the FAU/Cu?" material (B1):
oxygen (B2), silicon (B3), aluminum (B4), copper (B5), and sulphur (B6).

Fig. 3. Biochemical characterization of the LPO, LAB and LAsp laccases. (A)
Optimum temperatures (right) and pH (left) at 45°C. (B) Thermostability at the

temperatures 30, 45 and 60 °C, pH 5. (C) pH stability at pH 2, 3, 4, 5 and 6 (30°C).

Fig. 4. Laccases activities in the presence of metal transition cations at 25 °C. Room

temperature, pH 5.0 (100 mM acetate buffer).
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Fig. 5. (A) Temperature and pH influence on FAU/Cu?*/APTMS/GA/laccases
complexes activities. (B) Thermostability of the FAU/Cu?*/APTMS/GA/laccases
complexes at 30 and 45 °C.

Fig. 6. Glycerol oxidation follow up using free LPO. Oxalic acid (OAc), mesoxalic acid
(MAC), tartronic acid (TAc), glyoxylic acid (GoAc), glyceric acid (GAc) and
glyceraldehyde (GcAd) quantities were determined by HPLC after 3, 6, 12, 24 and 48

hours reaction at room temperature.

Fig. 7. X-band EPR spectra of the nanozeolites with (solid lines) and without (dotted
lines) immobilized LAsp (A to F). X-band EPR spectra of treated LAsp at pH 7 and 4.5
compared with the untreated enzyme at pH 7 (G). Positions of T1 and T2 hyperfine are
marked. Comparison of the parallel region of the LAsp/nanozeolites complexes (solid
lines 7A — F) with the spectra of the treated LAsp at pH 7 (7G, black line) and untreated
(7G, blue line) (H). Highlighted regions and arrows indicate shifts.

Table 1. Amount of laccase immobilized on the zeolitic supports and their enzymatic

activity after immobilization.

Support Laccase Immobilization  Residual Activity Complex .
I % I % Activity / pU

HYPOTHETICAL SYSTEM? 100 0 15000
FAU/Na*/APTMS/GA LPO 94 + 32° 0 865

LAB 55 + 30° 0 204 +11

LAsp 39+2 86+3 291 +13
TS-1/APTMS/GA LPO 84 + 25¢ 0 58+4

LAB 63 +21° 0 99+4

LAsp 88+4 6.2+0.5 364 + 16
ZSM-5/APTMS/GA LPO 88 + 35¢ 0 276+ 14

LAB 78 £33¢ 0 8+2
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LAsp 92+4 0 25+3

LTA/APTM/GA LPO NRP NR NR

LAB NR NR NR

LAsp 262 93.7+£0.3 258 +13
BEA/APTMS/GA LPO NR NR NR

LAB NR NR NR

LAsp 94 +4 0.8+0.2 2133 +55
FAU/Cu®*/APTMS/GA  LPO 85 + 25° 0 1879 + 45

LAB 90 £ 30° 0 1535+ 39

LAsp 90 +3 93+04 3166 + 57

@ HYPOTHETICAL SYSTEM - if 100% of the enzyme was immobilized in the support and maintained
100 % of the activity it had in its free form, the complex formed would present activity of 15000 u[j,
regardless of the support or enzyme tested because the amount of enzyme available was adjusted based on
its respective specific activities, and constant for all assays.

® NR - not realized

¢ Statistically it was not possible to obtain replicas that did not exceed the acceptable error — tests were

repeated at least five times.

Table 2. Glycerol conversion (%) and product selectivity (%) in a free or immobilized

laccase/TEMPO-mediated glycerol oxidation after 48 h.

Catalyst Product Conversion / % Selectivity / %

FREE ENZYMES

LAsp ab Oxalic acid 1.57 5.46
Mesoxalic acid 0.24 0.83
Tartronic Acid 0.09 0.31
Glyoxylic acid 3.30 11.47
Glyceric acid 1.13 3.93
Glyceraldehyde 22.44 78.00
total 28.77 -

LPO 2b Oxalic acid 1.95 2.39
Mesoxalic acid 2.90 3.56
Tartronic Acid 2.70 3.31
Glyoxylic acid 6.43 7.89
Glyceric acid 21.00 25.75
Glyceraldehyde 46.56 57.10
total 81.54 -
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LAB 2P Oxalic acid 0.07 2.19
Glyceraldehyde 3.12 97.81
total 3.19 100

IMMOBILIZED ENZYMES

A C/LAsp® Oxalic acid 0.08 4.06
Glyceraldehyde 1.89 95.94
total 197 -

A °/LPOP Oxalic acid 0.08 1.64
Glyceraldehyde 4.79 98.36
total 4.87 -

AC/LAB® Oxalic acid 0.08 4.19
Glyceraldehyde 1.83 95.81
total 191 -

A °/LAsp Oxalic acid 0.17 11.64
Glyceraldehyde 1.29 88.36
total 1.46 -

A°/LPO ¢ Oxalic acid 0.20 8.44
Glyceraldehyde 2.17 91.56
total 2.37 -

A ILAB ¢ Oxalic acid 0.11 8.94
Glyceraldehyde 1.12 91.06
total 1.23 -

B ¢/LAsp® Glyceraldehyde 1.88 100
total 1.88 -

SUPPORT with no ENZYME

A® No products verified
B® No products verified

2 Free enzyme (amount of enzyme with activity equivalent to the activity of the respective enzyme
complex with support A).

b25°C.

¢ Enzyme immobilized onto the supports: A - FAU/Cu?*/APTMS/GA and B - BEAC/APTMS/GA.

445 °C. ¢ Support only.
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Table 3. Comparing the experimental conditions and production from the laccase/ TEMPO-mediated glycerol oxidation reactions reported

in the literature with the present work.

Laccase Support Experimental conditions Conversion Selectivity Immobilization Ref.
/%" /% ® Method
pH T/°C t/h [TEMPO]:[GLY] Catalyst
T. hirsuta Free form 45 25 24 3:10 10 U/mL 70 23.4 - GcAd - [12]
23.4-GAc
12.8-TAc
19.1 - MAc
Alumina pellets 45 25 24 3:10 0.1 U/mL 10 N.1.2 covalent binding
T. versicolor Sodium alginate 4.5 25 24 3:10 20 mg/mL® 30 23 - GAc entrapment [9]
67 — GcAd
Free form 45 25 24 3:10 N.1. 40 75— GcAd -
20 - GAc
Sodium alginate 45 25 24 3:10 2 mg/mL*¢ 27 85— GcAd entrapment [13]
9-GAc
Alumina pellets 45 25 24 3:10 2 mg/mL*¢ 8 >90 — GcAd covalent binding
Free form 45 25 76 3:10 10 U/mL 76 30-GAc - [14]
30 - MAc
26 — GcAd
Free form 55 19 76 31 10 U/mL ~100 90 - MAc -
P. ostreatus Free form 45 25 48 3:10 0.15 U/mL 82 57 — GcAs - This work
26 — GAc
FAU/Cu*/APTMS/GA 45 25 48 3:10 0.15U/mL <5 >98 GcAd covalent binding
Aspergillus sp Free form 45 25 48 3:10 0.15 U/mL 29 78 — GcAd -
11.5- GoAc
FAU/Cu?*/APTMS/GA 45 25 48 3:10 0.15 U/mL <2 >95 — GcAd covalent binding

N.l. —notinformed  GAc - glyceric acid GoAc - glyoxylic acid GcAd- glyceraldehyde ~ MAc - mesoxalic acid TACc - tartronic acid
b Conversion and selectivity values were approximated from the figures when not explicitly reported in the texts, and error bars not considered.

1t was not possible to determine from the procedures described the complexes’ activities (U/mg), and thus determine the U/mL activity used to study the reactions.
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Table 4. g Values and hyperfine coupling constant A for laccase T1 and T2 copper centers.

Copper T1 Copper T22
Sample

al gz A A g 0z A Az
Treated LAsp pH 7 2211 2060 867 167 2275 2046 170.1 16.7
Treated LAsp pH 4.5 2200 2064 917 167 2270 2065 2202 16.7
Untreated LAsp pH 7 2195 2065 867 167 2249 2057 1835 16.7
FAU/Na*/APTMS/GA/LASP 2197 2064 917 167 2245 2048 1867 167
BEA/APTMS/GA/LAsp® 2219 2065 867 167 2275 2055 1734 16.7

T1:T2

1:0.7
1:0.7
0.5:1
0.6:1

0.7:1

aHyperfine coupling constant A are expressed as wave numbers (cm™) with multiplication
factor 10, Parameters A = 1.67 and A = 13.3 were used for the superhyperfine interaction of
copper T2 with N of the coordinated histidines. ® The EPR parameters for TS-

1/APTMS/GA/LAsp and ZSM-5/GA/LASsp are within experimental error.

FAU/Cu?/APTMS/GA/LAsp and LTA/APTMS/GA/LASp spectra couldn’t be simulated due to
copper doping or metal impurities, respectively.

Figure 1

32



Intensity / a.u.

s FAU/Na*
e F AU/Cu?*

(A)

@ F AU/CU?* e FAU/CUZ'/APTMS === FAU/CUZ*/APTMSI/GA
(D) e AU/Na* e FAU/Na*/APTMS e FAU/Na*/APTMS/GA
3
©
——
(]
3]
c
©
E
£
7]
(=
]
[ S8
- :
! T J T ’ T ’ T ! T ! T J T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™
Figure 2

33



Figure 3

34



o LAB A LAsp

LPO

(A)

T T
(=] (=
[-~] (1]

T T T T
1= o o o
=] <+ W
-

% / AJIAIIOY @Alje|9Y

loft #

a4
< R 4
. 9
il b
Hid H
LI

He ¢

4

o hed

70

40

30

T
o © o o o o
o [s) ©w < (]

% [ A)A1OY aAneloy

pH

Temperature / °C

25

(1] 4 W = &
H # ! E AR - L
T E | ] | .
3 ! I I [
|
f i : | o £
[or (o] .
[ [T} Q
i5 _ E
7 F I i ek
i N 1 ] ,.
™D g # T I ¢ *_ # 4
3% L o b
+ vy # ¢ ¥ i ¥ <
Y 3 . g
dod, e U |80 ¢l
e o 6 @ © 6 o @6 e @ o oo © @ o o o
w © © A ) ™~ m -] w <t (Y] m 0 (7] -+ (3]
) % [ KIAOY ARy %/ ANAOY BAneleY % / ANIAROY eAneloy
o @
ol ‘ ¢ K $¥ o
g
r 3 L©
o _ _ =
0 i L | b | o
< ¢ L] LE R ~
, E
, =
o 9 i ¢ ‘ B % e
(=]
a Aﬁu ﬁ
9 L ) L l o
6 o og 6 oo oo b ele 6 oo oo
m [-=) [T-] <r (o] m [o2] o ) [ ] aul 0 w0 < o~
o % [ AuANOY aAneloy % / AANoY aAnelsY v, / AjIAoY aane|ay

Figure 4

35



A Ni2+
- Mgz+

-0 Zn%*
.4 Co?*

cu®*

Mn?3*

REC R
SRR

H

K? I_ | m

140

T
o o
[ o
- -

% | ROy aAne|aYy

80@

T
o o (= o (=
<t N o o (1=]
- - -—

% [ A3IAOY aAje|aYy

o
<
—

- -

% | ANAOY aARE|aY

100

80

60

[M]/ mM

Figure 5

36



(A) 2pH3 pH4 pH5

2100{ & FAU/CU*'/APTMSI/GAILPO

2 80

2

© 60-

<L

s 40

=

S8 20

QD

r . : ‘
30 45 60

=S 100 _[_ FAU/Cu?'/APTMS/GA/LAB

)

-

£ g0 I

>

: H

2 60

"2’ 40

)

® 2.

Q

x ‘ : :
30 45 60

. 120

2 FAU/Cu?"/APTMS/GA/LAsp

~ 100

g o

> 80 E3

©

S 60

S 0]

®

S 20

m 0 T T T
30 45 60

Figure 6

Temperature / °C

(B) ‘. 30°C

@ 45°C|
100 & FAU/Cu*/APTMS/GA/LPO
80/ ® .
60 . f.
a0, e
e, .
20-
0. | ‘Q ......... ‘. .......... s ?
0 6 12 18 24
100, FAU/Cu®/APTMS/GA/LAB
80—‘.. {
601 . M o et
40 $...
20 SR
....!
0 6 12 18 24
1008 FAU/CU*/APTMS/GA/LAsp
801
60|
40
4
20{ -
0 i I .I‘ ................ »It .’4......':::4.-‘- ------------------- "'
0 6 12 18 24
Time /h

37




60

OAc MAc TAc
GoAc GAc GcAd
50 }
40 4
'se ;|>
—
- 30
2
p
20
10
: il
T T = - -
3 6 12 24
Reaction Time / h
Figure 7

T

38

48



........... FAU/Na*/APTMS/GA | | - FAU/CU®*/APTMS/GA 1
——FAU/Na*/APTMS/GA/LAsp '/ FAU/Cu**/APTMS/GA/LAsp ',
260 280 300 320 340 260 280 300 320 340
(C) (D)
----------- TS-1/APTMS/GA e LTAJAPTMS/GA 11 |
——— TS-1/APTMS/GA/LAsp e L TAJAPTMS/GA/LAsp y‘/ '
260 280 300 320 340 260 280 300 320 340
(E)

F :

----------- ZSM-5/APTMS/GA — BEAJAPTMS/GA
—— ZSM-5/APTMS/GA/LAsp —— BEA/APTMS/GA/LAsp
260 280 300 320 340 260 280 300 320 340

treated LAsp pH 7
——treated LAsp pH 4.5

untreated LAsp pH 7

260 280 300 320 340

255 270 285 300 315

Magnetic Field / mT

39



40



