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Design of bioreactor based on immobilized laccase on silica-chitosan support for
phenol removal in continuous mode

A.M. Girelli*, L.Quattrocchi and F.R. Scuto

Department of Chemistry, Sapienza University of Rome, P.le A. Moro 5, 00185, Rome, Italy

Abstract

A silica-chitosan support was employed for laccase immobilization. The hybrid support was obtained
using calcium ion as linking agent that coordinates silanol and hydroxyl groups of chitosan. The
insoluble biocatalyst was then packed in a column and used in a flow system for phenol removal. The
immobilized enzyme reactor (IMER) showed a good storage stability (70% of activity in 70 days)
and good reusability (90-50% of catalytic activity at the 4th reuse in function of chitosan type). The
best performance for the phenol removal was obtained with a low molecular weight chitosan from
crab shells at pH 5 and with a flow rate of 0.7 mL/min. The apparent Michaelis—Menten (Vmax®",
Km?P) and the inherent (Vmax™, Km™™) constants were also determined to evaluate the influence of
the phenol structure on the performance of the system. The enzymatic oxidation of a phenol mixture
(4-methylcatechol, catechol, caffeic acid, syringic acid, vanillic acid, p-coumaric acid, and tyrosol)
was followed for 21 h in a continuous mode by HPLC. The phenol mixture removal of 90% was also

confirmed by Folin-Ciocalteu assay.

Keywords: immobilized laccase, continuous mode, silica-chitosan support.
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1.Introduction

The second half of the last century witnessed a rapid deterioration of water environment as a result
of the enormous use of many pollutants, which were conventionally discharged into wastewater
(Papadaki et al., 2004). Phenolic compounds are among the chemicals of greatest concern as they
tend to persist in the environment for a long time, accumulate and exert toxic effects on humans and
animals (Anku et al. 2016) even at low concentrations. In addition they can be transformed into other
fractions more harmful than the original compounds (Vione et al. 2002). A typical example is the
nitration of phenol with nitrite ion on photoinduced oxidation with the formation of 2 - and 4-
nitrophenols. Catechols can be oxidized to semiquinone radicals and at a later stage to o-
benzoquinones when the reaction is catalyzed by heavy metals (Kulkarni & Kaware, 2013). For this
reason, phenolic compounds are included in the list of priority pollulants of the United Environmental
Protection Agency (EPA, 2014) and European Union list 74/464.

In particular the phenolic compounds in oil mill wastewater (OMW) are present in concentration
range from 0.5 to 24 mg / LOMW (Rahmanian et al. 2013) and if they are released directly into the
environment without any treatment they can accumulate on the soils causing problems of flora, fauna
and groundwater. Contamination. Typically, phenol concentrations range from 0.5 to 24 mg/ LOMW
(Rahmanian et al. 2013). Various techniques for phenol removal have been proposed (Rayati &
Nejabat, 2017; Soni etal. 2017; Yuetal., 2017), such as conventional methods and advanced methods
(AOP). As for conventional treatments there are distillation, adsorption, extraction and chemical
oxidation, which show high efficiencies against various phenolic compounds (Dakhil, 2013).
However, conventional processes can have serious shortcomings, such as incomplete removal,
formation of dangerous by-products, low efficiency and applicability at limited concentration ranges
(Villegas et al., 2016; Villalobos & Buchanan, 2002). Due to their weaknesses, current wastewater
treatment technologies are considered ineffective in the complete removal of pollutants, especially

organic matter. For this reason, advanced oxidation processes (AOP) have been developed, which use
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a combination of oxidizing agents (H202 or Og3), irradiation (UV or ultrasound) and catalysts (metal
ions or photocatalysts) (Kordatou et al., 2018). Obviously, the first indispensable parameter for
choosing the best criterion is the level of abatement of pollutants to be obtained, according to the
precise terms of the law to be respected, both at national and European level. Once it was established
which processes are capable of achieving the objective or not, cost-effectiveness has become the
determining parameter if the efficiency is the same as the chosen methods.

However, despite the great efficiency of AOPs, they have numerous disadvantages: relatively high
operating costs due to the use of expensive chemical reagents, increased energy consumption and the
formation of unknown intermediates which in some cases may be more toxic than the starting
compounds (Stasinakis, 2008). Nowadays, the current demand for sustainable methodologies has led
to an increase in the use of oxidoreductases in industrial processes, since their use has numerous
advantages such as biodegradability and catalytic efficiency (Villegas et al., 2016). However, the
harsh industrial conditions cause the enzymes to destabilize, increasing their denaturation. For this
reason, the attachment of enzymes to solid particles gives further rigidity and stability to the three-
dimensional structure of the protein, which is essential for its activity. Furthermore, immobilization
simplifies the management of the biocatalyst and the control of the reaction process, providing easy
separation of the enzyme from the product (Mahat & Onojag, 2016). The combination of both
attributes facilitates the reuse of the catalyst in various reaction cycles which increases the economy
of industrial biocatalytic processes. Furthermore, the insolubilization of the enzyme confers other
advantages, such as improving the stability of the enzyme against temperature, solvents, pH,
contaminants and impurities, and improving storage stability (Ji et al., 2017; Liu et al., 2012)
Nevertheless, the enzyme immobilization may denatured the protein. It is caused by distortions,
especially if some multi-interactions between the enzyme and matrix occur (Tusek et al., 2013).
Nowadays, immobilized enzymes are used for high-fructose corn syrup production, pectin hydrolysis,

fruit juices clarification, interesterification of food fats and oils, biodiesel production (Di Cosimo et
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al., 2013), and in particular with polyphenol oxidases for detoxification of environmental pollutants,
in the decolorization of textile wastewater and in the treatment of pulp and paper (Guzik et al., 2014).
As well known, white rot basidiomycetes are the most efficient lignin degraders by means of
oxidative reactions catalyzed by phenol oxidases and peroxidases. Between them laccase, a multi-
copper enzyme, shows good efficiency in the phenol removal (Tusek et al., 2013; Liu et al., 2012)
and in particular Trametes versicolor appeared to be one of the best pollutant degrader by reducing
phenol by up to 88 % (Rahmanian et al. 2013).

In this scenario, the aim of this study was to point out an insolubilization system of laccase from
Trametes versicolor by immobilization on a new support, as silica-chitosan, for the removal of
various phenols selected among those most present in the OMW from water: phenolic acids (caffeic,
p-coumaric, syringic, vanillic), alcoholics (tyrosol) and classic (catechol and 4-methylcatechol).
Many studies have previously dealt with immobilized laccase on microparticles, as for examples, of
silica beads (Rahmani et al., 2015; Champagne & Ramsay, 2007) and of chitosan beads (Apriceno et
al.,, 2019; Zheng et al.,, 2016) and on nanoparticles of silica-coated magnetic nanoparticles
(Fes04@Si02) (Moldes-Diz et al. , 2018) and of zirconia-silica hybrid support (Jankowska et al.
2019) but it has not been never employed a hybrid support of silica and chitosan. In particular, the
linear biopolymer is composed of randomly distributed B-(1-4) linked D-glucosamine (deacetyilated
unit) and N-acetyl-D glucosamine (acetylated unit) having several hydroxyls and a number of reactive
amine groups in function of deacetylated degree. Therefore, the preparation of the hybrid support
was obtained adsorbing Ca (I1) ions on chitosan and silica by chelation through OH or NH2 groups
of biopolymer and silanol groups. (Carunchio et al., 1987). In this way it is possible to exploit the
good thermal and chemical stability, as well as excellent mechanical resistance and high surface area
of silica with the biodegradability, biocompatibility, non-toxicity, inexpensiveness, as well as the
good ability to bind the enzymes, of chitosan (Girelli et al., 2020). In addition, with the aim of
preserving the catalytic activity of the enzyme, the glycosidic part of the enzyme was involved in the

immobilization procedure (Girelli et al., 2020). This peculiarity was obtained treating laccase with
4
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periodate in order to oxidize hydroxyl to aldehydic groups, highly reactive with the available amino
groups of chitosan, through the formation of a covalent imine bond type (Apriceno et al., 2018). The
whole immobilization process is illustrated in figure 1.

The biocatalyst was then employed in a laboratory-scale reactor in order to be used in a continuous
mode. The optimization of key parameters such as type of chitosan and hydrodynamic parameter
(flow rate) were investigated. In addition, kinetic parameters, storage and operative stability of
bioreactor were performed. The enzymatic oxidation of single phenol and of a model mixture was
made in a continuous mode. IMER results were compared of enzymatic with those obtained by the

Folin-Ciocalteu spectrophotometric method (Lamuela-Raventos, 2018).

2. Materials and methods

2.1. Chemical and reagents

Laccase from Trametes versicolor with a nominal activity of 136 U/mg protein, 2,2-azinobis (3-
ethylbenzothiazoline-6-sulfonicacid)diammonium salt (ABTS), chitosan form crab shells with low
molecular weight (50-190 KDa) (CS1), chitosan from crab shells with medium molecular weight
(CS2) (~400 KDa) and chitosan from shrimp shells (CS3) were purchased from Sigma-Aldrich.
Potassium meta-periodate was purchased from Carlo Erba (Milan, Italy). Silica LichrosorbSi 60
(5um)(Merck). Caffeic acid (> 98%), catechol (> 99%), p-coumaric acid (> 98%), 4-methylcatechol

(>95%), siringic acid (> 95%), tyrosol and vanillic acid (> 97%) were purchased from Sigma-Aldrich.

2.2. Chitosan characterization

The chitosan characterization was performed by elemental analysis, using the analyzer EA 1110
CHNS-O. The degree of deacetylation (DD%) was calculated, in accordance to Kaasai,2000, from

the carbon/nitrogen (C/N) ratio as follows:
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DD% = 100 - ((C/N - 5.145) / (6.861-5.145) * 100)

C/N is carbon/nitrogen ratio that varies from 5.145 in completely N-deacetylated chitosan to 6.816 in

chitin, the fully N-acetylated polymer.

2.3 Preparation of silica-chitosan support

1 g of silica was placed under stirring in 40 mL of a 0.05 M Ca(NOs3)2 solution at pH 7 for 30 min at

room temperature. Then, it was filtered with a 3 D4 gooch and washed with distilled water until the

excess of calcium was removed.

Contemporary, in order to dissolve chitosan and obtain a homogenous solution, 0.45 g of chitosan
(CS) were placed in 30 mL 1% acetic acid solution under stirring. Successively, pretreated silica was
added to 12 mL of CS solution and brought volume to 20 mL with deionized water. After 3 hours,
the aqueous phase was removed by evaporation under vacuum. The solid phase was finally washed
in turn with a methanolic solution of potassium hydroxide 0.1 M, methanol and distilled water.

2.4 Laccase immobilization procedure

150 mg silica-chitosan support were incubated with 1 mL of oxidized laccase (0.4 U) at pH 7 for 24
h. Then the biocatalyst was washed with deionized water and stored at 4°C. The oxidized laccase was
obtained by periodate oxidation, as previously reported, by the authors (Apriceno et al., 2018).

For the flow system, a stainless-steel column ( 5 cm x 2.1 mm) was dry-packed with ~ 60 mg of
biocatalyst and connected between the HPLC pump and the UV-vis detector. The system was
equilibrated with 0.1 M citrate-0.2 M phosphate buffer pH 5 for 15 min before use. The IMER was
stored when not in use at 4°C after washing treatment with deionized water

2.5 Enzymatic activity assay

Procedure in batch system: 2mL of 0.23 mM ABTS were added to 10 mg/10uL of immobilized/free

laccase in a 0.1 M citrate-0.2 M phosphate buffer solution (pH 3.0) until to reach a final volume of

2.7 mL. The laccase activity was detected at 30°C following the enzymatic formation of radical cation
6
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ABTS* at 420 nm. In this way one unit of enzymatic activity was defined as the amount of enzyme

required to oxidize 1 pmol of ABTS per minute.

Procedure in the flow system: 20 uL of 2.5 mM ABTS solution were injected onto the HPLC system

(composed by the pump, the IMER as stationary phase and the UV-vis detector) and employing a 0.1
M citrate-0.2 M phosphate buffer at pH 5 as eluent. The amount of ABTS radical cation (ABTS *)
formed, detected at 420 nm, was pursued by integration of peak areas and by interpolation with a
calibration curve previously obtained. Since ABTS cation radical was not available in commerce, it
was generated by chemical oxidation of ABTS by sodium persulfate, as reported by Re et al., 1999.
Thus, 8 mL of 0.093 mM ABTS and 2 mL of 12.5 mM sodium persulfate was kept in a flask in the
dark and at room temperature for 16 hours in order to obtain a stable product. The amount of ABTS
radical cation (ABTS *) was detected at 420 nm by a UV-vis spectrophotometer (PG Instrument
Limited, Leicester, United Kingdom), considering its molar extinction coefficient (¢ = 36000
mol/L"cm). Successively, the solution was diluted several times obtaining a series of standard
solutions. Then, 20 pL of each diluted standard solution were directly injected in HPLC system, using
silica-chitosan support, without immobilized enzyme, as stationary phase and 0.1 M citrate/0.2 M
phosphate buffer pH 5 as eluent. A calibration curve was obtained reporting the ABTS:* peak areas,

at 420 nm, in the range 0.0005-0.004 pmol of ABTS radical ( y=1.04 107x -1.06 10° ; r> =0.994) .

2.6 Immobilization Parameters

The immobilization yield, efficiency and recovery were calculated by the following formulas:

Immobilization yield (1'Y)(%) = 100 x ((Uo-Us)/ Uo) (1)

Efficiency (E)(%) = 100 x Us/ (Uo-Us) (2)

Recovery(R)(%) =100 x Us/ Uo  (3)
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where Uo and Usare laccase activity in the solution before and after the immobilization process,

respectively, while Us is the activity of the immobilized laccase.

2.7 Effect of chitosan types

The effect of 3 chitosan types (CS1, CS2 and CS3) with different molecular weight on the biocatalyst
performance was evaluated in “batch” system by comparing the operative stability and the

immobilization parameters (immobilization yield, efficiency and recovery) of the biocatalyst.

2.8 Effect of flow rate on IMER performance

A fixed ABTS amount (0.25 mM) was injected onto the HPLC system: the stationary phase was the
thermostated IMER at 30°C, and the mobile phase was 0.1 M citrate-0.2 M phosphate buffer pH 5.

The injections were made in triplicate at different flow rates (0.5-0.8 mL/min)

2.9 Determination of operational stability

Procedure in batch system: The operational stability of the biocatalysts was assessed in successive

batch reaction cycles. After every cycle the system was washed three times with 0.1 M citrate-0.2 M
phosphate buffer and was refilled with fresh ABTS substrate in order to detecting the activity of the

biocatalyst. The relative enzymatic activity of each cycle was referred to the activity of the first use.

Procedure in flow system: The operative stability of IMER was evaluated detecting the activity in 4

cycles and taking in consideration the ABTS injections in every cycle. The IMER activity was
detected injecting 20 pL of a fresh substrate solution (2.5 mM) in 0.1 M citrate-0.2 M phosphate
buffer pH 5. Finally, the IMER was regenerated with deionized water as mobile phase in order to
remove any traces of substrates and products. Then IMER was reused for a new cycle of injections
under the same conditions. The relative enzymatic activity of each cycle was referred to the activity

of the initial activity (first cycle).
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2.10 Determination of storage stability

The storage stability of IMER and free laccase was assessed by activity evaluation over a 70-day
period. The IMER and free laccase were maintained at 4 °C when not in use. The activity assay of

both enzymatic forms was carried out as above described.

2.11 Determination of phenol kinetic parameters

In order to verify the laccase action on all the phenols, a UV-visible spectroscopic study was,
previously, performed. For this reason, 10 mg of each phenol were dissolved in the minimum amount
of ethanol and brought at volume to 10 mL with deionized water. Then a preliminary investigation
on each phenol oxidation by laccase was performed in order to individuate the enzymatic reaction
and the operative wavelengths. For this reason, 10 pL of free laccase solution (3 U) were added to 2
mL of diluted phenol 1:10 (v/v). The UV- spectra were successively recorded every 10 min for one
hour. At the end of the analysis, it appeared that tyrosol and p-coumaric acid were not oxidized by
the enzyme while the catechol and 4-methyl-catechol showed a product at 400 nm, the syringic acid
at 360 nm, the caffeic acid at 412 nm and the vanillic acid at 390 nm.

For the determination of kinetic parameters, the IMER at 30°C, was firstly equilibrated for 15 min
with 0.1 M citrate-0.2 M phosphate buffer pH 5. Then, 20 uL of each phenol solution (caffeic acid,
catechol, p-coumaric acid, 4-methylcatechol, syringic acid, tyrosol and vanillic acid), were injected
into the HPLC with a flow rate of 0.7 mL/min of 0.1 M citrate-0.2 M phosphate buffer pH 5, as
mobile phase. The quinones enzymatically formed were chromatographically detected at the
respective maxima wavelengths. The Michaelis-Menten curve was obtained reporting the reaction
rates, expressed as the ratio of the products peak areas on the retention times (area/min) as a function
of the concentration of injected phenol. The kinetic parameters were determined by the Lineawever-
Burk method. The inherent kinetic parameters were, instead, calculated with the Engasser-Horvath
graphic method (Engasser-Horvath, 1976).

2.12 Phenolic compounds bioremediation
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For the phenol removal investigations, the stainless-still column filled with the immobilized laccase
was thermostated at 30°C. 10 mL of a solution containing 75 mg/L of phenol in 0.1 M citrate-0.2 M
phosphate buffer pH 5 were pumped and recycled through the IMER at 0.7 mL/min. The degradation
was followed both with the spectrophotometric method of Folin-Ciocalteu, for the determination of
total phenol content, and with the HPLC method, to evaluate the kinetic of each individual phenol.
For both methods, aliquots of sample were taken at set time intervals (8, 14, 21 h) without interrupting
the continuous flow system.

With the HPLC the unremoved phenol amount was chromatographically detected at 280 nm. 20 puL
of aliquots drawn from reservoir with a flow rate of 0.7 mL/min were injected in a HPLC system at
fixed time. The elution was performed employing a gradient between pump A: MeOH: H20 with
1.3% HCOOH and pump B: deionized H20. The optimized gradient was: 0 to 24 min 15% of A, 24
to 35 min 50% A, 35 to 38 min 50% A and 38 to 40 min 20% A. The stationary phase was a prosphere
reversed phase C18 column (5 pum) (15 cm x 4.6 mm ID) (Sigma-Alldrich).

For the spectrophotometric Folin-Ciocalteu (FC) method (Lamuela-Raventos, 2018) aliquots of 0.1
mL drawn from recervoir of the phenol mixture was prelevated and put in a 10 mL volume flask.
Then 5 mL of deionized water, 0.5 mL of FC reagent, 2 mL of a 20% (w/v) sodium carbonate solution
(Na2C0Os3) and deionized water until to reach 10 mL were added. The sample was kept for 30 min at
40 °C and the absorbance was subsequently read at a wavelength of 760 nm against a blank prepared
under the same conditions of the sample but replacing the phenols with the citrate phosphate buffer
at pH 5. The total phenol concentration, expressed as equivalents (mg/L) of gallic acid, was
determined with a calibration curve obtained by appropriately diluting a solution of gallic acid,
prepared by dissolving 0.5 g of gallic acid in 10 mL of ethanol and brought to volume in a 100 mL

flask with deionized water. The analysis was then performed in the same way as the samples.

3. Results and discussion

10
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The study was initially focalized on the characterization of the hybrid support aimed both for
confirming the composite formation and to choose the chitosan with the highest number of amine
groups available for immine bonds with the CHO groups of oxidized laccase. Thus, the evaluation
was made on the basis of deacetilation degree and the amount of chitosan adsorbed on silica. For the

continuous mode it was also fundamental considering the IMER back pressure.

3.1 Chitosan and chitosan-silica support characterization

Generally, the methods used to determine the chitosan deacetylation degree are spectroscopic (IR and
NMR), conventional (titration, conductivity, potentiometry) and destructive (elemental analysis and
hydrolysis). The elemental analysis has the advantage of being able to be used in the whole range of
deacetylation degree in comparison to the other techniques (Kaasai, 2009). The values obtained on
the basis of elemental analysis, for the different chitosan samples (table 1), are 78.8%, 74.4% and
70.4 % for CS1, CS2 and CS3, respectively. It appears that chitosan with low molecular weight (CS1)
shows the highest degree of deacetylation and the highest percentage of amino groups that can then
be involved in the covalent bond with the enzyme. Furthermore, taking into account that % C depends
on the molecular weight (PM) of chitosan it is predictable that CS3 has the highest molecular weight
having the highest % C.

The elemental analysis of the composites was also carried out in order to verify the chitosan coating
in the various composites (table 1). Nitrogen is present exclusively in chitosan and comparing its
percentages in the different composites with those in the respective chitosan type, it is predictable a
25%, 17% and 14% of silica covering CS3, CS1, and CS2, respectively.

The investigation was also evaluated by thermogravimetric analysis (TGA). In figure 2 the thermo
analytical behavior of silica, pure chitosan and 3 composites of silica-chitosan in the temperatures
range between 0 to 700 °C are reported. It appears that chitosan alone shows a weight loss that starts
at 270 °C, which is unseen in silica curve. The weight loss indicates that chitosan is starting to

decompose at this temperature until to reach a plateau of 30% of its initial weight at approximately

11
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700°C. Similar thermogravimetric curves are achieved with the composites but different percentages
of weight loss are obtained. On the basis of the residual weights it is possible to determine the
following degree of silica coverage by chitosan: 20% for CS3, 16% for CS1 and 14% for CS2. The

reached results are in good accordance with those of elemental analysis.

3.2 Choice of chitosan

To evaluate the type of chitosan (CS1, CS2, CS3) for attaining the best performance of the
biocatalysts: operational stability, immobilization parameters (efficiency, recovery and immobilized
activity), and the counter-pressures generated by the supports silica-CS in the flow system were
investigated.

The operative stability is a very important parameter in the industrial field, since it allows the reuse
of the enzyme and the reduction of the process costs. Repetitive measurements of the 3 biocatalysts
activity were carried out in “batch” system. The immobilized activity % of each biocatalyst,
employing ABTS as substrate, is shown in figure 3. From the histograms it appears that the biocatalyst
with silica-CS3 presents the highest operative stability since at the ninth recycle it retains an activity
of ~80%, while those with silica-CS1 and silica-CS2 only 50% and 35%, respectively. In addition,
since the optimized method must be used in a continuous flow system where back pressures have a
fundamental role to allow the analysis, 3 columns were filled with 60 mg of silica-CS1/CS2/CS3
supports and connected to an HPLC pump. The back pressures of the different supports using water
as eluent were determined. Results showed that chitosan from shrimp shells (CS3) had the highest
counter-pressure value (>250 bar), CS2 27 bar and CS1 the best value (0 bar). This behavior was
directly correlated to the chitosan molecular weight (MWcsi= 50-190 KDa, MWcs2= 400 KDa) and
viscosity (CS1= 20-300 cP, CS2 >400 cP). CS3, which is presumed to have the greatest molecular
weight and viscosity, may increase the resistance to the passage of the eluent phase.

In conclusion, it can be established that "shrimp shells" chitosan (CS3) turns out to be the best for a

possible use in” batch” system, since maintains the greatest activity in reuse tests but in a continuous

12
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flow system, the choice of chitosan must be made between CS1 and CS2 which have generated lower
back pressure. By the immobilization parameters comparison appears that activity yield (92%),
efficiency (32%) and recovery (29%) values are 92%, 32% and 29% for CSI while 86%, 9%, 8% for
CS2, respectively. These different values are due to the highest deacetylation degree (78.8%) and
chitosan amount adsorbed on silica (17%) for CS1. Finally, considering also the operative stability

the choice was focused on chitosan from crab shells with low PM (CS1).

3.3. Optimization of the parameters influencing the phenol removal

The choice of chitosan and the optimization of different parameters like pH, temperature, flow rate
for the phenol removal in the continuous flow reactor (IMER) were investigated. In the figure 4 the

recycle device used for phenol removal is reported.

3.3.1 Choice of pH

The choice of the most suitable pH was carried out on silica-CS1 system. Considering the data
previously reported by the same authors (Girelli et al., 2020) where the results evidenced the highest
activity at pH 3 and an high pH tolerance until pH 5.5 towards ABTS and that pH 5 is the value very
close to OMW samples (Mulinacci et al., 2001), pH 3 and pH 5 were chosen. In addition, taking into
account that biocatalyst application was in continuous mode, the study was made fluxing citrate
phosphate buffers on IMER. A back pressure of 110 psi at pH 3 appeared since it may be due to
chitosan swelling that increases with pH decreasing. (Rohindra et al., 2004). At pH 5 a low back
pressure was instead obtained (<10 psi) indicating a more favorable pH condition for the employment
of IMER in continuous mode. This result together with the slight lower laccase activity at pH 5 than

pH 3 (Girelli et al. 2020), the value of 5 was chosen as the operating pH.

3.3.2.Choice of hydrodynamic parameter

The flow rate of the mobile phase, which is a key parameter in a continuous reaction was also

investigated. This parameter influences the residence time of the reagents in the IMER, the diffusion
13
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rate of the substrate towards the active site and of the product towards the mobile phase. Since the
mass transfer limitations arising from immobilization is manifested in an increase in the apparent
values of the Michaelis-Menten constants, a study on the individuation of the kinetic parameters at
different flow rates was performed. For this reason, different amount of ABTS in the range 0-3.82
mM at pH 5 and 30°C were injected into the chromatographic system in order to determine the rate
of ABTS radical cation formation. The apparent values of Kn?P and Vmax®P were estimated by the
double reciprocal plots of 1/v versus 1/[ABTS]. From the results reported in table 2 it is observed that
as the flow rate increases from 0.5 to 0.7 mL/min the Km®P values tend to decrease, while above 0.7
mL/min it tends to slightly increase. This behavior should be due to the fact that the flow rate
influences the contact time between the enzyme- substrate (figure S1) and the diffusion of the
substrate and product towards the active sites and mobile phase, respectively. For low flow values (<
0.7 mL/min) the predominant effect is the diffusion resistance, while for high flow (> 0.7 mL/min)
the contact time becomes short and the efficiency activity tends to decrease.

To eliminate the effect of external diffusion, the inherent kinetic parameters (Km™Vma'™) were
determined by Engasser-Horvath graphical method (Engasser & Horvath, 1976). In this way,
assuming that substrate was consumed on the enzyme surface, the laccase activity and the Kinetic
parameters in the absence of diffusion limitations were evaluated. In order to evaluate it is, however,
necessary to consider the surface area present inside the bioreactor (obtained by the product of silica
specific surface area (500m?/g) with the amount of support) and to normalize the amount of formed
product respect the retention time and the surface area. The determination of the inherent Kinetic
parameters is obtained starting from the Michaelis-Menten experimental curve, and tracing to it the
tangent at the point of origin, in order to determine the mass transport coefficient “h” as reported by
Girelli et al., 2007. Subsequently, it was possible to determine the ABTS amount on the external
biocatalyst surface at the different rates in order to obtain a new Michaelis-Menten curve. The
Km?P,Vmax®P parameters and the mass transport coefficients "h™ are shown in table 2 in function of

flow rates. It appears that Km™ values decrease with increasing flow rates until 0.8 mL/min while the
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parameter "h" tends to increase until 0.7 mL/min and above this value tends to decrease. Therefore
0.7 mL/min was chosen as optimal flow rate.

3.4. IMER repeatability

In order to assess the reliability of the immobilization process, two equal IMERSs, obtained packing
two columns (5 cm x 2.1 mm) with silica-chitosan-laccase, were texted. In this way it was possible
to compare the activity measured of both IMERs, injecting 20 puL of a 2.5 mM ABTS solution into
chromatographic system composed by the pump, IMER and UV detector. The mean peak area values
of the radical product enzymatically formed for IMER1 and IMER2 were 46859 and 54535,
respectively. The variation coefficient (CV%) of 7.5 % highlighted that the repeatability of the
bioreactors preparation was good.

As regards the repeatability of IMER intra-day response the investigation was performed injecting
for 5 times 20 pL of a 2.5 mM ABTS solution into the HPLC system. A CV value of 1.7 % showed
a good repeatability of the measurements.

3.5. Operational and storage stability of IMER

Operational and storage stability of IMER with laccase immobilized on silica-CS1 support were
investigated. since industrial applications require costs reduction. In both cases, the laccase
immobilized activity was determined in continuous mode through the analysis of ABTS product peak
areas.

For the IMER storage stability at 4°C (when not in use), the measurements after 30, 50 and 70 days
were performed. Results, shown in fig 5a, evidence at 70 days a IMER residual activity value of 70%
and only 15% for free laccase. This result is very promising since it is possible to store laccase in a
more suitable form and ready to use than the soluble form. This finding can be due to the laccase
binding on the support that avoid molecules aggregation and alterations in protein conformation.
The reuse of IMER in a continuous mode was assessed according to the number of ABTS injection

in the flow system and measuring the activity of the IMER at the starting analysis (cycle 1), after 50
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injections (cycle 2), 80 injections (cycle 3) and 105 injections (cycle 4). From figure 5b it is possible
to evidence that after 50 injections (cycle 2) the activity decreases of 30% which remains almost
constant for 80 injections (cycle 3). In the fourth cycle (after 105 injections) the residual activity tends
to decrease slowly until 50% value. However, the decrease in the activity of the immobilized laccase
as a result of repeated uses was expected due to the possibility of enzyme denaturation and release
during the operation process.

In table 3 the performance and the storage stability of laccase immobilized on various supports,
recently published in literature, are compared with those of the proposed biocatalyst. In particular
from the table, it appears the biocatalyst obtained in the present study is the only one applied in a
continuous mode which is easier and cheaper technology than the batch mode. In addition the system
also highlights a storage and operative stability comparable to those of other biocatalysts.

3.6. Kinetic parameters of phenol compounds

Once the phenol affinity for free laccase was verified, the apparent and inherent kinetic parameters
of each phenol in the continuous system were determined in order to individuate the affinity of each
phenol with laccase. As, well known the activity efficiency of an oxidoreductase as laccase, is
correlated to electron transfer from the substrate to the T1 Cu and the difference (AEp) between the
redox potentials of the substrate and the T1 Cu is the main driving force for the reaction, together
with the substrate binding affinity (Xiu et al., 2001). In literature (Gonzalez et al., 2009; Gianfreda et
al., 1999) the laccase affinity influence on chemical phenol structure is also reported. Gianfreda et
al., 1999, reported the effect of the number and position of hydroxyl groups on the aromatic ring, the
nature and molecular mass of the substituents. Gonzalez et al., 2009, evidenced that the substrate
affinity towards laccase varies with the substituent position on the aromatic ring (para > meta > ortho).
Results obtained in this study show that for the apparent kinetic parameters, reported in table 4,
syringic acid has the greatest affinity for active sites of laccase immobilized, followed by caffeic acid,

vanillic acid, 4-methylcatechol, and finally catechol while tyrosol and p-coumaric acid presented no
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reactivity towards laccase. However, the order obtained in this study does not agree with the
electrochemical properties of the compounds, probably due to different external and internal diffusion
and partition effects of phenol with the immobilized enzyme (Goldstein, 1976). It appeared, that the
biocatalyst performance depends strictly by the presence of the carboxylic acid group in the phenolic
structure. In fact, syringic, vanillic, and caffeic acid at pH 5 has a negative charge for the
deprotonation of COOH group (pka 3.1-4.2), as shown in table 5, and their diffusion toward active
sites of enzyme can be favored for an attractive force of the free protonated amino groups residue of
chitosan (pKa 6.5) (Wang et al., 2006) and/or of the protein (pKa 6) (Scheiblbrandner et al., 2017).
For simple phenols and tyrosol it appeared that the hydrophobicity, expressed by logP, was the crucial
parameter that influenced the apparent kinetic parameters values (table 5). This is confirmed by the
fact that catechol and tyrosol with the lowest logP had the lowest enzymatic reaction rate.

So, it is possible to confirm that the Kinetic parameters are affected by a number of factors, including
redox potential and diffusive and electrostatic phenomena which alter the concentration of substrates
at the laccase active sites from bulk solution values.

In order to obtain the kinetic parameters of the individual phenol in absence of the diffusional effects,
the inherent constants were determined following the Engasser—Horvath method (Engasser—Horvath,
1976). The results, reported in table 4, evidence that Kn'™ values, especially for catechol and 4-
methylcathechol, are lower than the correspondent Km®P and that the phenolic affinity order changes.
The new order shows that 4-methylcathecol (MC) has the highest efficiency activity towards laccase
while caffeic acid the lowest one. This is probably due to the strictly dependence of the chemical
features of the phenolic substrate such as the number of-OH groups present, the nature and molecular
mass of the substituents and their position on the aromatic rings (table 5). In particular 4-
methylcathecol presenting a substituent electron —donating (-CHzs) easier gives up un electron and
provides an area of greater density in the aromatic ring from which an electron can easily be removed.
This leads to lower oxidation potentials and higher oxidation rate. This is also confirmed by the fact

that cathecol respect 4-methycathecol shows always a very lower enzymatic affinity. By contrast,
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caffeic acid which has a substituent with electron withdrawing (-COOH) harder gives up un electron
and consequently the increased oxidation potential favors a decreased oxidation rate.

However, for the acid phenols it is very difficult to explain the sequence since the activity efficiency
depends also on the architecture of the laccase’s substrate-binding pockets, related to the substrate’s
steric hindrance and/or on the partitioning effects related to hydrophobic/hydrophilic interaction
(Glazunova et al., 2018; Pardo &Camarero, 2015; Frasconi et al., 2010).

3.7. Phenol compounds removal

The removal of phenol in continuous mode, was performed, at 30°C, by recirculating a model of
phenolic mixture solution through IMER and sampling for FC method and for HPLC analysis at
prefixed times. The mixture, constituted by catechol, 4-methylcatechol, tyrosol, vanillic acid, syringic
acid, caffeic acid and p-coumaric acid, at the same mass amount (mg/L) corresponding at different
molar concentration, with the time evidence a change in color from colorless to yellow-pink,
indicating a visible proof of the oxidative reaction (Gianfreda et al., 2003).

The effect of phenol concentration on laccase catalytic action was investigated employing three high
total concentration of 175, 350 and 525 mg/L in order to assess the ability of the enzyme to transform
large amount of phenolic compounds. This study was performed spectrophotometrically by FC assay
measuring the total phenolic content, expressed as gallic acid equivalents (mg/L), at fixed times (8
and 14 h). The % degradation, obtained by the %ratio of the residual total phenol amount to the initial
one, increased with the increasing of concentrations from 175 to 350 m/ Land then remained
approximately constant up to 525 mg/L (table 6). This is probably due to the fact that the system
reaches a maximum operating capacity and that a further concentration increase does not lead to any
improvement. In addition, in order to establish the operative degradation time, the mixture at 525
mg/L removal was followed up to 21 h and as result a ~90% % degradation value was obtained. Then,
in order to confirm that the oxidation action was exclusively due to the laccase and not to a natural

degradation process of the phenols, the total phenolic amount was evaluated after a recirculation
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process employing a reactor filled with only silica-CS1 support. Spectrophotometric results showed
that the absence of any degradation as the amount of 525 mgL! total phenolic compounds,
correspondent to 446 mg/L as gallic acid, remained almost constant (443.6 mg/Lof gallic acid) up to
21 h.

Then, in order to follow the trend of the oxidation kinetics of individual phenolic compounds by
IMER, the chromatographic analyses were performed at the optimized conditions: 21h as degradation
time and 525 mg/L as amount of total compounds. In figure 6 the chromatograms of phenol removal
after their recirculation through IMER at 0, 14 and 21 h are reported. It is possible to observe the peak
areas decrease of each compound and the formation of further chromatographic peaks, related to
oxidation products.

The results have shown that 4-methylcatecol and caffeic acid are the ones that react faster, while the
others start to degrade only after 8 hours (figure 7). It appears that all phenols are almost completely
oxidized by IMER at 21 h (90%).

The removal order can be linked to the competitive effects between phenols in the interactions with
the enzyme and to their different molar concentrations (Frasconi etal., 2010). In particular p-coumaric
acid and tyrosol, which alone have a very low reactivity towards laccase, when incubated with the
other phenols, are removed.

A further study is hoped to better clarify the process and improve the removal efficiency of the

enzyme.

4. Conclusion

In this work a new immobilization procedure, based on binding of periodate-oxidized laccase onto a
silica-chitosan support through the action of calcium ions which coordinate silanol and hydroxyl
groups of chitosan, is employed for the bioremediation of 7 phenol compounds in water by a
continuous process. The enzymatic activity of the IMER presented good repeatability values and

retained 70% value for 70 days and 50% after more than 105 injections. It also appeared that when
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all phenols are together, a general increase of the phenol removal was obtained respect than when
they were alone. In particular tyrosol and vanillic acid, that have a very low reactivity towards laccase,
were removed only in the presence of the other phenols. This result is probably due to a “laccase

mediator system” effect ruled by phenols efficiency activity and molar concentrations.
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Table 1: Elemental analysis of different types of chitosan, silica and composites (silica-CS)

Chitosan  Chitosan  Chitosan silica  silica- silica- silica-
(CS1) (CS2) (CS3) CS1 Cs2 CS3
N% 7.30 7.29 7.22 0 1.41  0.99 1.82
C% 40.14 40.63 40.71 0.13 |7.02 5.67 10.47
H% 6.92 7.05 7.17 031 112 1.19 2.21
C/N 5.50 5.57 5.64 - 497 572 5.75
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Table 2: Effect of hydrodynamic parameters (flow rate) on apparent (Km?P and Vmax®P ) and inherent
( Kn™ and Vmax"™) Kinetic values and mass trasport coefficient (h). Experimental conditions: IMER,

pH 5, 30°C, substrate ABTS.

flow rate KmaPP Vmax?PP Kminh Vimax™" “h”

(mL/min) (mM) (umol /min) (mM) (Hmol /sec "m?) (cm/sec)
0.5 23.90 0.147 2.04 5.5*10° 5.63*103
0.6 1.68 0.018 0.13 1.1*10° 0.98*102
0.7 0.43 0.010 0.65*107 2.8*10° 1.74*10?
0.8 0.45 0.009 0.62*102 3*10° 1.53*102
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Table 3: Operational and storage stability of laccase immobilized on various supports, recently
published in literature, compared with those of the proposed biocatalyst

Support Application Storage stability Operational stability Reference
mode (residual activity ) (residual activity)
Chitosan@Fe;04 batch 4 weeks 75.2% 10 cycles 72% Zang et al., 2020
Zirconia silica hybrid batch 20 days 80% 7 cycles 40% Jankowska et al.2019
support doped with Cu?*
Epoxi-funtionalized silica batch - 5 cycles 61% Mohamadi et al. 2018
Silica@Fe;04 batch 22 days 80% 8 cycles 70% Moldes-Diz, 2018
Silica activated with batch 7 days 70% 10 cycles 70% Tavares et al. 2013
glutaraldheyde
Silica-Ca-chitosan continuous 70 days 70% 4 cycles and 105 injections Present study

50%
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Table 4: Apparent and inherent kinetic parameters ( Km®?, Vma@®, Km™ | Vmnax™ ), transport
coefficient (h) of various phenols. Experimental conditions: IMER, pH 5, 30°C, substrate phenols,
flow rate 0.7 mL/min.

Phenol Kmapp Vmaxapp Kminh Vmaxinh h
(mM) (peak area/min)  (mM) (peak area/ s*m?) (10"t cm peak area
s mmol)

Caffeic acid 1.41 4587 2.59 3.53 2.99
Cathecol 8.05 1718 142 1.16 0.157
p-Coumaric acid - - - - -
4-Methylcatechol  5.39 1976 1.05 1.62 0.184
Siringic acid 0.74 2074 1.32 2.06 1.27
Tyrosol - - - - -

Vanillic acid 1.75 13624 111 1.48 0.052
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Table 5: Structural and chemical characteristics (pKa, octanol-water partition coefficient (logP),

redox potential) of phenols

Class Structure Compound Funtional pKa* LogP* Redox potential*
groups
R
e Catechol R=H 9.45 0.88 +0.53
Simple phenols Q Canfora et al.2008
HO' L 4-Methy! catechol R=CH; 1.37 -
R
Phenyl alcohols /@/K/ou Tyrosol R=H 10.2 0.85 -
WO R'=H
R
R COOH Vanillic acid R = OCH; 4.16 143 +0.71
Hydroxy-benzoic j@r R'=H Canfora et al.2008
phenols HO™ Y
R Syringic acid R =OCH; 393 1.04 +0.68
R'= OCH; Gonzalez et al. 2009
i i3 R=H
T —— p-Coumaric acid R=H 4 1.74 +0.70
JNIOAY-C H RO COH Gonzalez et al. 2009
phenols |
HO' 7
R
Caffeic acid R=0H 3.14 1.53 +0.53
R'=H Canfora et al.2008

a: https://chemaxon.com/products/calculators-and-predictors#logp logd
*oxidation potential versus Ag/AgCl references electrode
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Table 6: Effect of total phenol amount on removal % from water. Experimental conditions: IMER,

reaction time 8 and 14 h, pH 5, 30°C, continuous mode.

Total phenols % Removal % Removal
(mg/L) (8h) (14 h)
175 15 43
350 38 50
525 33 49
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Legends
Figure 1: Scheme of oxidized laccase immobilized procedure

Figure 2: Thermal gravimetric curves pure silica (A), silica-chitosan medium molecular weight (B),
silica-chitosan low molecular weight (C), silica-chitosan from shrimp shells (D) and pure chitosan
(E). Experimental conditions: 1 mg of each samples, oxygen atmosphere, temperature range from 30
to 700°C, and a scanning rate of 10 °C/min.

Figure 3: Reuse comparison between immobilized laccase on silica-CS1 (black histogram); silica-
CS2 (dark gray) and silica-CS3 (grey) for 9 consecutive cycles in batch mode. Reaction conditions:
30°C, pH 3 0.1 M citrate-0.2 M phosphate buffer, 0.18 mM 2,2-azinobis (3-ethylbenzothiazoline-6-
sulfonate) as substrate. Values represent the mean + standard deviations (n=3). The first activity
measured was set to 100%.

Figure 4: Recycle device used for dephenolization

Figure 5: Storage stability (A) of free laccase (grey histogram) and IMER (black histogram) and
operational stability (B) of IMER. Determination of laccase activity: i) free form: batch mode, 30°C,
pH 3 and 0.2 mM 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonate); ii) IMER (laccase immobilized
on silica-CS1): continuous mode, 30°C, pH 5, injection volume 20 pL 2.5 mM of 2,2-azinobis(3-
ethylbenzothiazoline-6-sulfonate). IMER when not in use was stored at 4°C.

Figure 6: Chromatographic profiles of the phenol mixture removal from water at three different
times initial, 14 h and 21 h. Chromatographic conditions: stationary phase C18, mobile phase gradient
elution: Pump A (MeOH: H20 with 1.3% HCOOH) and pump B (H20): 0-24 min 15% pump A, 24
to 35 min 50%, 35 to 38 min 50% and 38 to 40 min 20% A.

Figure 7: Time-course degradation of phenol mixture by laccase immobilized on silica-CS1.

Experimental conditions: continuous mode, flow rate 0.7 mL/min, 30°, pH 5, phenol concentration
75 mg/mL
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