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Abstract: Alginate is a naturally occurring polymer derived from brown algae biomass, which has
numerous applications in various fields. Chemical modification of alginate is widely used to improve
alginate’s physicochemical properties and provide new potential for multiple applications. In this
article, we modified alginate with L-DOPA, using periodate oxidation and reductive amination, to
obtain more suitable biopolymer for biocatalyst immobilization and hydrogel formation. Obtained
modified alginate was used for the immobilization of laccase on cell walls. For this purpose, laccase
from Streptomyces cyaneus was expressed on the surface of Saccharomyces cerevisiae EBY100 cells.
The obtained cell wall laccase was immobilized within L-DOPA-alginate beads by crosslinking the
L-DOPA-alginate with calcium ions and laccase. The effect of additional crosslinking of beads by
green light-induced photopolymerization with eosin Y was investigated. The immobilized laccase
systems were used for dye decolorization and investigated in multiple treatment processes. Beads
with L-DOPA-alginate with a higher degree of modification (5.0 mol%) showed higher enzymatic
activity and better decolorization efficiency than those with a lower degree of modification (2.5 mol%).
Obtained immobilized biocatalysts are suitable for decolorizing dye Evans Blue due to their high
efficiency and reusability.

Keywords: algae biomass; alginate; yeast cells; laccase; surface display; hydrogel; photopolymerization;
bioremediation

1. Introduction

Alginate belongs to a group of binary heteropolysaccharides that are constituted of 1,
4-linked B-D-mannuronic (M) and «-L-guluronic acid (G) [1]. Structural characteristics of
the alginate chains depend on the M/G ratio because this ratio plays an important role in
the physicochemical properties of this polymer [1]. As alginate possesses numerous free
hydroxyl and carboxyl groups, it is a great candidate for chemical modifications [2]. Several
types of chemical modification can be performed on alginate, such as oxidation, reductive
amination of oxidized alginate, sulfation, copolymerization, esterification, Ugi reaction,
and amidation [2,3]. Due to favorable characteristics of alginate, like biodegradability,
renewability, and biocompatibility, it is used in various industrial fields, for example,
bioengineering, biotechnology, biomedicine, clinical applications, etc. [4]. It is known
that enzymes are very attractive biocatalysts because of their advantageous properties
(environmentally friendly, biodegradable, relatively low-priced, highly specific). Still, all
these positive aspects are affected by enzyme instability in long-term storage, very narrow
acceptable conditions, and difficult reusability. One way to overcome these problems is
enzyme immobilization. There are two groups of immobilization methods, irreversible and
reversible, and both have advantages and disadvantages. The mechanism of irreversible
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immobilization represents the attachment of an enzyme to a carrier so that it cannot be
detached, while reversible immobilization represents the type of enzyme attachment that
can be easily separated from the carrier [5]. Lately, light-induced photocrosslinking has
gained popularity because of the obtained material’s rapid gelation time and tunable
physical properties. Generally, ultraviolet (UV) light is used for photocrosslinking. Still,
some negative aspects of UV crosslinking, like generating reactive oxygen species and
DNA oxidative damage, make it undesirable, so visible light crosslinking is preferred [6].
Many photoinitiation systems exist, such as riboflavin, carboxylated camphoquinone,
and eosin Y [7]. A highly reactive free radical is formed by photocleavage during the
photocrosslinking reaction. The light of the photon is absorbed by the photoinitiator, where
the light energy is transferred into chemical energy; after that, intra- or extra-molecular
groups are covalently crosslinked by free radicals [8-10]. As stated before, the catalytic and
biochemical properties of enzymes can be improved by immobilization, and this action
can be eased if the protein is expressed on the cell surface [11-13]. Cell-surface display
represents the type of expression in which target peptides or proteins are attached to the
cell surface of bacteria, yeast, insect, or mammalian cells. The connection of targeted
protein to a cell is mediated by anchor protein [13-15]. The research represents that yeast
surface display expression has various advantages, with the main one being easy and
cheap production in large quantities of immobilized laccase within cell walls without the
need for purification. It includes numerous yeast strains (Saccharomyces cerevisiae, Pichia
pastoris, and Yarrowia lipolytica), the possibility of post-translational modifications in yeast
cells, and relatively facile genetic manipulation [13,15,16]. Laccases (p-diphenol oxidase
EC 1.10.3.2) belong to a family of multicopper oxidases found in fungi, bacteria, plants,
and animals, and their biological function depends on the enzyme origin [17,18]. The
reactions catalyzed by laccases include oxidation of broad spectra of compounds (o- and p-
diphenols, aminophenol, polyphenols, polyamines, arylamines, and several other phenolic
compounds) whereby molecular oxygen is the final electron acceptor. As the only byproduct
is the water molecule, laccases are considered “eco-friendly” [19]. Due to broad substrate
spectra, these enzymes have distinctive applications in industry and biotechnology, such
as the forest production industry, the pulp and paper industry, the food industry, the
pharmaceutical and cosmetic industry, bioremediation, organic synthesis, bio-bleaching,
dye decolorization, and juice and wine clarification [20]. An emerging problem in recent
decades is environmental contamination by wastewater released in large quantities daily.
Besides the textile industry, synthetic dyes are also used in the paper, printing, cosmetic, and
pharmaceutical industries [21]. Numerous research papers are focused on the use of laccase
for dye decolorization because of its high potential for that use. Degradation of colors
and other resistant pollutants can be effected by different chemical and physical methods
(adsorption, ion exchange, oxidation, nanofiltration, etc.), and although these advanced
physicochemical methods are effective, they can be very expensive [21,22]. While biological
methods that use cells could be sensitive to toxic pollutants, enzymes like laccase are more
stable. They can be used for the enzymatic degradation of dyes, whereby the immobilized
enzyme is a better choice due to the higher stability and possibility of multiple uses.

In this article, we have used biomass (alginate and yeast cells)-derived biocatalysts
for dye decolorization. We have prepared a new modified alginate with L-DOPA using
periodate oxidation and reductive amination. Modified alginate was then used to immo-
bilize yeast cell-wall-bound laccase from Streptomyces cyaneus obtained by expression on
the surface of Saccharomyces cerevisine EBY100 cells and toluene lysis. After immobilization
within L-DOPA-alginate beads, the hydrogel was, for the first time, additionally crosslinked
by visible light photopolymerization that, due to new bonds, produced biocatalysts with
higher thermostability and better decolorization efficiency (reusability) compared to those
biocatalysts not crosslinked additionally by photopolymerization. The obtained biocatalyst
was suitable for the decolorization of the dye Evans Blue.
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2. Materials and Methods
2.1. Chemicals

Alginic acid sodium salt from brown algae was purchased from Sigma-Aldrich (St.
Louis, MO, USA), and 1-3,4-dihydroxyphenylalanine (L-DOPA) was purchased from Tokyo
Chemical Industry (Tokyo, Japan). Sodium cyanoborohydride was purchased from Merck
(Darmstadt, Germany) and sodium metaperiodate from VWR (Leuven, Belgium). 2,2-azino-
bis-(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) was purchased from AppliChem
(Darmstadt, Germany), while calcium chloride and sodium chloride were purchased from
Betahem (Belgrade, Serbia). Used synthetic dyes were purchased from Roth (Karlsruhe,
Germany) and Sigma (St. Louis, MO, USA). The Saccharomyces cerevisiae strain EBY100 was
kindly provided by Prof. Dane Wittrup (Boston, MA, USA) and was used in the present
study as the carrier host cell for laccase.

2.2. Modification of Alginate with L-DOPA

Sodium alginate was dissolved in distilled water for a final concentration of 1.12%
(w/v). Sodium metaperiodate was then added to the alginate solution at final concentrations
of 1.25 mM and 2.5 mM, resulting in molarity ratios of periodate to alginate glycoside units
in the alginate of 2.5 mol% and 5.0 mol%, respectively. The periodate oxidation reaction
was conducted in the dark for 24 h at +4 °C and was terminated by adding glycerol to a
final concentration of 500 mM, followed by stirring for 30 min. The oxidized alginate was
precipitated from the reaction mixture using 1% sodium chloride (w/v) and two volumes of
96% ethanol (v/v). This precipitation procedure was repeated twice using the same method.
The resulting precipitate was separated, air-dried, and dissolved in 0.1 M NaAc buffer
pH 4.5 to achieve a final concentration of 1% (w/v). Solid 1-3,4-dihydroxyphenylalanine
(L-DOPA) was added to the solution at a final concentration of 1.5% (w/v) (79 mM), and
simultaneously sodium cyanoborohydride was added at a final concentration of 0.5%
(w/v). The reaction mixture was then left in the dark, stirring for 24 h at room temperature.
The modified alginate was precipitated by adding sodium chloride to achieve a final
concentration of 1 M and two volumes of 96% ethanol (v/v). Subsequently, the precipitate
was dissolved in water (1%, w/v) and subjected to precipitation twice using the same
method. The modified L-DOPA-alginate was then lyophilized and stored at —20 °C.

2.3. Spectral Characterization of Modified Alginate

UV-Vis, NMR, and FTIR spectra were obtained for modified alginates. Both modified
and unmodified alginates were prepared for UV-Vis spectra by dissolving them in distilled
water to a final concentration of 0.1% (w/v). UV-Vis spectra were acquired using a LLG-
uniSPEC2 Spectrophotometer covering a range of 200 to 330 nm. Biopolymer samples
were prepared by dissolving in deuterium oxide for NMR spectra, and the NMR spectra of
L-DOPA-alginate were acquired on a Bruker Avance III 500 MHz instrument. (Chemical
shifts provided in parts per million (3) referenced downfield from tetramethyl silane as the
internal standard). IR spectra of alginate were recorded using 32 scans with resolution four
on a Thermo Scientific Nicolet 6700 FTIR spectrometer, using the attenuated total reflectance
(ATR) technique. Spectral data were gathered within the mid-IR range (1800-600 cm ™).

2.4. Expression of Laccase on Cell Surface of Saccharomyces cerevisiae

Laccase from Streptomyces cyaneus CECT 3335 was cloned into a pCTcon2 vector by a
previously reported protocol [20]. Transformation of the competent Saccharomyces cerevisiae
EBY100 cells with pCTcon2-lac construct and empty pCTcon2 plasmid was done according
to the LiAc/PEG method [23]. Yeast cells were transformed with the empty pCTcon2
plasmid to obtain the control stain. Transformed cells were grown in YNB-CAA (yeast
nitrogen base-casamino acid) glucose medium (2% (w/v) glucose) at 30 °C, 160 rpm. When
the final OD600 reached 5, cells were transferred to YNB-CAA galactose medium (2% (w/v)
galactose) to final OD600 0.5 to induce laccase expression. Expression was performed for
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24 h at 30 °C, 160 rpm; afterward, cells were harvested by centrifugation (3000 g, 15 min,
25 °C) and washed three times with Na-acetate buffer (pH 4.5, 100 mM).

2.5. Cell Lysis and Cell Wall Laccase Preparation

Cell lysis was performed with 3% toluene in distilled water (v/v). The obtained cells
were resuspended in 3% toluene and mixed at 170 rpm at room temperature for 24 h. The
optimal time of cell lysis was 48 h [20]. The obtained yeast cell walls were diluted with
water to eliminate toluene and separated by centrifugation at 3000 rpm for 5 min.

2.6. Determination of Enzyme Activity of Whole Cells and Cell Walls with Laccase

We determined the enzyme activity of yeast cells and yeast cell walls. The enzyme
activity of whole yeast cells was determined with ABTS assay: 8 uL of the cells in NaAc
buffer pH 4.5 (at a concentration of 250 mg/mL) were mixed with 200 pL of 20 mM CuCl,
solution, 1092 uL of NaAc buffer pH 4.5. 200 uL of this mixture was transferred into the
well of a microtiter plate, and 50 pL of 20 mM ABTS solution was added. The change in
absorbance was monitored using an Elisa reader at a wavelength of 405 nm every 5 min for
1h.

To measure the activity of the harvested yeast cell walls, 13 pL of the cell walls in
NaAc buffer pH 4.5 (at a concentration of 150 mg/mL) was mixed with 200 pL of 20 mM
CuCl; solution and 1087 uL of NaAc buffer pH 4.5, 200 uL of this mixture was dispensed
into the well of a microtiter plate, and 50 uL of 20 mM ABTS solution was added. The
change in absorbance was monitored using an Elisa reader at a wavelength of 405 nm every
30 s for 5 min.

2.7. Immobilization of Cell Wall Laccase in L-DOPA-Alginate

The cell walls with laccase were previously incubated in 2 mM CuCl, solution, stirring
for 1 h before immobilization. Beads were prepared with 2.5 mol% L-DOPA-alginate
and 5.0 mol% L-DOPA-alginate with cell walls with laccase and cell walls with empty
pCTcon2 vector. The mixture of 2.7% L-DOPA-alginate (w/v) and 150 mg/mL cell walls in
0.1 M NaAc buffer pH 4.5 were prepared and dropped in 6% CaCl, (w/v) solution with
continuous stirring. The obtained beads were washed two times with 6% CaCl, (w/v)
solution and kept in 0.1 M NaAc buffer (pH 4.5) containing 5 mM CaCl, (w/v), at 4 °C. The
beads with eosin Y were also prepared. During the preparation of the L-DOPA-alginate-cell
wall laccase mixture, eosin Y was added at final concentrations of 0.001% and 0.0001%.

2.8. Incubation of Beads in Eosin Y and Photopolymerization

Immobilized cell wall laccase in 2.5 mol% and 5.0 mol% L-DOPA-alginate beads
were incubated in solutions of photoinitiator eosin Y. For incubation, 0.005% and 0.01%
solutions of eosin Y in PBS (1 x, pH 7.4) were used, and the beads were incubated for 5 or
30 min. After incubation, the beads were removed from the solution and transferred into a
customized photoreactor (a glass wrapped with green LED strips) for photopolymerization
and additional hydrogel crosslinking. The beads were exposed to green light for 15 min,
rinsed with NaAc buffer (0.1 M, pH 4.5), and stored in a 5 mM solution of CaCl, in NaAc
buffer (0.1 M, pH 4.5) at +4 °C.

Beads with 0.0001% and 0.001% eosin Y, where eosin Y was added during the beads’
formation, were exposed to green light for 15 min in a customized photoreactor and then
stored in a 5 mM solution of CaCl, in NaAc buffer (0.1 M, pH 4.5) at +4 °C.

2.9. Determination of Enzyme Activity of Immobilized Cell Wall Laccase

The spectrophotometric assay to measure the enzyme activity of L-DOPA-alginate
beads with cell wall laccase involved utilizing beads (one bead per reaction) with 200 pL
of 0.1 M NaAc buffer at pH 4.5, 50 uL of 20 mM CuCl,, and 250 uL of 20 mM ABTS
(final concentration of 7 mM). ABTS concentration was increased compared to the assay
with non-immobilized enzyme due to diffusion limitations [24]. After 200 uL of prepared
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mixture was dispensed from Eppendorf tubes with beads into the wells of a microtiter plate,
the change in absorbance was monitored using an Elisa reader at a wavelength of 405 nm.
Immediately after measuring the absorbance, 200 uL of the solution was transferred back
into Eppendorf tubes.

2.10. Determination of Thermal Stability of Immobilized Cell Wall Laccase

The thermostability of immobilized cell wall laccase in L-DOPA-alginate beads was
determined by incubating cell wall laccase beads for 1 h at 60 and 70 °C in optimal buffer.
(0.1 M NaAc buffer pH 4.5) with 5 mM CaCl,. Afterward, samples were cooled on ice
for 5 min, and enzyme activity was determined according to the mentioned assay. Before
determining the enzyme activity, all beads were rinsed twice with NaAc buffer (0.1 M,
pH 4.5) to remove excess Ca?*. The relative enzyme activity at different temperatures for
each type of bead was determined by defining the highest activity as 100% and calculating
the relative enzyme activity at other temperatures relative to it.

2.11. Dye Decolorization

Four different dyes were chosen to investigate the decolorization capacity of yeast
cell wall laccase immobilized in L-DOPA-alginate beads. The following dyes were utilized:
Evans Blue, Remazol Brilliant Blue, Amido Black 10B, and Reactive Black 5. All dyes
were prepared in 0.1 M NaAc buffer at pH 5 with 2 mM Cu?" and 5 mM Ca?*. Each
dye’s concentration was prepared to achieve approximately 0.8 absorbance units at its
respective maximum wavelength (all dyes have a maximum wavelength of 620 nm). The
final concentrations for Amido Black 10B, Reactive Black 5, Evans Blue, and Remazol
Brilliant Blue were 0.027, 0.129, 0.008, and 0.038 mM, respectively.

Decolorization was tested with various alginate beads with cell wall laccase: 2.5 mol%
L-DOPA-alginate beads, 5.0 mol% L-DOPA-alginate beads, 2.5 mol% L-DOPA-alginate
beads incubated in 0.01% eosin Y, 5.0 mol% L-DOPA-alginate beads incubated in 0.01%
eosin Y, 2.5 mol% L-DOPA-alginate beads with 0.0001% eosin Y, and 5.0 mol% L-DOPA-
alginate beads with 0.0001% eosin Y.

For decolorization, around 20 mg of alginate beads and 1 mL of each dye solution
were used. Subsequently, the samples were wrapped in aluminum foil to protect them from
light exposure. The reaction mixtures were incubated for 48 h at room temperature without
shaking. As a control reaction of the decolorization test, 2.5 mol% L-DOPA-alginate and
5.0 mol% L-DOPA-alginate with cell walls with empty pCTcon2 were prepared under the
same conditions to detect possible removal of dye due to dye adsorption onto the alginate
beads and cell walls, and an additional control reaction of the decolorization test was used
for each dye in the mentioned buffer, without beads. Decolorization tests were conducted in
triplicates. The change in absorbance at 620 nm was monitored at 0, 4, 20, 24, and 48 h after
adding the dye solution. The following equation calculated relative decolorization (%):

Relative decolorization (%) = Ainitial — Afinal x 100
Ainitial

The relative decolorization of the selected dyes, including control beads, was calcu-
lated. The calculated value for control beads was subtracted from the decolorization value
for beads with cell wall laccase.

2.12. Reusability

The reusability of the immobilized biocatalyst was tested in repeated cycles of dye
decolorization. Calcium-L-DOPA-alginate beads with cell wall laccase were used in eight
cycles of decolorization. Cell wall laccase immobilized in 5.0 mol% L-DOPA-alginate
beads without EY, incubated in 0.01% EY and with 0.0001% EY, and cell walls with empty
pCTcon2 were tested. Beads were used for eight decolorization cycles of 48 h. Reusability
was investigated in 0.129 mM Evans Blue solution in 100 mM NaAc buffer pH 5. After each
cycle, the beads were filtrated and washed three times with 100 mM NaAc buffer pH 5
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and replaced with a fresh solution of dyes. The initial and final absorbance were measured
spectrophotometrically at 620 nm for every cycle. The initial activity of freshly prepared
dye during the first run was 100%. This study was conducted in triplicate, too.

3. Results and Discussion
3.1. Modification of Alginate with L-DOPA and Its Characterization

In this study, a modification of alginate is presented for the first time with L-DOPA
using periodate oxidation and reductive amination. We introduced a new functional
group into the alginate molecule using periodate oxidation and reductive amination in the
presence of L-DOPA. This resulted in obtaining a product with stable secondary amino
groups (Figure 1).
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Figure 1. Synthesis of L-DOPA-alginate in the reaction of periodate oxidation and reductive amination.

The prepared alginate derivates were characterized spectroscopically using UV-Vis,
'H NMR, and FTIR spectroscopy. UV-Vis spectra of modified alginate show a characteristic
absorption peak at 280 nm due to the presence of L—DOPA phenolic groups. In contrast,
this peak is absent in the spectra of native alginate (Figure 2). Additionally, it can be
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observed that the absorption intensity at 280 nm is higher in the case of modified alginate
with a higher degree of oxidation, confirming the introduction of more L-DOPA units into
the alginate structure in this manner.

31 __ 5.0 mol% L-DOPA-alginate
— 2.5 mol% L-DOPA-alginate
w . .
e 24 native alginate
2
o
34
<
0 T
200 250 300

Wavelength (nm)
Figure 2. UV-Vis spectra of native and modified L-DOPA-alginate.

The modified 5.0 mol% L-DOPA-alginate was characterized also by FTIR spectroscopy.
FTIR spectra of L-DOPA-alginate showed L-DOPA aromatic structure within modified
alginate by the appearance of a peak around 1500 cm~! originating from C-C in-ring
aromatic stretching vibrations (Figure 3).
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Figure 3. FTIR spectra of 5.0 mol% L-DOPA-alginate.

The success of the alginate modification was further confirmed by recording the 'H
NMR spectra of the 5.0 mol% L-DOPA-alginate (Figure 4). Peaks at chemical shifts of 6.59,
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6.68, and 6.75 ppm originate from three aromatic H atoms of the L-DOPA that were not
present in the FTIR spectra of native alginate from our previous work [20]. This confirms
the successful incorporation of L-DOPA into the alginate structure. The absence of peaks
between 9 and 10 ppm confirms that all previously formed aldehyde groups by periodate
oxidation have reacted in the reductive amination reaction.
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Figure 4. "H NMR spectra of 5.0 mol% L-DOPA-alginate.

3.2. Yeast Surface Display of Laccase

Cell-surface display enables the expression of target peptides or proteins on the cell
surface of various cells, including bacteria, yeast, insects, or mammalian cells, achieved
by linking a protein of interest with an anchor protein. This technique combines precise
gene expression and protein immobilization, with the advantages of a purification process,
reusability, and recovery of biocatalyst.

In this research, we successfully achieved the functional expression and surface display
of laccase from Streptomyces cyaneus CECT 3335 in a strain of S. cerevisize EBY 100. The
activity of recombinant laccase was detected using ABTS as a substrate in the activity assay
with the addition of copper. The addition of copper was necessary for the activation of
the enzyme since copper ions are present in the active center of laccase. In the absence of
copper in the reaction mixture, laccase activity was not detectable, consistent with findings
from a previous report on the expression of the same enzyme in E. coli [25]. The surface
displayed laccase showed enzyme activity of 0.062 & 0.013 IU/g wet cell biomass. Control
cells, with empty pCTcon2 vector, did not show enzyme activity. Since the recombinant
laccase was obtained by yeast surface display technology, the laccase was anchored on the
cell surface, which can be classified as a method of laccase immobilization. This technique
combines precise gene expression and protein immobilization, with the advantages of
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the purification process, reusability, and recovery of biocatalyst from biomass. Due to
these advantages, this technology has been used to produce various enzymes, including
laccase. In previous studies, laccase from different sources has been expressed on the
surface of yeast cells [20,26-30], and it demonstrates improvements in characteristics such
as reusability towards phenolic substrates and excellent ethanol tolerance [26], as well as
reusability in the process of removing emerging contaminant acetaminophen (APAP) [30],
etc. Summary results show that the advantages of recombinant laccase on the surface of
yeast cells include more straightforward and more efficient purification, enhanced enzyme
stability, longevity, reusability, and ease of enzyme manipulation and engineering.

3.3. Preparation of Cell Wall Laccase

The obtained cells were lysed with an organic solvent, 3% toluene (v/v), in order to re-
move ballast proteins by disrupting yeast cells and releasing their cellular content, but not to
remove laccase from the cell wall. In previous research, the optimal time of lysis was deter-
mined as 24 h [20]. The specific activity of cell wall laccase was 2.062 + 0.445 IU/g, which is
a significant improvement in comparison to the activity of whole cells, 0.062 £ 0.013 IU/g.
This could result from a better accessibility of enzyme to substrates, compared to intact
cells, or from a decreased mass of cell walls compared to yeast cells after releasing of
non-secreted enzyme from the cell wall’s internal cell compartments.

3.4. Immobilization of Cell Wall Laccase in L-DOPA-Alginate

Despite the fact that laccase attached to the cell wall exhibited characteristics of
immobilized enzyme, such as increased enzyme stability and reusability, additional immo-
bilization was performed. Immobilization was done by using the entrapment method with
calcium ions and alginate. Calcium was used as crosslinking agent and spherical regular
shaped beads were obtained after adding the immobilization mixture dropwise to a CaCl,
solution. The conditions of immobilization were previously determined in our study, and
beads were prepared using a mixture of 2.7% L-DOPA-alginate (w/v) and 150 mg/mL cell
walls with laccase and dropped in 2% CaCl, (w/v) solution [20]. In this study, the same
concentration of cell walls and L-DOPA-alginate was found to be optimal, with an increase
in the calcium chloride concentration to 6%, to achieve enhanced mechanical stability of the
beads. We used L-DOPA-alginate with a lower (2.5 mol%) and higher (5.0 mol%) degree
of modification.

3.5. Photopolymerization of L-DOPA-Alginate Beads with Immobilized Cell Wall Laccase

In order to further crosslink the obtained beads and improve enzyme stability, photo-
crosslinking of L-DOPA groups on the alginate chain was investigated in the presence of
a photoinitiator. There has been an increasing interest in a visible light-induced photo-
crosslinking, in comparison to conventional UV crosslinking. Previous research has demon-
strated adverse effects of UV crosslinking, and in order to avoid the damaging effects,
including DNA damage, cancer effects, protein damage resulting in reduced protein activ-
ity, etc., visible light photo-crosslinking has been investigated [31].

Eosin Y is known for its high reactivity in initiating photopolymerization reactions,
leading to efficient crosslinking or polymerization processes. In a previous study, modified
hyaluronan with tyramine was photo-crosslinked in the presence of eosin Y as a photoini-
tiator in a non-toxic, rapid photosensitized process under visible light illumination [32]. It
was also described as a crosslinking of modified polyethylene glycol (PEG) with eosin Y as
a photoinitiator [33].

In a subset of the beads, the photoinitiator was added during the formation of beads,
in a final concentration of 0.0001% and 0.001% eosin Y, while another subset of beads was
subsequently incubated in eosin Y solutions (0.005% and 0.01%) for 5 or 30 min. The color
of the obtained beads varied depending on the preparation method. Beads prepared with
eosin Y were light pink, with the shade depending on the concentration. Beads without
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eosin Y were white, and beads incubated in eosin Y were of intense pink color whose shade
depended on the concentration of eosin Y solution and the incubation time (Figure 5).

2. 0®
O

i 4

Figure 5. Schematic representation of immobilization process and picture of obtained beads—Ca-L-
DOPA-alginate beads with cell wall laccase, non-incubated with eosin Y (white beads) and incubated
with eosin Y (pink beads). Bead size was 3 mm = 0.5, while sphericity was around 0.95.

3.6. Determination of Enzyme Activity of Immobilized Cell Wall Laccase in Different Types
of Beads

After measuring the enzymatic activity, the results indicate that photopolymerized
beads, with 0.001% and 0.0001% eosin Y and beads incubated in 0.01% and 0.005% EY for
5 min, show higher activities than non-photopolymerized beads (Table 1). Lower enzymatic
activity compared to non-photopolymerized beads was observed only at beads incubated
in both concentrations of EY but over a more extended period (30 min). If we compare
the activity of beads incubated in different concentrations of EY for 5 min, we can see that
higher activity is obtained with beads incubated in 0.01% EY for both polymers (2.5 mol%
and 5.0 mol% L-DOPA-alginate). Here, it can also be observed that beads with 5 mol%
L-DOPA modification demonstrate higher activity for the same parameters than beads with
2.5 mol% L-DOPA-alginate.

The enzymatic activity of beads with immobilized cell walls and the empty pCT-
con2 vector was also examined at room temperature. Even after several hours, the ab-
sorbance of the assay mixture did not change, confirming that these beads do not exhibit
enzymatic activity.

Based on this, it was decided to conduct decolorization experiments with beads where
the concentration of EY during immobilization was 0.0001% and 0.001% EY and with beads
incubated in 0.01% EY for 5 min.
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Table 1. Enzyme activity (IU/g) of cell wall laccase immobilized in 2.5 mol% and 5.0 mol% L-DOPA-
alginate beads, without photopolymerization and addition of EY/photopolymerized with 0.001%
or 0.0001% EY/incubated in 0.01% and 0.005% EY for 5 and 30 min. The specific activity of the
cell-wall-bound laccase was 2.062 £ 0.4451U/g.

2.5 mol% L-DOPA 5.0 mol% L-DOPA

Beads without EY 0.0170 + 0.0012 0.0276 + 0.0033
Beads with 0.0001% EY 0.0324 + 0.0021 0.0337 + 0.0004
Beads with 0.001% EY 0.0247 + 0.0045 0.0232 + 0.0031
Incubated beads in 0.01% EY 0.0288 + 0.0037 0.0322 + 0.0022
for 5 min.
Incubated beads in 0.01% EY 0.0124 + 0.013 0.0162 + 0.0017
for 30 min.
Incubated beads in 0.005% EY 0.0207 + 0.0021 0.0294 =+ 0.0026
for 5 min.
Incubated beads in 0.005% EY 0.0142 + 0.0012 0.0131 + 0.0011
for 30 min.

3.7. Determination of Temperature Stability

The thermostability of immobilized cell wall laccase in different L-DOPA-alginate
beads was determined: 2.5 and 5.0 mol% L-DOPA-alginate beads without eosin Y, 2.5 and
5.0 mol% L-DOPA-alginate beads with 0.001% eosin Y, and 2.5 and 5.0 mol% L-DOPA-
alginate beads with 0.0001% eosin Y. All beads were incubated for 1 h at 60 and 70 °C at
pH 4.5. Residual activity was measured using ABTS as described above.

In a previous report, free cell wall laccase at 60 °C retained 69% enzyme activity [20],
while all immobilized counterparts retained higher enzyme activity. In the present study,
photopolymerized 2.5 mol% L-DOPA-alginate with 0.001% EY retained the highest enzyme
activity at that temperature, 93.4%, while the same beads without EY and with 0.0001% EY
retained 85.2% and 84.1% activity, respectively.

At 70 °C, photopolymerized 2.5 mol% L-DOPA-alginate beads with 0.001% EY also
retain the highest activity, 93.6%, while the same beads without adding a photoinitiator
retain only 66.6% activity. The 2.5 mol% L-DOPA-alginate beads with a lower concentration
of EY (0.0001%) retain 74.6% activity (Figure 6).

2.5 mol% L-DOPA-Alg

2.5 mol% L-DOPA-Alg
with 0.0001% EY

2.5 mol% L-DOPA-Alg
with 0.001% EY

5 mol% L-DOPA-Alg

5 mol% L-DOPA-AIg with
0.0001% EY

5 mol% L-DOPA-AIg with

T T
60 70

Temperature (°C)

0.001% EY

Figure 6. The temperature stability of cell wall laccase immobilized in 2.5 and 5.0 mol% L-DOPA-
alginate, without the addition of eosin Y (non-photopolymerized) and photopolymerized with 0.001%
and 0.0001% of eosin Y.

The beads with 5 mol% L-DOPA-alginate did not exhibit such a significant difference
in activity after 1 h of incubation at 60 °C. At 70 °C, the photopolymerized immobilizate
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with 0.0001% EY retained 76.3% activity, the photopolymerized immobilizate with 0.001%
EY retained 64.7% activity, and the immobilizate without additional photo-crosslinking
retained only 50.01% of its initial activity.

Despite the observed increase in temperature stability of enzymes obtained through
yeast surface display technology compared to the free enzymes [30], it has been demon-
strated that additional immobilization within cell walls further improves stability at el-
evated temperatures [20]. The enhanced temperature stability of the immobilized cell
wall laccase was attributed to the binding of the enzyme onto the support, reducing the
conformational changes induced by higher temperature.

From the presented results, we can determine that the photopolymerized beads con-
taining 2.5 mol% L-DOPA-alginate with 0.001% eosin Y exhibited the highest temperature
stability, at 60 °C and 70 °C, in comparison to other beads with cell wall laccase and
non-immobilized cell wall laccase. This was especially seen at 70 °C, where after 1 h of
incubation, around 90% of the original activity was preserved. It can be deduced that the
highest degree of crosslinking in the resulting beads occurs at the specified concentration
of introduced L-DOPA groups into the alginate molecule and at the concentration of the
photoinitiator. In this case, the immobilized enzyme was most protected from external
influences, resulting in the preservation of the enzyme’s native structure to the greatest
extent despite the increase in temperature.

3.8. Decolorization of Dyes

Various dyes were decolorized using the obtained biocatalysts to evaluate the potential
of immobilized cell wall laccase for dye decolorization. The selected dyes included the
azo dye Evans Blue and the anthraquinone dye Remazol Brilliant Blue. In our study,
decolorization of the dyes was investigated using various modifications of alginate, namely
2.5 mol% and 5 mol% L-DOPA-alginate, both with and without photopolymerization in
the presence of eosin Y. Additionally, the concentration and method of EY addition were
varied, employing beads to which 0.0001% EY was added during immobilization, as well
as beads subsequently incubated in 0.01% EY. All photopolymerized beads were irradiated
for the same duration of 15 min.

The results of Evans Blue decolorization showed that non-photopolymerized beads
with both modified alginates (2.5 and 5.0 mol%) exhibited a similar percentage of relative
decolorization after 48 h, 54% and 55%, respectively (Figure 7).

Evans Blue Remazol Brilliant Blue
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Figure 7. Relative decolorization of dyes Evans Blue and Remazol Brilliant Blue after 48 h of dye
decolorization with immobilized cell wall laccase in 2.5 and 5.0 mol% L-DOPA-alginate beads with
(L-DOPA-Alg-EY) or without EY (L-DOPA-Alg) or immobilized cell walls with empty pCTcon2
(L-DOPA-Alg-pCTcon2) in 2.5 and 5.0 mol% L-DOPA-alginate beads and 0.001 and 0.0001 EY. A
control reaction was performed without beads (WB).
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As the blank we have used empty enzyme-free beads: samples L-DOPa-Alg-pCTcon?2.
When comparing the decolorization of photopolymerized beads incubated in 0.01% EY, we
observe a similar degree of dye decolorization for both types of polymers in comparison to
non-photopolymerized beads, with percentages of 52% and 57% for 2.5 mol% and 5.0 mol%
L-DOPA-alginate, respectively. The decolorization of photopolymerized beads with the
addition of a photoinitiator at a concentration of 0.0001% during immobilization was
slightly less successful with both polymers, resulting in percentages of 47.6% and 50.0%
for 2.5 mol% and 5.0 mol% L-DOPA-alginate beads, respectively. We can assume that in
this case, there has been a higher degree of crosslinking of the beads, which could hinder
the diffusion of substrate and products of enzymatic reaction. This especially applies to
this reaction, with a very bulky substrate. A previous study with x-amylase showed that
the enzymatic activity of immobilized enzymes is influenced by the degree of crosslinking.
The enzyme’s affinity for the substrate decreases with a higher crosslinking degree owing
to the slow diffusion of the substrate to the enzyme molecules inside the particles [34].

Previous studies have reported the ability of laccase to decolorize various
dyes [20,21,35-44]. In certain studies, for example, laccase was successfully used to decol-
orize dye Evans Blue [45-47]. The mechanism of laccase-catalyzed degradation of Evans
Blue was reported by Xia et al. [48]. The theorized mechanism for decolorization and detox-
ification, as deduced from LCeMS analysis, suggests that the azo bond (-N=N-) undergoes
transformation into N2, with water being the only byproduct of degradation. This process
ultimately leads to the decomposition of Evans Blue into several non-toxic intermediate
products, resulting in a reduction in toxicity [48]. From this, we can conclude that there is a
significant advantage in using laccase as a biocatalyst for removing this dye, with non-toxic
intermediate products, mild conditions, etc., especially since this dye is highly prevalent in
textile wastewater and is classified as a group-3 carcinogen by the International Agency for
Research on Cancer (IARC) due to the potential metabolization and reduction of the azo
group to cancerogenic aromatic amines [48].

Remazol Brilliant Blue decolorization results show slightly lower degrees of decol-
orization for all biocatalysts than the decolorization efficiency observed for Evans Blue
dye. The degree of relative decolorization for all types of enzyme-incorporated beads was
approximately 30% (Figure 7).

Following decolorization over time showed that after 24 h, there was no significant
change in decolorization rate, so using reaction times longer than 48 h was not neces-
sary (Figure 8). Therefore, we have used 48 h as a standard time period for one cycle
of decolorization.
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Figure 8. Relative decolorization of dyes Evans Blue and Remazol Brilliant Blue during 48 h of dye
decolorization with immobilized cell wall laccase in 5.0 mol% L-DOPA-alginate beads with 0.001%
EY (L-DOPA-AIg-EY).
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3.9. Reusability

The beads were utilized in decolorization cycles to examine the stability and potential
for multiple uses of immobilized cell walls with laccase. Each decolorization cycle lasted
48 h, after which the beads were rinsed and mixed with fresh dye solution. Based on the
results after the first 48 h, it was decided to continue the decolorization examination using
beads with 5 mol% L-DOPA-alginates for Evans Blue and Remazol Brilliant Blue dyes. In
the second cycle, for Remazol Brilliant Blue dye, the decolorization reached a maximum
of 5% of the dye solution. Since there was no significant decolorization after reusing the
beads for Remazol Brilliant Blue dye, further investigations into the potential for multiple
uses of immobilized cell walls were conducted only with Evans Blue dye.

Figure 9 illustrates the results of multiple decolorization cycles of Evans Blue dye over
four cycles of 48 h each. In this experiment, the following types of beads were utilized:
5 mol% L-DOPA-alginate beads with cell wall laccase without EY, beads incubated in 0.01%
EY for 5 min, and beads with EY added directly during immobilization at a concentration
of 0.0001%. Immobilized cell walls with the pCTcon2 vector were also employed.

The results demonstrate that the highest decolorization of Evans Blue dye in all cycles
is achieved using 5 mol% L-DOPA-alginate beads incubated in 0.01% EY for 5 min and
photopolymerized (Figure 9). Nearly 60% of the dye solution is decolorized in the first cycle,
and 42% after the fourth cycle, making these biocatalysts a promising candidate for Evans
Blue dye decolorization. The non-photopolymerized 5 mol% L-DOPA-alginate beads with
cell wall laccase exhibited a slightly lower degree of decolorization, with approximately
36% of the dye removed after the fourth cycle.

E 5.0 mol% L-DOPA-alginate

i = 5.0 mol% L-DOPA-alginate
. I Z incubated in 0.01% EY

L L 5.0 mol% L-DOPA-alginate with
: 0.0001% EY

5.0 mol% L-DOPA-alginate with
empty pCTcon2

T T T
2 3 4

Cycle number

Figure 9. Reusability of cell wall laccase immobilized in 5.0 mol% L-DOPA-alginate beads without
EY/incubated in 0.01% EY/with 0.0001% EY, and cell wall with empty pCTcon2 immobilized in
5.0 mol% L-DOPA-alginate beads. Beads were used for four decolorization cycles of 48 h. After each
cycle, the beads were filtrated and washed three times with 100 mM NaAc buffer pH 4.5 and replaced
with a fresh solution of dyes.

4. Conclusions

From this, we can conclude that photopolymerization of the alginate polymer material
containing yeast cell-wall-bound laccase led to greater enzyme stabilization, resulting in
higher decolorization capability of Evans Blue dye and improved efficiency upon reuse in
multiple decolorization cycles.

Reusing immobilized biocatalysts is crucial for their industrial application, signif-
icantly reducing the process cost. The laccase enzyme’s efficiency for removing and
degrading dyes in multiple decolorization cycles has been previously reported and dis-
cussed [20,49-52]. Immobilized laccases present a promising, environmentally friendly,
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and commercially viable alternative to physical, chemical, and oxidative methods for dye
decolorization.
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