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Abstract

Biomass derived from green marine macroalgae Ulva sp. is considered a rich source of
bioactive compounds. In the present study, we demonstrate the increased bioactivity of a
phenolic-rich extract derived from green marine macroalgae Ulva intestinalis after its
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treatment with fungal laccases from Trametes versicolor and Agaricus bisporus. The phenolic
composition of the extract, before and after its enzymatic treatment, was determined through
several analytical methods. Furthermore, the antioxidant, enzyme-inhibitory, antimicrobial
and cytotoxic activity of enzymatically modified and non-modified extracts was comparatively
investigated. Depending on the laccase used, the enzyme-modified extracts exhibited
different phenolic content and enhanced bioactivities compared to the non-treated ones. The
enzymatically modified extracts presented enhanced antimicrobial, anti-lipoxygenase and
anti-collagenase activities, and mild cytotoxicity. These results indicate that the proposed
biocatalytic process could be applied to produce green macroalgal natural extracts with
enhanced bioactivities paving the way for their implementation in the food, pharmaceutical,
and cosmeceutical industries.
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1. Introduction

Marine organisms, especially macroalgae, constitute a renowned source of bioactive compounds
[1]. Among marine macroalgae, Ulva species, green seaweeds belonging to the order Ulvales
(Chlorophyta), have recently attracted scientific interest [2, 3]. Specifically, Ulva intestinalis, a bright
grass-green seaweed, rich in polysaccharides, proteins, minerals, and other bioactive substances,
such as phenolics has gained increasing attention over the last years [4, 5]. These species produce a
wide variety of secondary metabolites with a broad array of bioactivities, including antitumoral,
antiviral, antifungal, antibacterial, antiaging, cytotoxic and antiproliferative activity [6, 7]. For
example, a protein fraction from Ulva intestinalis induced a remarkable increase in collagen and
hyaluronic acid production per cell and reduced cell proliferation without increasing cell mortality
[8]. Although these species are yet much underexploited, the remarkable potential arising from
their exploitation approves their compelling scientific interest, especially in the pharmaceutical and
food industries [7, 9].

Green marine algae as well as their naturally derived extracts, exhibit numerous health benefits
such as antioxidant, antimicrobial, anti-inflammatory, cytotoxic, neuroprotective,
immunomodulatory and cardioprotective, principally attributed to their content in various bioactive
components, including polyphenols and non-polyphenolic compounds, such as carotenoids,
terpenoids, and alkaloids [10]. Different classes of polyphenols at varying concentrations have been
detected in all green algae such as hydroxybenzoic acid and hydroxycinnamic acid derivatives,
flavonoids, and bromophenols [11-13]. Thus, a profile of phenolic acids, flavonoids, and
phlorotannins (compounds consisting of highly polymerized phloroglucinol units) is typical for Ulva
sp. Species [14, 15]. A strong correlation between the phenolic and flavonoid content and the
antibacterial [16], antioxidant [17], anti-inflammatory and anticancer activity [18] has already been
reported for many Ulva species. Despite the structural diversity and the variability of the phenolic
compounds in these species [19], their potential biological properties establish them as an attractive
group for their implementation in medicine [20], as dietary supplements [21], nutraceuticals [22],
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or functional foods [23], or in cosmetics.

Phenolic compounds typically comprise one (phenolic acids) or more (polyphenols) aromatic
rings with attached hydroxyl groups in their structures. Their biological actions are strongly
attributed to their chemical structure [24]. For example, their antioxidant capacities have been
related to their hydroxyl groups and phenolic rings [25]. Thus, their chemical structure modifications
could alter their bioactivity, either increasing or reducing [26]. A common approach to induce
specific changes in the chemical structure of certain compounds, e.g., the proximity of their
aromatic rings, relies on enzymatic catalysis [27]. Biocatalysis has emerged as a promising strategy
for synthesizing novel bioactive compounds, including flavonoids, hydroxyl cinnamic acid
derivatives and phenolics through the targeted modification of natural compounds. Until today, a
wide variety of biologically active ingredients, presenting biological activities usually superior to
their precursors has been obtained through attractive biotechnological processes [28, 29]. Various
classes of enzymes have been applied for the efficient semi-synthesis of diverse biologically active
derivatives [30-33] such as the oxidation of naturally occurring phenols by fungal laccases to
synthesize fine organic chemicals [33].

Laccase-catalyzed processes constitute a tempting green approach regarding sustainable
chemistry due to their incredible potential to act as robust catalysts under mild reaction conditions
[34, 35]. Laccases (benzenediol: oxygen oxidoreductases, EC 1.10.3.2) are copper atom-containing
oxidoreductases that catalyze the one single electron oxidation of different phenolic structure- or
aniline structure- containing compounds with simultaneous reduction of oxygen to water [36, 37].
Thus, phenolic compounds constitute typical substrates of laccases for the biosynthesis of
polyphenols [34]. Laccase-catalyzed oxidation of phenols renders phenoxyl free radicals that in
following step lead to coupling-based polymerization or radical rearrangement per se, yielding
dead-end products. Laccases have also been exploited in the oxidation of non-laccase substrates
acting as mediators and in the production of heteromolecular products with non-laccase substrates
[38, 39].

Furthermore, the laccase-catalyzed oxidation of naturally occurring phenolics (including rutin,
catechin, ferulic acid and tannic acid), has been proven to produce oligomer products with superior
bioactivities (such as antioxidant, antimicrobial, antiaging, anti-inflammatory) compared to their
precursor compounds [29, 33]. Additionally, polyphenol-enriched extracts from natural sources (e.g.,
propolis extracts) have been enzymatically modified with laccases, typically leading to enhanced
biological activities [40].

It is worth noting that there are various studies, concerning the enzymatic treatment of extracts
derived from green, brown, or red macroalgae such as Ulva lactuca, Ulva pertusa, Turbinaria ornate,
Porphyra dioica and Pterocladia capillacea aiming at the enhancement of their biological activities.
The reported studies are often relevant to exploiting hydrolases and lyases for the degradation of
polysaccharide- or protein-rich macroalgal extracts to lead to low molecular products with potential
enhanced biological activities such as antioxidant, antitumor or antivirus [41-45]. However, there is
no previous study regarding the usage of laccases for treating macroalgal phenolic-rich extracts.

The aim of the present study, was to investigate the effect of fungal laccases from Trametes
versicolor (TvL) and Agaricus bisporus (AbL) on both the phenolic content and the bioactivity of
phenolic-enriched extracts from green macroalgae Ulva intestinalis. Spectrophotometric and
chromatographic methods were applied to confirm the successful enzymatic oxidation of the
phenolic compounds found in the extracts. The efficiency and specificity of both laccases for the
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oxidation of specific phenolic compounds were investigated. Finally, the starting and the
enzymatically modified extracts were evaluated for their biological activities, such as antioxidant
activity, inhibitory activity against enzymes related to skin aging, antibacterial activity, and
cytotoxicity against fibroblast cell line.

2. Materials and Methods
2.1 Materials

Ethanol (70% v/v) for extraction, laccase from Trametes versicolor (TvL) (0.7 U mg™?), laccase from
Agaricus bisporus (AbL) (>4 U mg?), elastase from porcine pancreas Type | (>4 U mg™), collagenase
from Clostridium histolyticum Type IA (>125 CDU mg™), lipase from Candida rugosa Type VII (724 U
mg?), N-[3-(2-furyl) acryloyl]-Leu-Gly-Pro-Ala (FALGPA), N-succinyl-Ala-Ala-Ala-p-nitroanilide, p-
nitrophenyl  butyrate  (p-NPB), caffeic acid (3,4-dihydroxycinnamic acid), N,O-
bis(trimethylsilyl)trifluoroacetamide with 1% trimethylchlorosilane (BSTFA + 1% TMCS, analytical
standard) and Dulbecco’s modified eagle medium (DMEM) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ) was purchased from Superlco (Pennsylvania,
USA). Iron trichloride hexahydrate (FeClz®#6H,0) was purchased from Thermo Fisher Scientific
(Waltham, USA). Lipoxygenase from Glycine max (soybean) Type I-B (205716 U mg™?) and linoleic
acid were obtained from Merck (KGaA Darmstadt, Germany). 2,2-Diphenyl-1-picrylhydrazyl (DPPH),
sodium carbonate (Na;COs) and dimethyl sulfoxide (DMSO) were obtained from Riedel-de Haén
(Seelze, Germany). Folin—Ciocalteu and phenol reagent were obtained from Fluka (Switzerland).
Luria Bertani Broth (LB Broth) (Lennox) was purchased from Lab M Ltd (Heywood, UK). L-glutamine
and penicillin/streptomycin  were obtained from Gibco-ThermoFisher (Waltham, USA).
Trypsin/EDTA solution and fetal bovine serum (FBS) were purchased from Biochrom AG (Berlin,
Germany). Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) was obtained from TClI
(Tokyo, Japan). Thiazolyl blue tetrazolium bromide (MTT) was obtained from Biosynth (Staadt,
Switzerland). All the other chemicals and reagents were of analytical grade and procured from
reliable sources. Double distilled water was used to prepare all the buffers and solutions.

2.2 Methods
2.2.1 Collection of Ulva Seaweed

Fresh seaweeds (Ulva intestinalis) were collected from the southeastern tip of Ammoudia beach,
Acheron, Preveza, Greece (39° 14'10, 464" N, 20° 28'38, 172" E) during the spring of 2019 (March,
2019) (Figure 1) and seaweed identification was performed according to standard taxonomic and
literature keys by the Phytobenthos Laboratory at the Institute of Oceanography of the Hellenic
Centre for Marine Research [46, 47]. Ulva biomass was rinsed thoroughly with tap and deionized
water to remove sand, salts and epiphytes and then was air-dried under shade at room temperature
for a few days. Finally, dried biomass was ground into flakes and stored in plastic bags, in a dark and
dry place, until further use.
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Figure 1 Photographs from the Ulva seaweed collection point.
2.2.2 Preparation of the Ethanolic Extract

A 70% (v/v) ethanolic extract was prepared according to Sirbu et al. [48] with slight modifications.
Briefly, 5 grams of dry powdered biomass were extracted with 100 mL of 70% ethanol (v/v)
overnight (ON) at room temperature under gentle agitation. The suspension was filtered, the
resulting filtrate was collected while the algae biomass was re-extracted under the same conditions.
Accordingly, the solvent was removed through both rotary evaporation and lyophilization. Finally,
the resulting extract was stored at -20°C until further use.

2.2.3 Determination of Total Phenolic Content

The total phenolic content of the extract was determined according to Folin-Ciocalteu as
described by Chatzikonstantinou et al. [49] with slight modifications. Briefly, 60 uL of an initial
extract stock solution, diluted in DMSO, were mixed with 790 uL of water (at a final concentration
of 300 pug mL1), followed by the addition of 50 pL of Folin-Ciocalteu reagent. Then, the mixtures
were incubated for three minutes at room temperature and 100 pL of 20% (w/v) sodium carbonate
(NaCOs) solution were added. The final mixtures were placed in the dark for 1 h at room
temperature. Blank samples were also prepared using 60 uL of DMSO instead of the extract. After
1 h, the absorbance of the samples was measured at 725 nm. The results were expressed as
milligrams of caffeic acid equivalents per gram of dry extract according to a calibration curve of
caffeic acid, prepared under the same conditions in the concentration range of 0-10 ug mL?. All
experiments were performed in duplicate.

2.2.4 Enzymatic Modification of the Organic Extract

The enzymatic modification of the ethanolic extract with TvL and AbL was performed in acetate
buffer, 15 mM, pH 5. The final concentrations of the extract and the enzyme were 5 mg mL* and
0.2 U mL}, respectively. Then, the mixtures were incubated overnight at 30°C under shaking at 750
rpm. After the overnight incubation, the samples were lyophilized and stored at -20°C until further
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use. One Unit of laccase activity was defined as the amount of the enzyme required to convert one
umole of catechol per minute at pH 5 and 30°C.

2.2.5 Characterization of the Starting and the Modified Extracts

The laccase-treated extracts were assessed for their polyphenolic content through the Folin-
Ciocalteu assay described in Section 2.2.3.

Ultraviolet-Visible (UV-Vis) Spectroscopy. The changes in the UV-Vis spectra before and after the
enzymatic treatment of the extract with both laccases were monitored through Ultraviolet-Visible
(UV-Vis) spectroscopy. The UV—Vis spectra were obtained in the range of 200—800 nm on an Agilent
Cary 60 UV—Vis spectrophotometer (Agilent, Santa Clara, CA, USA) in a quartz cell with a path length
of 1 cm. The concentration of the extract was 0.5 mg mL™.

High Performance Liquid Chromatography (HPLC). According to previous work, both starting and
laccase-treated extracts were analyzed through HPLC [50]. Specifically, 10 mg of each sample were
diluted in 80-20% (v/v) water-acetonitrile solution and filtered with 0.22 um filters. The samples
were analyzed through HPLC (Shimadzu, Tokyo, Japan) using a Kinetex Evo C18 column, particle size
5 um, length 250 mm, diameter 4.6 mm, and a diode array UV detector. The mobile phase consisted
of acetonitrile (A) and 0.1% (v/v) acetic acid in water (B) with a gradient elution of 10% for solvent
A and 90% for solvent B at 0-5 min, 16% for solvent A and 84% for solvent B at 5-18 min, 18% for
solvent A and 82% for solvent B at 18—26 min, 28% for solvent A and 72% for solvent B at 26—31 min,
40% for solvent A and 60% for solvent B at 31-32 min, 40% for solvent A and 60% for solvent B at
32-40 min and 10% for solvent A and 90% for solvent B at 40—43 min. The elution conditions were
performed at 30°C with a flow rate of 1 mL min? and the injection volume was 20 pL. HPLC
chromatograms were recorded at 280 and 330 nm. External standards were used for the
identification of the phenolic compounds contained in the extracts.

Liquid Chromatography-Mass Spectroscopy (LC-MS). Before and after its enzymatic treatment,
the extract was analyzed through LC-MS [15]. Specifically, the samples were diluted in 70-30% (v/v)
ethanol-water at a final concentration of 7 mg mL* and filtered with 0.45 pum filters. Analyses were
performed on a Liquid Chromatograph-Mass Spectrometer (LC-MS) Advion equipment using a SVEA
C18 column, particle size 5 um, length 150 mm, diameter 4.6 mm from Nanologica with a single
quadrupole mass analyzer. The mobile phase consisted of 0.1% (v/v) acetic acid in acetonitrile (A)
and 0.1% (v/v) acetic acid in water with a gradient elution of 95% for solvent A and 5% for solvent B
at 0-1 min, 100% for solvent B at 1-11 min, 100% for solvent B at 11-15 min, 95% for solvent A and
5% for solvent B at 15-17 min and 95% for solvent A and 5% for solvent B at 17-30 min with a flow
rate of 0.3 mL min. The injection volume was 20 pL. A positive ion source was employed, ESI ( +),
and the parameters were set as follows: capillary voltage at 200°C and 180 V, source voltage offset
at 25V, source voltage span at 20 V, ESI gas temperature at 350°C, ESI voltage at 3500 V, corona
discharge at 5 pA. Different external standards were exploited to detect the phenolic compounds
contained in the extracts. All the spectra were recorded in the range of 100-1000 m/z.

Gas Chromatography-Mass Spectroscopy (GC-MS). For the GC-MS analysis, both starting and
modified extracts (10 mg) were treated with 100 uL of BSTFA + 1% TMCS. The samples were
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analyzed according to Wezgowiec et al. [51] with modifications. More specifically, the extracts were
incubated at 75°C for 4 h with the derivatization agent. The derivatized samples were diluted with
n-hexane before the analysis (1:2 v/v). A volume of 1 uL was used for GC/MS injection. Analysis was
performed on a GC/MS system (GCMS-QP2010 SE, Shimadzu, Tokyo, Japan), equipped with a
split/splitless injector and a simple quadrupole mass spectrometer operating in electronic ionization
(El) mode (70 eV). A MEGA-5 MS capillary column (30 m length x 0.25 mm internal diameter x 0.25
um film thickness; MEGA, Legnano, Italy) was used. The oven was programmed from 100°C (hold 1
min) to 190°C with a heating rate of 2°C min, and to a final temperature of 290°C with a heating
rate of 5°C min! (hold 5 min). The carrier gas was helium set to flow at 0.92 mL min™ and a linear
velocity of 35.7 cm secl. The injector was operated in split mode (1:10) at 280°C. The mass
spectrometer was set at the following conditions: ion source temperature at 200°C and interface
(transfer-line temperature) at 250°C. The mass spectrometer was operated in full scan mode (m/z
40-1050). The identification of specific compounds was based on the NIST library (NIST 17) and the
retention times of standard compounds.

2.2.6 Enzymatic Modification of Individual Phenolic Compounds Detected in Starting Extract

Enzymatic Modification of Individual Phenolic Compounds for UV-Vis Analysis. The enzymatic
modification of the individual phenolic compounds with TvL and AbL was performed in acetate
buffer, 15 mM, pH 5. The final concentrations of the compound and enzyme in the reaction mixture
were 0.2 mM and 0.02 U mL%, respectively. The enzymatic modification of apigenin and luteolin was
performed in 10-30% (v/v) methanol reaction solution. The mixtures were incubated at 30°C under
shaking at 750 rpm and the UV-Vis spectra of the reactions were monitored periodically. One Unit
of laccase activity was defined as the amount of the enzyme required to convert one umole of
catechol per minute at pH 5 and 30°C.

Enzymatic Modification of Individual Phenolic Compounds for HPLC Analysis. Enzymatic
modification of individual phenolic compounds with TvL and AbL was performed in acetate buffer,
15 mM, pH 5 and at a final compound and enzyme concentration at 5 mM and 0.2 U mL?,
correspondingly. In the case of apigenin and luteolin, the reaction consisted of 50% (v/v) methanol.
The mixtures were incubated under shaking at 750 rpm and 30°C and sampling was performed
periodically. One Unit of laccase activity was defined as the amount of the enzyme required to
convert one umole of catechol per minute at pH 5 and 30°C.

2.2.7 Characterization of the Individual Phenolic Compounds and Their Laccase-Derived Products

Ultraviolet—Visible (UV-Vis) Spectroscopy. The monitoring of the changes in the UV-Vis spectra
during the enzymatic treatment of the individual phenolic compounds with both laccases was
performed with Ultraviolet-Visible (UV-Vis) spectroscopy. For this purpose, UV—-Vis spectra were
obtained in the range of 200—800 nm on an Agilent Cary 60 UV—Vis spectrophotometer (Agilent,
Santa Clara, CA, USA) in a quartz cell with a path length of 1 cm at regular time intervals. The final
concentration of the non-modified or modified compounds was 0.2 mM.

High Performance Liquid Chromatography (HPLC). The aliquots of the reaction mixtures of the
individual phenolic compounds treated with laccases were further analyzed through HPLC according
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to Zwane et al. [52] with modifications. More specifically, 125 uL of reaction mixtures were diluted
with acetonitrile (1:1), and centrifuged at 4000 rpm for 1 min and the supernatants were collected
and filtered with 0.45 um filters. The samples were analyzed through HPLC (Shimadzu, Tokyo, Japan)
using a Bondapack C18 column, particle size 10 um, length 300 mm, diameter 3.9 mm, and a diode
array UV detector. The mobile phase consisted of acetonitrile (A) and 0.1% (v/v) acetic acid in water
(B) with a gradient elution of 5% for solvent A and 95% for solvent B at 0—2 min, 80% for solvent A
and 20% for solvent B at 2—25 min, 100% for solvent A at 25—30 min and 5% for solvent A and 95%
for solvent B at 30—-40 min. The elution conditions were performed at 30°C with a flow rate of 1 mL
min and an injection volume of 20 pL. All the reactions were monitored at different wavelengths
ranging from 230 to 350 nm.

2.2.8 Assessment of the Biological Activity of the Extracts

Determination of antioxidant activity. Two methods determined the antioxidant activity of the
extracts; namely, 2,2-diphenyl-1-picrylhydrazyl (DPPH) and ferric reducing antioxidant power assays
(FRAP), following Chatzikonstantinou et al. [49] and Sharma and Pal Vig, [53] respectively, with slight
modifications. More specifically, for the determination of DPPH radical scavenging activity of
starting and laccase-treated Ulva extracts, 200 uL from initial extract stock solutions, diluted in
methanol, were mixed with 100 uL of 1 mM methanolic DPPH solution in a total volume of 1 mL
(the final concentration of the extract was 1 mg mL™). Blank samples were also prepared by adding
methanol instead of DPPH and a control sample consisting of methanol instead of the sample. The
mixtures were left at room temperature for 30 min. After 30 min, the absorbance of each sample
was measured at 517 nm. Also, a calibration curve was prepared under the same conditions using
Trolox as a standard compound in the concentration range of 0-7.5 pg mL?. The results were
expressed as milligrams of Trolox equivalents per gram of dry extract. All experiments were
performed in duplicate.

Concerning the FRAP assay, a fresh FRAP solution consisting of 10-1-1 of 300 mM acetate buffer
pH 3.6, 10 mM TPTZ (2,4,6-tripyridyl-s-triazine) solution in 40 mM HCI, and 20 mM FeCls 6H,0
solution, respectively, was prepared. 1.14 mL FRAP solution and 60 uL from different extract
solutions, diluted in methanol, (at a final concentration of 133.3 ug mL!), were mixed and incubated
for 10 min at 37°C. A control solution was also prepared to contain methanol instead of the sample
and a blank solution consisting of 1.14 mL acetate buffer and 60 pL of the sample. After 10 min, the
absorbances were measured at 593 nm. The results were expressed as milligrams of Trolox
equivalents per gram of dry extract according to a calibration curve of Trolox, prepared under the
same conditions in the concentration range of 0-7 pug mL™. All experiments were performed in
duplicate.

Determination of antimicrobial activity. The antibacterial activity of the starting and
enzymatically modified Ulva extracts was estimated according to Chatzikonstantinou et al. [49] with
slight adaptations. More specifically, Ulva extracts were tested against Escherichia coli BL21 (E.coli)
and Corynebacterium glutamicum ATCC 21253 (C. glutamicum). Initially, bacterial cells were grown
overnight in LB broth medium, under shaking at 37°C. After overnight incubation, 25 pL of
exponential phase cells (~107 CFU mL1) and 25 pL of different Ulva solutions diluted in 0.9% w/v
NaCl, in the concentration range of 2.5-50 mg mL?, were transferred to 96-well microwell plates,
containing 200 pL fresh LB broth medium. A control was also prepared by adding 25 pL of 0.9% w/v
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NaCl instead of the sample. Then, the plates were incubated at 37°C for eight hours under shaking
and their absorbance was measured at 600 nm at one-hour intervals. Finally, a growth curve of the
bacterial population was prepared according to the ODgoo values, and the results were expressed as
ICso (fitting a non-linear dose-dependent four-parameter curve) which is defined as the
concentration required to reduce the growth of the bacterial population about 50%, without pre-
incubation of the microorganisms with potential inhibitors. All measurements were performed in
triplicate.

Determination of lipoxygenase inhibitory activity. Lipoxygenase inhibitory activity was
determined according to Papadopoulou et al. [54] with adaptations. Briefly, the reaction mixture
consisted of phosphate buffer 15 mM pH 6.8 with 1% (v/v) Tween 20, 100 pg mL* lipoxygenase,
0.09 mM linoleic acid and 0.5 mg mL* extract in a final total volume of 200 uL. The lipoxygenase
inhibitory activity of the starting and modified extracts was determined based on the following
protocol. Briefly, 20 uL of lipoxygenase and 20 uL of each sample were mixed with buffer and pre-
incubated for 10 min at 37°C in a 96-well microwell plate. After pre-incubation, 18 uL of the
substrate were added and the absorbance at 234 nm was measured instantly at one-minute
intervals for 5 min in a microplate spectrophotometer (Multiskan spectrum, Thermo Fisher Scientific,
Waltham, USA) to determine the initial velocity of enzyme in the presence of the sample (Vsample). A
negative control was also prepared to contain buffer instead of the extract (Vnegative control) and blank
solutions containing extract with enzyme or substrate solution. Hydroxytyrosol was used as a
positive control. All experiments were performed in duplicate. Inhibitory activity was calculated
according to the following formula (*):

|nhlblt0ry aCt|V|ty (%) = (1' Vsample/Vnegative control) * 100 (*)

Determination of collagenase inhibitory activity. Collagenase inhibitory activity was measured
according to Thring et al. [55] with adaptations. Briefly, the reaction mixture consisted of tricine
buffer 50 mM pH 7.5 with 400 mM NaCl and 10 mM CaCls, 40 pg mL* collagenase, 0.25 mM N-[3-
(2-furyl) acryloyl]-Leu-Gly-Pro-Ala (FALGPA) and 1 mg mL* extract in a final total volume of 200 pL.
To determine collagenase inhibitory activity of the starting and modified extracts, 16 uL of
collagenase and 40 pL of each sample were mixed with buffer and pre-incubated at 37°C for 10 min
in a 96-well microwell plate. After pre-incubation, 20 pL of the substrate were added and the
absorbance was measured at 340 nm instantly at thirty-second intervals for 5 min in a microplate
spectrophotometer (Multiskan spectrum, Thermo Fisher Scientific, Waltham, USA) to determine the
initial velocity of enzyme in the presence of the sample (Vsample). A negative control was also
prepared by adding buffer instead of extract (Vnegative control) and blank solutions containing extract
with enzyme or substrate. Catechin was used as a positive control. All experiments were performed
in duplicate and inhibitory activity was calculated.

Determination of elastase inhibitory activity. Elastase inhibitory activity was determined
according to Thring et al. [55] with adaptations. Briefly, the reaction consisted of tris-HCI buffer 25
mM pH 8, 3.25 ug mL* elastase, 0.75 mM N-succinyl-Ala-Ala-Ala-p-nitroanilide and 1 mg mL* extract
in a total volume of 200 uL. To determine the elastase inhibitory activity of the starting and modified
extracts, 15 plL of elastase and 40 ulL of each sample were mixed with buffer and pre-incubated for
10 min at 37°C in a 96-well microwell plate. After a pre-incubation period, 60 uL of the substrate
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were added and the absorbance at 405 nm was measured immediately and at one-minute intervals
for 5 min in a microplate spectrophotometer (Multiskan spectrum, Thermo Fisher Scientific,
Waltham, USA) to determine the initial velocity of enzyme in the presence of the sample (Vsampie). A
negative control was also prepared by adding buffer instead of extract (Vnegative controt) @and blanks
containing the extract solution with enzyme or substrate solution. Quercetin was used as a positive
control. All experiments were performed in duplicate and inhibitory activity was calculated.

Determination of lipase inhibitory activity. Lipase inhibitory activity was measured according to
Gatto et al. [56] with adaptations. Briefly, the reaction mixture consisted of phosphate buffer 15
mM pH 7, 3.75 ug mL? lipase, 0.25 mM p-NPB and 1 mg mL* extract in a total volume of 200 pL. To
determine the lipase inhibitory activity of the starting and modified extracts, 30 uL of lipase and 40
uL of each sample were mixed with buffer and pre-incubated for 10 min at 25°C in a 96-well
microwell plate. After pre-incubation, 20 L of the substrate (diluted in DMSO) were added and the
absorbance was measured instantly at 405 nm at one-minute intervals for 5 min in a microplate
spectrophotometer (Multiskan spectrum, Thermo Fisher Scientific, Waltham, USA) to determine the
initial velocity of enzyme in the presence of the sample (Vsample). A negative control was also
prepared by adding buffer instead of extract (Vnegative control) @and blank solutions containing extract
with enzyme or substrate. All experiments were performed in duplicate. Orlistat was used as a
positive control and inhibitory activity was calculated.

Determination of cell viability. Albino Swiss mouse embryo fibroblasts (NIH/3T3, ATCC CRL-1658)
were used in this study. Cells were grown in high glucose (4.5 mg L) Dulbecco’s Modified Eagle
Medium supplemented with 10% (v/v) fetal bovine serum, 2 mM L-glutamine, and 100 units mL? of
penicillin and 100 ug mL* streptomycin in a humidified incubator (5% C0O2, 95% air) at 37°C. Cells
were plated for 24 h in 96-well plates at a density of 5x103 cells per well before the treatment for
24 h and 48 h with various concentrations (20-500 pg mL™?) of the extracts. 3-(4,5-dimethylthiazol-
2-yl)- 2,5-diphenyltetrazolium bromide (MTT) assay (stock solution of 3 mg mL?) was added to each
well for 3 h. Absorbance was determined at 570 nm (background measurements at 690 nm were
subtracted) using a microplate spectrophotometer (Multiskan spectrum, Thermo Fisher Scientific,
Waltham, USA). All experiments were carried out in triplicate.

3. Results
3.1 Determination of Phenolic Profile of the Ulva Intestinalis Extract

Various green marine macroalgae possess an appreciable content and an interesting profile of
phenolic compounds which exert significant bioactivities rendering them useful for various
applications [14, 48]. To investigate the phenolic profile of Ulva intestinalis, the phenolic compounds
were extracted with 70% (v/v) ethanol as described in section 2.2.2. In the present extract, 12
milligrams of caffeic acid equivalents per gram of dry extract were recovered as similarly reported
in other studies [14, 17, 57].

A combination of HPLC, LC-MS and GC-MS analytical methods was employed to characterize the
main phenolic compounds in Ulva's starting extract. Additionally, the UV-Vis spectrum of the
ethanolic extract was recorded. In the case of HPLC analysis, the characteristic phenolic peaks were
identified by comparing their retention times and UV spectra with those of external phenolic
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standards. In the case of GC-MS analysis, the chemical profile was analyzed according to the NIST
library and external phenolic standards. In contrast, LC-MS analysis was based on external phenolic
standards.

Interestingly, ten compounds were identified in the ethanolic extract (Table 1), which are
classified under three representative classes of phenolic compounds including simple phenols
(tyrosol), phenolic acids (caffeic acid, gallic acid, ferulic acid, syringic acid, p-coumaric acid and p-
hydroxybenzoic acid) and flavonoids (catechin, apigenin and luteolin), accordingly to previous
studies [14, 15, 48]. It is worth to be mentioned that the detected phenolic compounds have been
previously reported to be included in extracts of Ulva species as well as in extracts derived from
other green, red and brown macroalgae such as Caulerpa taxifolia, Udotea indica, Fucus vesiculosus,
Sargassum muticum, Palisada perforata, Botryocladia leptopoda indicating that they are widely
distributed among the macroalgae [48, 58-60]. Additionally, multiple peaks were detected on the
UV-Vis spectrum of the extract indicating the presence of compounds of different nature (Figure S2).

Table 1 Detection of different phenolic compounds in the starting extract through HPLC,
GC-MS and LC-MS analyses®. The compounds in GC-MS analysis were identified as
Trimethylsilyl (TMS) derivatives.

HPLC GC-MS LC-MS
Standard Rt (min) Rt (.mln) and Rt (min) and m/z
compound major fragments (m/z)
Caffeic acid®bc 11.21 50.291/[73,219,396] 15.96/[181.2]
Gallic acid*P 3.30 43.050/[73,281,458] 16.70/[171.1]
Ferulic acid®®¢ 20.72 48.880/[338,323,308] 8.85/[195.2]
p-Coumaric acid®® 17.84 42.107/[73,293,219] -
Syringic acid®b< 11.74 40.401/[327,312,297] 8.70/[199.2]
p-Hydroxybenzoic acid®® 8.74 7.975/[267,223,73] -
Catechin®P¢ 8.43 64.203/[73,368,369] 13.39/[291.3]
Apigenin®¢ 36.82 - 16.87/[271]
Luteolin®® 3541 - 16.47/[287.2]
Tyrosol?P 7.49 23.283/[179,73,282] -

*a, b and c stand for detection through HPLC, GC-MS and LC-MS, correspondingly, while Rt
stands for Retention time.

3.2 Enzymatic Modification of the Ulva Extract-Determination of Total Phenolic Content and
Characterization of the Phenolic Profile of the Enzyme-Treated Extracts

Various studies have shown that the enzymatic oligomerization of phenolic compounds could
positively impact the parent compounds’ biological activities [29, 33, 40]. In the present study, the
phenolic-rich extract was treated with two microbial laccases aiming to alter its phenolic profile and
thus its overall bioactivity. The laccase-treated phenolic-rich extracts were assessed with Folin-
Ciocalteu assay and analyzed by HPLC, GC-MS and LC-MS chromatography to quantify their phenolic
content and characterize the phenolic profile after the enzymatic treatment. The laccase-treated
extracts presented lower polyphenolic content (4 + 1.2 milligrams of caffeic acid equivalents per
gram of dry extract for TvL-modified extract and 7 + 0.3 milligrams of caffeic acid equivalents per
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gram of dry extract for AbL-modified extract) than the starting extract. The lower phenolic content
of the laccase-treated extracts is in accordance with the one reported for laccase-treated wheat
straws [61, 62] and laccase-treated propolis extracts [40]. It could be attributed to the oxidation of
phenolic compounds towards forming oligomeric products [40, 63].

The effect of the enzymatic treatment on the phenolic compounds of the starting extract was
investigated through various analytical methods and UV-Vis spectroscopy. The obtained UV-Vis
spectra concerning the enzymatically modified extracts were much differentiated from the ones of
the starting extract (Figure S2) as peak shift and decrease in absorption intensity were observed.
The enzymatic treatments of the extract with both laccases resulted in the consumption of the
parent phenolic compounds and the appearance of newly synthesized compounds as clearly
demonstrated through all the applied analytical methods (Figures S3, S4). Although key information
was provided from the analytical methods, no data concerning the reaction products can be
extracted, as anticipated, given the complicated nature of the oxidized products and their low
content. Other researchers have reported similar challenges in their attempt to characterize the
chemical nature of the products deriving from enzymatically modified phenolic compounds [64].

3.3 Enzymatic Modification and Characterization of the Main Phenolic Compounds of the Ulva
Extract

In order to gain further insights into the different selectivity and affinity of the fungal laccases
used in the present work, the main phenolic compounds in the starting extract of Ulva, were
separately modified by both laccases and the progress of the corresponding reactions was
monitored through UV-Vis spectroscopy and HPLC chromatography.

The conversion yields of the biocatalytic oxidations of the phenolic compounds were calculated
by comparing the initial and final peak areas on HPLC chromatograms and are summarized in Table
2. In contrast, the corresponding HPLC chromatograms are presented in the supplementary section
(58-515). As shown in Table 2, TvL completely oxidized most of the tested phenolic compounds while
the ability of AbL to catalyze the above oxidations was reduced, in accordance with that reported
elsewhere [65]. Interestingly, the treatment with TvL and AbL led to different chromatographic
profiles (58-S15) indicating these laccases’ different ability and selectivity to catalyze the oxidation
of the selected phenolic compounds.

Table 2 Reaction conversion (%) of phenolic compounds after overnight incubation with
TvL and AbL.

% Conversion yields

Phenolic compounds

Tvl AbL

Caffeic acid 100 90
Gallic acid 99 39
Ferulic acid 100 21
p-Coumaric acid 98 32
Syringic acid 99 72
p-Hydroxybenzoic acid 0 0

Catechin 100 20
Luteolin 85 35
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Apigenin 0 0
Tyrosol 100 57

UV-Vis absorption spectra of the main phenolic compounds before and after the enzymatic
treatments were also recorded (Figures S6, S7). In all cases, typical UV absorbance peaks, attributed
to the m-system of their aromatic rings were observed in the range of 200-400 nm [66, 67]. The
differentiation of peak positions in the UV-Vis spectra among the tested phenolic compounds is a
result of their ionization state and the nature of the substituent [67]. Most of the phenolic
compounds were successfully oxidized by both laccases used. During the oxidation reactions, the
UV-Vis peaks of the standard compounds were decreased, broadened, and shifted to other
wavelengths, typical for the conjugation of phenolic compounds with C-C or C-O-C coupling and the
resulting n-m* transitions.

New peaks in the 400-800 nm range were also observed due to the colored products formed [66].
Both laccases are unable to catalyze the oxidation of p-hydroxybenzoic acid and apigenin since the
UV-Vis spectra of the reaction mixtures remain unchanged after the enzymatic treatment. Similar
results have been previously reported concerning transformations with TvL towards p-
hydroxybenzoic acid and apigenin and AbL towards p-hydroxybenzoic acid, respectively [65, 68]. In
the enzymatic treatments described before, both p-hydroxybenzoic acid and apigenin were
consumed after the action of both laccases. It can be assumed that various phenolic compounds,
present in the extract, after their oxidation can act as mediators leading to the oxidation of the rest
phenolic compounds found in the extract [69]. It is interesting to note that the observed UV-Vis
spectra of the reaction mixtures were significantly different regarding the observed peaks or the
intensity of the common peaks (Figures S1, S6, S7) indicating the different ability of TvL and AbL to
catalyze the oxidation of these phenolic compounds and thus the different composition of the
reaction mixtures at the end of the enzymatic modification.

3.4 Antioxidant Activity of the Starting and Enzyme-Treated Ulva Extracts

The antioxidant activity of the starting and laccase-treated extracts was investigated by DPPH
and FRAP assays commonly employed for the in vitro evaluation of the antioxidant activity of algal
extracts [70, 71]. The results were expressed as milligrams of equivalents of the strong antioxidant
compound Trolox per gram of dry extract and are presented in Figure 2. The starting extract
demonstrated significant antioxidant activity with both assays, presenting a greater ability to reduce
the Fe * 3-TPTZ complex than the DPPH radical. This antioxidant activity is higher than the one
observed for other Ulva extracts [72, 73] which could probably be attributed to the extraction
method used or to the different geographic areas and seasonal periods of the macroalgae collection
[17, 57]. Concerning the results obtained for the laccases-treated extracts, it can be seen that the
antioxidant activity decreased (Figure 2). More specifically, the enzymatic treatment of the extract
with TvL, led to a higher reduction of the antioxidant activity than that observed after the treatment
with AbL. These results could be correlated with the phenolic content of the enzymatically treated
extracts since higher antioxidant activity was observed in extracts with higher phenolic content. This
is in accordance with the recent study by Botta et al. [40] reporting the decreased antioxidant
activity of propolis extract after its treatment with TvL.
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Figure 2 Estimation of antioxidant activity of starting and laccase-treated extracts
through DPPH and FRAP methods. The results are expressed as milligrams of Trolox
equivalents per gram of dry extract.

3.5 Antimicrobial Activity of Starting and Enzyme-Treated Extracts

The antimicrobial activity of the starting and laccase-treated extracts was tested against a gram-
negative and a gram-positive bacterium, Escherichia coli BL21 (E. coli) and Corynebacterium
glutamicum ATCC 21253 (C. glutamicum), respectively. The ICso values were determined and are
presented in Table 3. The starting extract presented a stronger antimicrobial activity against C.
glutamicum than E. coli. Similar results have been previously reported in the literature concerning
organic extracts from Ulva intestinalis that proved to be stronger antibacterial agents against gram-
positive than gram-negative bacteria, under the same concentrations, probably attributed to the
different composition of bacterias’ cell wall and, consequently, their permeability [57, 74]. However,
different factors determine the biological activity of plant or algal extracts such as the possible
interactions between the extract's components that may act synergistically [57].

Table 3 Antimicrobial activity of starting and laccase-treated extracts expressed as I1Cso
concentration (mg mL™). ICsp is defined as the concentration of the tested extract that
is able to induce 50% inhibition of bacterial cells’ growth.

Extracts E. coli C. glutamicum
Starting 5+0.8 23%0.2
TvL-modified 4.2+0.7 1.5+0.5
AbL-modified 4.4+ 0.7 1.8%£0.1

On the other hand, the laccase-mediated oxidization of various phenolic compounds has been
proposed as a good strategy for enhancing their antimicrobial activity [75, 76]. In the present work,
using laccases to treat phenolic-enriched extracts led to an enhancement of their antimicrobial
activity, as indicated by ICsp values (Table 3). Higher antimicrobial activity was observed after the
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treatment with TvL than with AbL. The enhanced antimicrobial activity could be attributed to
oxidative products formed due to the enzymatic treatment. It has been proposed that due to the
laccase-catalyzed oxidation of phenolic compounds, oligomeric phenolic compounds are formed
that present higher antimicrobial activity than the precursor compounds [77, 78]. Even though the
exact mechanism of action of the oligomers against the bacteria has not been elucidated; it is
attributed to factors such as the higher electron delocalization and the branched nature of the
produced oligomers [78].

3.6 Enzyme Inhibitory Activity of Ulva Starting and Laccase-Modified Extracts Against Enzymes of
Pharmaceutical and Cosmeceutical Interest

In the present work, the effect of the Ulva extract, before and after its enzymatic treatment, was
investigated on the activity of several enzymes of pharmaceutical and cosmeceutical interest such
as lipoxygenase, collagenase, elastase and lipase.

3.6.1 Effect on the Activity of Lipoxygenase from Glycine max (Soybean)

Lipoxygenase is implicated in the metabolism of arachidonic acid to produce leukotrienes and
plays an essential role in inflammatory and allergic diseases [79]. Additionally, high levels of
arachidonic acid in the skin can result from inflammatory skin diseases or aging [80]. Thus, inhibitors
of this enzyme could play a key role as promising antiaging agents. The present work investigated
the effect of starting and laccase-treated extracts against lipoxygenase from Glycine max at the
concentration of 0.5 mg mL™?. Hydroxytyrosol was used as a positive control since it inhibits
lipoxygenase activity [81]. As shown in Figure 3A, the starting ethanolic extract presented a low
effect on lipoxygenase activity (approx. 5%) at the tested concentration in contrast with the positive
control, in accordance with the study by Shobier et al. [82] for ethanolic extracts from Ulva fasciata
and Ulva linza specimens. On the other hand, the inhibitory activity of the enzymatically modified
extracts was up to 4-fold higher than that observed for the initial ethanolic extract, probably
attributed to the oxidation products formed after the enzymatic treatment. Similar studies have
also reported the inhibitory effect of the oxidative phenolic products formed by chemical oxidation
reactions on lipoxygenase activity [81].
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Figure 3 Inhibitory activity of starting and enzyme-treated extracts at the concentration
of (A) 0.5 mg mL*against lipoxygenase from Glycine max (hydroxytyrosol was chosen as
a positive control at the concentration of 100 pg mL?) (B) 1 mg mL ! against collagenase
from Clostridium histolyticum (catechin was chosen as a positive control at the
concentration of 100 ug mL?) (C) 1 mg mL? against elastase from porcine pancreas
(quercetin was chosen as a positive control at the concentration of 100 ug mL?) (D) 1
mg mL1against lipase from Candida rugosa (orlistat was chosen as a positive control at
the concentration of 100 pg mL?).

3.6.2 Effect on the Activity of Collagenase from Clostridium histolyticum

The collagenase enzyme, acting on collagen, plays a crucial role in tissue remodeling,
homeostasis, and wound healing. However, in many cases it is essential the suppression of its over-
activation as it is implicated in skin-aging processes affecting the appearance of skin as a result of
collagen digestion [83].

One of the main antiaging strategies includes the search for inhibitory agents against this enzyme
[83]. In the present work, starting and enzymatically modified extracts of Ulva were tested against
collagenase from Clostridium histolyticum at a final concentration of 1 mg mL™. Catechin was used
as a positive control since it can act as an inhibitor of collagenase activity [84]. The inhibitory activity
of the starting ethanolic extract was significantly lower than the catechin at the tested
concentration (Figure 3B). A previously reported study [85] demonstrated that fractions of phenolic
compounds deriving from Ulva pertusa exhibited significant inhibitory ability against three different
types of collagenases. Notably, the enzymatically modified extracts prepared in this study induced
up to 3-fold enhanced inhibitory ability against collagenase, indicating that the enzymatic oxidation
of phenolics leads to novel products with enhanced collagenase inhibitory activity than the parent
compounds.
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3.6.3 Effect on the Activity of Elastase from Porcine Pancreas

Elastase is the responsible enzyme for elastin’s breakdown. Its increased activity is associated
with several diseases such as psoriasis, dermatitis, premature skin aging, and consequently, wrinkles
formation [86]. While there are different studies concerning the inhibitory potential of polyphenols
against elastase [84, 87, 88] there is not much research on the elastase inhibitory activities of algae
[89]. Herein, both starting and enzymatically modified extracts were tested for elastase inhibitory
activity at 1 mg mL™2. Quercetin was used as a positive control since it can act as an inhibitor of
elastase activity [89]. As it is presented in Figure 3C, the starting ethanolic extract exhibited
significant elastase inhibitory activity. This inhibition potential is significantly higher than that
reported for similar ethanolic extracts from Ulva australis that were not able to inhibit elastase
activity even at a concentration of 10 mg mL? [90]. Regarding the inhibitory activity of the
enzymatically modified extracts, relatively reduced inhibitory ability was observed after the
enzymatic treatment with both laccases (43.6% for TvL-modified extract and 56.8% for AbL-
modified extract) indicating that the newly synthesized products considerably interacted with the
enzyme.

3.6.4 Effect on the Activity of Lipase from Candida rugosa

Candida rugosa lipase (CrL) inhibitors have gained scientific interest, especially in developing
treatments against C. rugosa strains refractory to antifungal therapy [91, 92]. The ethanolic starting
and laccase-treated extracts prepared in the present work were tested for their inhibitory activity
against CrL. The well-known lipase inhibitor orlistat was used as a positive control [93]. As shown in
Figure 3D, the starting ethanolic extract presented significant CrL inhibitory activity at the tested
concentration of 1 mg mL* which is in contrast to that reported for organic extracts from Ulva rigida
where no lipase inhibitory activity was observed even at a concentration of 3 mg mL*[93]. It should
be highlighted that the CrL inhibitory activity of the TvL-treated extract was slightly increased. In
contrast, the AbL-treated extract showed reduced inhibitory activity, pointing out the different
selectivity of the two laccases that led to diverse products, affecting the lipase inhibitory activity of
the Ulva extracts differently.

3.7 Determination of Cell Viability of NIH/3T3 Cells after Exposure to Starting and Laccase-Treated
Extracts

The cell viability of NJH/3T3 cells after exposure to starting and laccase-treated extracts was
investigated. According to the results, cell viability of NIH/3T3 cells remained stable (around 70-80%)
across a broad range of concentrations of TvL- and AbL-modified extracts (20-500 pug mL?)
indicating that the modified extracts exerted a mild cytotoxic effect. On the other hand, the starting
extract did not produce any significant toxic effect after incubation for 24 hours (Figure 4A). Longer
exposure (48 h) amplified the starting extract’s cytotoxicity resulting in a 35% decrease in the cell
population. On the other hand, the TvL-modified extract maintained the same cytotoxic profile as
seen in 24 h whereas the AbL- modified extract increased cell death at concentrations higher than
250 pug mL? (Figure 4B).
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Figure 4 Viability of NIH/3T3 after exposure to the starting, TvL- and AbL- modified
extracts for 24 (A) and 48 (B) hours.

The results indicated that the enzymatic modification of the extracts led to the abolishment of
the time-dependent cytotoxic effect exerted by the starting extract, especially for the TvL-modified
extract. Potentially, the enzymatic modification increased modified phenolic compounds' cellular
uptake. According to the literature, the cytotoxicity of Ulva extracts varies among the different
species, the extraction procedure used, and the different cell lines tested. Acharya et al. [94] showed
that the aqueous marine algae Ulva lactuca extract was non-toxic against human colorectal cancer
cells (HCT-116) to doses up to 1 mg mL* and exposure for 24 hours. On the contrary, ethanolic
extracts of marine algae, Ulva fasciate Delile exerted dose- and time-dependent cytotoxicity at the
same cell line (HCT-116) after incubation for 24 and 48 hours. Cell cytometry revealed that the
extracts induced apoptosis and mitochondrial dysregulation [95].

4. Conclusions

In the present work, we comparatively investigated for the first time, the biological activity of
both non-treated and enzyme-treated extracts derived from the green macroalgae Ulva intestinalis.
More specifically, a phenolic-rich extract from Ulva intestinalis macroalgae, collected in Epirus
(Greece) was prepared and enzymatically modified with two fungal laccases (TvL and AbL) to convert
its phenolic compounds into hybrid oligomeric products and thus alter its biological activity to
enhance it. The starting and the modified extracts were assessed for their chemical profile through
analytical methods and their antioxidant, antimicrobial and enzyme-inhibitory activities. Several
phenolic acids, flavonoids and phenols were identified in the starting extract, in accordance with
other studies for Ulva species extracts. After the enzymatic treatments, analytical methods
confirmed the consumption of the phenolic compounds in the starting extract and their
transformation into new products.

Additionally, the specific activity and selectivity of the laccases used were studied against a range
of phenolic substrates and remarkable differences were observed. As anticipated, the differentiated
selectivity and affinity of the tested biocatalysts affected the composition of the enzyme-treated
extracts and their biological activity. In most cases, the extract’s bioactivity enhancement was
observed after the laccase treatments. Thus, the laccase-treated extracts presented enhanced
antimicrobial, anti-collagenase and anti-lipoxygenase activity in combination with mild cytotoxicity,
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with the observed enhancements to range depending on the laccase used. In conclusion, this study
highlights the importance of biocatalytic transformations to alter the bioactivity of natural extracts
expanding their potential applications in food, pharmaceutical, and cosmeceutical industries.

Acknowledgments

The authors would like to thank Dr. Maria Salomidi and Dr. Polytimi-loli Lardi from the
Phytobenthos Laboratory at the Institute of Oeanography of the Hellenic Centre for Marine
Research for seaweed identification.

Author Contributions

Stamatia Spyrou: Conceptualization, Methodology, Investigation, Writing-Original draft,
Alexandra V. Chatzikonstantinou: Conceptualization, Methodology, Investigation, Writing-Original
draft-Review and Editing, Archontoula Giannakopoulou: Writing-Original draft-Review and Editing,
Renia Fotiadou: Methodology, Investigation, Writing-Original draft, Silvia Priska: Investigation,
Methodology, Data curation, Yannis V. Simos: Investigation, Methodology, Data curation, Writing-
Original draft, Aliki Tsakni: Investigation, Data curation, Dimitrios Peschos: Writing-Review and
Editing, Dimitra Houhoula: Writing-Review and Editing, Epaminondas Voutsas: Writing-Review and
Editing, Haralambos Stamatis: Conceptualization, Fund raising, Writing-Review and Editing,
Supervision.

Funding

This research was co-financed by the European Regional Development Fund of the European
Union and Greek national funds through the Operational Program Competitiveness,
Entrepreneurship and Innovation, under the call 'Aquaculture'-'Industrial Materials'-Open
Innovation In Culture' (project: Biomalga, project code: T6YBM-00033). Financial support from the
Empirikion Foundation (Greece) is gratefully acknowledged.

Competing Interests
The authors have declared that no competing interests exist.
Additional Materials

The following additional materials are uploaded at the page of this paper.

1. Figure S1: The color change of the reaction mixtures of the modification of tyrosol with AbL
(yellow mixture) and TvL (pale mixture) after overnight incubation.

2. Figure S2: UV-Vis spectra of the starting and laccase-treated extracts at the concentration of
0.5 mgmL™.

3. Figure S3: HPLC chromatograms of the starting (A) and laccase-treated extracts [TvL-
modified (B) and AbL- modified (C)] at 330 nm.

4. Figure S4: HPLC chromatograms of the starting (A) and laccase-treated extracts [TvL-
modified (B) and AbL- modified (C)] at 280 nm.

Page 19/26



Catalysis Research 2023; 3(1), d0i:10.21926/cr.2301004

5. Figure S5: GC-MS total ionic chromatogram of the starting extract.

6. Table S1: Phenolic compounds that were detected in the natural extract through GC-MS
analysis.

7. Figure S6: UV-Vis spectra of the enzymatic modifications of phenolic compounds that were
detected in the natural extract with TvL at various time intervals. ON stands for overnight incubation.

8. Figure S7: UV-Vis spectra of the enzymatic modification of phenolic compounds that were
detected in the natural extract with AbL at various time intervals. ON stands for overnight incubation.

9. Figure S8: Chromatogram at 280 nm of (A) standard compound tyrosol (Retention time =
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13. Figure S12: Chromatogram at 310 nm of (A) standard compound p-coumaric acid (Retention
time = 12.642 min) (B) reaction of p-coumaric acid with TvL after 30 min incubation (C) reaction of
p-coumaric acid with TvL after overnight incubation (Retention timeproducts = 16.760 min, Retention
timeproductz = 20.070 min, Retention timeproducts = 20.762 min, Retention timeproducta - 21.419 min (D)
reaction of p-coumaric acid with AbL after overnight incubation.

14. Figure S13: Chromatogram at 280 nm of (A) standard compound catechin (Retention time =
10.398 min) (B) reaction of catechin with TvL after 10 min incubation (C) reaction of catechin with
TvL after overnight incubation (D) reaction of catechin with AbL after overnight incubation
(Retention timeproduct: = 14.032 min, Retention timeproduct2 = 15.304 min).

15. Figure S14: Chromatogram at 320 nm of (A) standard compound caffeic acid (Retention time
=10.994 min) (B) reaction of caffeic acid with TvL after 10 min incubation (C) reaction of caffeic acid
with TvL after overnight incubation (D) reaction of caffeic acid with AbL after overnight incubation
(Retention timeproduct1 = 13.210 min, Retention timeproductz = 13.813 min, Retention timeproducts =
14.354 min).

16. Figure S15: Chromatogram at 350 nm of (A) standard compound luteolin (Retention time =
17.499 min) (B) reaction of luteolin with TvL after overnight incubation (C) reaction of luteolin with
AbL after overnight incubation.
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