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Abstract: Asparagopsis armata Harvey is a red alga native from the southern hemisphere and then
introduced in the Mediterranean Sea and the Atlantic Ocean, including the Azores Archipelago,
where it is considered an invasive alga. Some studies show that the extracts exhibit antimicrobial
and antifouling activities, and it is incorporated in some commercialized cosmetic products. (e.g.,
Ysaline®). However, knowledge of this species chemical composition is scarce. The GC-MS and
UHPLC-MS profiles of both the nonpolar and polar extracts were established to contribute to this
problem solution. According to the results, A. armata is rich in a great structural variety of halogenated
lipophilic and aromatic compounds, some of them identified here for the first time. In the lipophilic
extract, 25 compounds are identified, being the halogenated compounds and fatty acids, the two
major compound families, corresponding to 54.8% and 35.7% of identified compounds (224 and
147 mg/100 g of dry algae, respectively). The 1,4-dibromobuten-1-ol and the palmitic acid are the
two most abundant identified compounds (155 and 83.4 mg/100 g of dry algae, respectively). The
polar extract demonstrated the richness of this species in brominated phenolics, from which the
cinnamic acid derivatives are predominant. The results obtained herein open new perspectives for
valuing the A. armata as a source of halogenated compounds and fatty acids, consequently improving
its biotechnological and economic potential. Promoting this seaweed and the consequent increase in
its demand will contribute to biodiversity conservation and ecosystem sustainability.

Keywords: Asparagopsis armata; Rhodophyta; GC-MS; UHPLC-MS; dibrominated compounds;
1,4-dibromobuten-1-ol; palmitic acid; brominated phenolics; red seaweed; invasive seaweed

1. Introduction

Marine organisms live in complex habitats and are often at the mercy of too variable
environmental conditions. To protect themselves from predators, competitors, and many
other threats, sea creatures were forced to develop protective mechanisms that include
producing a vast number of bioactive compounds, many of which are unique in chemical
structure and biological function [1,2]. Seaweeds are among the most explored marine
organisms due to their richness in bioactive compounds [3]. However, there are still several
species for which the chemical profile is unknown, and Asparagopsis armata is one example.

Asparagopsis species belong to the phylum Rhodophyta (red seaweeds), order Bon-
nemaisoniales, genus Asparagopsis with three taxonomically accepted species: A. armata
Harvey, A. svedelii Taylor, and A. taxiformis Trevisan [4]. Asparagopsis taxiformis has been
used as food by Hawaiians [5] while A. armata is commercially farmed in northern Europe
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to extract bioactive molecules [6]. Asparagopsis armata is native to Australia and is now
widely distributed from the North Atlantic to the coast of Senegal and in the Mediterranean
basin [7]. This seaweed seems to exhibit an ecological advantage due to its toxic metabolites
that affect the competing algae fixation, forming monospecific coverages, reducing the
habitat’s species richness, and causing an indirect economic impact by negatively affecting
fishing and aquaculture [8]. Despite its negative impact, A. armata is commercially farmed
in northern Europe to extract bioactive molecules such as sulphated polysaccharides with
iodine and bromine groups [6], that are applied as a natural preservative in cosmetics and
products to anti-acne treatment (e.g., Invincity®). In Azores, this invasive seaweed presents
an enormous rate of biomass production for which there is no use. Uses such as food or
technological application that increase their commercial value and thus create a dynamic
that mitigates the negative effects mentioned above are essential.

Although several studies have been published on the biological activity of A. armata
extracts showing their potential as a source of natural compounds with antiviral, antimi-
crobial, and antifouling activity [9-11], there are few published works dedicated to the
characterization of secondary metabolites existing in the extracts of this species, apart from
sterols and volatile halogenated compounds [12-14]. Herein we present and discuss the
composition of the polar and lipophilic extracts of A. armata, obtained by greener and more
efficient methodologies and using GC-MS and UHPLC-MS as tools for separation and
identification of the metabolites present.

2. Materials and Methods
2.1. Chemicals

The following chemicals are used as standards for UHPLC-MS analysis: 2-bromopropionic
acid, 2-bromo-5-methoxybenzoic acid and methyl 2-bromo-5-methoxybenzoate were purchased
from Alfa Aesar (Kandel, Germany). 2-Bromobenzaldehyde and 3-bromobenzaldehyde were
purchased from Sigma-Aldrich GmbH (Darmstadt, Germany). 2'-Bromoacetophenone was
obtained from TCI (Oxford, UK). Caffeic, p-coumaric, and chlorogenic acids were supplied
by Acros Organics (Geel, Belgium).

UHPLC mobile phase eluents: formic acid and acetonitrile HPLC-grade solvents
were purchased from Panreac (Barcelona, Spain), and ultrapure water was obtained by a
Direct-Q® water purification system (Merck Life Science, Darmstadt, Germany). All other
chemicals were of analytical grade.

Solvents used for GC-MS analysis were purchased from Panreac and Acros Organics
and were of analytical grade. Chemicals such as N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) (99%) and trimethylsilyl chloride (TMSCI) (99%), purchased from Sigma-Aldrich,
were used as derivatization agents. Octadecane (99%), eicosane (99%), palmitic acid
(99%), stearic acid (>97%), (Z,Z) 9,12-octadecadienoic acid (99%), 1-bromononane (98%),
1,8-dibromooctane (98%), (33) cholest-5-en-3-o0l (99%), 1-octadecanol (99%), and 1-mono
palmitin (99%) were purchased from Sigma-Aldrich and used as standards to qualitative
and quantitative GC-MS analysis.

2.2. Plant Material and Extracts Preparation

Asparagopsis armata Harvey (on gamethophyte phase) was collected in June 2017, in
the intertidal zone of S. Miguel Island coast, in Ponta Delgada, Azores. Prof. Ana Isabel
Neto, expert on seaweeds from University of Azores, was responsible for the taxonomic
identification of the harvested alga. A voucher specimen (SMG-2017-06) was deposited in
Ruy Telles Palhinha Herbarium (AZB).

Asparagopsis armata sample was cleaned from salt and epiphytes, drained between
sheets of absorbent paper, and cut into pieces approximately 1 cm long. Fresh algae after
draining contains 92.9% (£0.97%) of water.

Dried A. armata (231.06 g) were obtained from fresh material by air drying, protected
from light, and then dried in an oven with forced ventilation at 40 °C, until constant weight.
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The lipophilic extract (extract A) was prepared from 229.2 g of dried seaweed by
maceration (1:10 algae:dichloromethane) at room temperature, under stirring and in the
dark, for 3 cycles of 3 days each, with solvent renewal at the end of each cycle. The solvent
from the combined extraction steps was first evaporated with a rotary vacuum evaporator
at 40 °C and then dryed under vacuum at room temperature (yield 1.25%).

From fresh A. armata, collected from the same place and date, several polar extracts
were prepared, using different polar solvents (ethanol, ethanol:water (50%), and water)
and different methods of extraction (maceration, ultrasounds, and microwave) in order to
optimize the extraction procedure according to the Table 1.

Table 1. Experimental conditions used in the preparation of the A. armata polar extracts.

Polar Extracts Extraction Method Time/Temperature Solvent
1 Maceration 1 h/boiling H,O'!
2 Maceration 24 h/room temp. H,O'!
3 Maceration 24 h/room temp. Ethanol !
4 Maceration 24 h/room temp. Ethanol/H,0 (1:1) 1
5 Microwave 10 min/50 °C Ethanol/H,O (1:1) 2
6 Ultrasounds 10 min/room temp. Ethanol/H,0 (1:1) 2
7 Microwave 10 min/50 °C Ethanol 2
8 Ultrasounds 10 min/room temp. Ethanol ?

! The proportion algae:solvent was 1 g:4 mL. 2 The proportion algae:solvent was 1 g:10 mL.

The dried polar extracts were obtained after evaporation and/or lyophilization. The
yields obtained are shown in the Table 2.

Table 2. Extraction yield of the polar A. armata extracts prepared.

Polar Extracts Prepared Extraction Yield (g Extract/100 g Fresh Alga)

1 1.7£0.1
1.7£02
1.8 +0.1
1.6 £0.1
1.6 £04
1.3+0.1
1.9+0.3
20+0.2

XIS UT R WDN

2.3. Biologic Activities

The following paragraphs present the main experimental details of each of the bioac-
tivity assays such as range of concentrations tested, and the positive controls used. A more
detailed description of each of the methods employed can be found in Zarate et al. [15].

2.3.1. DPPH Scavenging Activity

Antioxidant activity was assayed by the DPPH (1,1-diphenyl-2-picryl-hydrazyl) rad-
ical scavenging assay [16]. The extracts were tested at concentrations ranging between
0.244 ug/mL and 250 pug/mL in methanol. Trolox, at concentrations ranging from 0.100 to
100 pg/mlL, was used as the positive control.

2.3.2. ABTS Scavenging Activity

A microplate adaptation of the method by Re et al. [17] was adopted to perform the
ABTS radical scavenging assay. The extracts were tested in a range of concentrations of
0.244 to 250 ng/mL, and the positive control was Trolox (0.100-100 pg/mL).
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2.3.3. Ferric Chelating Activity

The Fe?* chelating ability of the extracts was assayed by the ferrous iron-ferrozine
complex method [18]. The positive control used was EDTA (0.195-100 pug/mL). Samples
were assayed at serial concentrations between 0.244 and 250 ug/mL.

2.3.4. Anticholinesterasic Activity

A modification of the method described by Ellman et al. [19] and Arruda et al. [20]
was used for measuring the extracts’ ability to inhibit the activity of acetylcholinesterase
(AChE) and butyrylcholinesterase (BuChE). The algal extracts were tested at concentra-
tions ranging from 0.293 to 150 ng/mL and compared to the positive control donepezil
(0.010-5.0 ug/mL).

2.3.5. Inhibition of Tyrosinase Activity

The extracts were assayed by adapting the tyrosinase inhibition method described
by Shimizu et al. [21] and modified by Manosroi et al. [22]. Serial concentrations of the
extracts (0.488 pg/mL to 250 ug/mL dissolved in 100 mM phosphate buffer, pH 6.8 were
tested. Kojic acid at 0.293-150 pug/mL was used as positive control.

2.3.6. Inhibition of Collagenase Activity

The anti-collagenase activity was assayed through an adaptation of the method of
Mandl et al. [23]. The extracts and the reference compound EDTA were tested with
concentrations ranging between 15.6-250 png/mL.

2.3.7. Inhibition of Elastase Activity

A modified version of the described by Ndlovu et al. [24] was used to measure the
inhibition of elastase activity by the extracts. The concentration of extract used in the assay
ranged from 0.488 pg/mL to 250 ug/mL. N-Methoxysuccinyl-Ala-Ala-Pro-chloromethyl
ketone at 0.019-20 ng/mL was used as a positive control.

2.4. UHPLC-DAD-ESI-MS/MS" Characterization of A. armata Aqueous Extract

A methanolic solution of A. armata aqueous extract (prepared under the experimental
conditions described in Table 1 for extract 2 and then lyophilized) was analyzed using
an UHPLC-ESI-DAD/MS apparatus. The column used was a thermo scientific hypersil
gold column (1000 mm X 20 mm) with a part. size of 1.9 um at 30 °C. The mobile phase
was composed of (A) 0.1% formic acid aqueous solution (v/v) and (B) acetonitrile, and
the flow rate was 0.2 mL/min. The solvent gradient started with 5% of solvent A over
14 min followed by 40% of solvent A for 2 min, 100% over 7 min and finally 5% over 10 min.
The injection volume was 2 pL, and the chromatographic profiles were documented at
280 nm. The mass spectrometer used was an LTQ XL linear ion trap 2D equipped with
an orthogonal electrospray ion source (ESI). The equipment was operated in negative-ion
mode with electrospray ionization source of 5.00 kV and ESI capillarity temperature of
275 °C. The full scan covered a mass range of 50-2000 /z. The identification of individual
phenolic compounds by UHPLC-MS was achieved by comparing with data available on
the literature and interpretation of the MS fragmentation.

2.5. GC-MS Analysis of A. armata Dichloromethan Extract

Before GC-MS analysis, four replicates of dried dichloromethane extract of A. armata
(extract A, nearly 20 mg each), was dissolved in 1 mL of dichloromethane, added the
internal standard (octadecane) and was silylated using 250 uL of pyridine, 250 uL of BSTFA,
and 50 pL of TMSCl in a screw glass tube at 70 °C during 30 min. This derivatization
procedure is well known [25,26] and allows the hydroxyl groups that may exist in the
extract constituents to be transformed into silyloxyl groups. Thus, compounds with -OH
substituents will be detected by GC-MS analysis as silylated derivatives which are more
volatile, stable, and less polar [25,26].
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Each replicate was analyzed by GC-MS twice using a QP2010 Ultra Shimadzu appara-
tus with Xcalibur software, equipped with a DB-5- ] &W capillary column (30 m x 0.25 mm
i.d. and a film thickness of 0.25 um). The injection was in split mode. The temperature
of the column was 70 °C during 2 min, at 3.5°/min until 120 °C, at 9°/min until 170 °C,
170 °C during 10 min, at 9°/min until 300 °C, which was maintained for 6 min. Injector
temperature was at 320 °C, and the transfer-line temperature was at 200 °C. The mass
spectrometer was operated in the EI mode with energy of 70 eV, and data were collected
at a rate of 1 scan s~! over a range of m/z 50-1000. The carrier gas was helium (purity of
99.995%) at 1.2 mL/min.

The compounds were identified, from total ion chromatogram, by comparing the
retention times and by comparing their mass spectra with (i) those existing in the MS
databases of Wiley229, NIST14, and Shimadzu Pesticide Library; (ii) those published in
the literature and by analyzing the fragmentation pattern; (iii) those obtained in the same
experimental conditions to standard compounds.

Quantitative analysis was carried out using internal standard method (octadecane,
28.68 min), by intrapolation on the calibration curves obtained with at least 4 distinct
but known concentrations of representative standards of each family of organic com-
pounds identified in the dichloromethane extract (namely, palmitic acid, stearic acid, (Z,Z)
9,12-octadecadienoic acid, 1-octadecanol, monopalmitin, cholesterol, sitosterol, phenyl
acetic acid, 1,8-dibromooctane, 1-bromononane) relative to octadecane. The correlation
coefficient (12) of each calibration curve was greater than 0.99. All standards with hydroxyl
substituents were subjected to the silylation procedure described above.

3. Results and Discussion
3.1. Asparagopsis armata Polar Extracts Yield and Chemical Diversity

Extracts from fresh A. armata were prepared using polar solvents (water, ethanol) and
different energy sources according to the data present in Table 1. The yields of extractions
are presented in Table 2. Preparing polar extracts from fresh instead of dry seaweed
has the additional advantage of circumventing the difficulties of drying seaweed and
grinding after drying. The alga has a high-water content (92.9%), and the drying process is
prolonged. However, no signs of chemical degradation were evident (no changes in color
or observed microorganism development). After drying, the seaweed becomes extremely
hard, requiring very robust equipment for its grinding.

The different methods and solvents tested reveal identical performance in terms of
extraction yield.

Considering the yields obtained and the more sustainable experimental conditions
(economically and environmentally “greener”), the profiles of the most interesting extracts
were qualitatively analyzed by UHPLC-MS, with the most relevant results shown in
Figure 1.

The chemical profiles of the ethanol extracts (extracts 7 and 8) are very similar, being
both ultrasound and microwave the most selective extraction method. The use of ethanol
under microwave energy extracted almost exclusively one compound. Although it was not
our aim to identify this compound, its isotopic pattern and m/z in the mass spectra suggests
that it is a 2,3-diphenylpropanoic acid derivative, having two hydroxyl groups and four
bromine atoms distributed in the aromatic rings ([IM-H]~ m/z 568/570/572/574/576). Due
to the fragment with m/z 319/321/323, we suggest that each aromatic ring possesses one
hydroxyl group and two bromine atoms.

The chemical profile of the water extracts (extracts 1 and 2) showed greater chemical
diversity. Thus, the extraction method must be chosen according to the intended application
to the extracted compounds that are different according to the method used. If the extraction
time is the most relevant, it should choose ultrasound extraction since it is cheaper than
microwave extraction, which requires a more expensive apparatus. Using water extraction
by maceration at room temperature will be cheaper and allow chemically richer extracts.
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Figure 1. UHPLC chromatograms of greener A. armata polar extract with higher yield, recorded at 280 nm.

As this work intends to study the chemical profile of the polar extract of A. armata, the
characterization of the chemical composition of the aqueous extract obtained by maceration
at room temperature (extract 2) constitutes a significant scientific contribution to knowledge
about new polar secondary metabolites in this alga.

3.2. Biological Activities of Asparagopsis armata Extracts

Considering the potential application of A. armata extracts in the cosmetic industry,
the dichloromethane extract (extract A) and the aqueous extract (extract 2), which are in
our perspective the most interesting ones, were evaluated for their potential as anti-aging
agents. In fact, if we consider some green chemistry aspects, such as extraction yields and
energy consumption, these extracts are the best option. Moreover, their chemical profile
characterization was achieved.

In this regard, the antioxidant, antiacetylcholinesterase, and antibutyrylcolinesterase
activities of extract A were evaluated. Regarding the antioxidant activity, this extract demon-
strated an interesting ability to scavenge both the DPPH and ABTS radicals (23.6 & 2.6%
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and 31.4 £ 2.8%, respectively), if we compare with the positive control values (Trolox-
inhibition of DPPH 89.7 4+ 0.5% and inhibition of ABTS 92.4 + 0.2%). However, these values
were obtained at concentrations of 250 pug/mlL, and it was not possible to calculate ECs
value for extract A. Concerning the cholinesterases inhibition, the extract A showed, at a
concentration of 150 pg/mL, inhibition values of 17.1 & 2.3% and 18.9 & 2.0%, respectively
for acetylcholinesterase and butyrylcholinesterase. Again, it is imperative to highlight
that it was impossible to obtain the EC5y and the positive control value for donepezil at a
concentration of 2 pg/mL was 95.2 £ 0.4%.

Regarding the extract 2 biological assays, we evaluated the ferric chelating ability, the
antioxidant, anticollagenase, and antielastase activities. All the activities were evaluated
using 250 pg/mL extract concentration, and the EC5y could not be obtained. The extract
ability to scavenge the DPPH radical and to chelate iron(Ill) can be considered low and
moderate, with percentage inhibition values of 1.47 £ 0.42% and 7.75 £ 0.44%, respectively
for DPPH (trolox 89.71 £ 0.50%, concentration of 250 pg/mL) and ferric chelating (EDTA
93.73 £ 0.24%, concentration of 100 ug/mL) assays. In the case of anticollagenase, the same
extract showed an inhibition percentage of 7.42 + 1.79%, which was much lower than the
value for positive control EDTA (96.31 £ 1.20%). Finally, the extract inhibited elastase by
43.20 4= 2.58% at a 250 pg/mL concentration, an interesting value, although not comparable
to the positive control, N-methoxy succinil-Ala-Ala-Pro-Val-chloromethyl ketone which at
a 20 ug/mL inhibited the enzyme by 95.51 =+ 3.96%.

Although the results of the bioassays were not exceptional, it is possible to conclude
that A. armata produce bioactive metabolites, and we can infer that their isolation will
improve the activity.

3.3. UHPLC-MS Characterization of A. armata Aqueous Extract

Given the above discussed, the aqueous extract obtained at room temperature (extract
2) was analyzed by UHPLC-MS in the negative mode and showed the presence of several
phenolic compounds (Figure 2 and Table 3).
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Figure 2. UHPLC chromatogram of A. armata aqueous extract, recorded at 280 nm.

The most noticeable aspect of the UHPLC-MS profile is the richness in compounds
having bromine atoms (Table 3 and Figure 3), aspect that it is not completely new in view
of the publications concerning A. armata [11,27] and other red algae [28-30].
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Table 3. Tentatively identified compounds on A. armata aqueous extract by UHPLC-MS.

Rt (min) UV-Vis (nm) [M-H]~ (m/z) MS? (mm/z) Possible Compound
1.43 201, 324 333/335 &b 302/304, 254, 195, 125 Methyl 3-(2-bromo-3,4,5-trihydroxyphenyl)acrylate
1.74 193, 262, 324 353 191,179 Caffeic acid derivative
1.86 192, 249, 327 341 179,135 Caffeic acid derivative
473/475/477,429/431/433,286/288,270/272,255/257, Methyl 3-(5-bromo-3-(2-bromo-3,4,5-trihydroxyphenoxy)-
ce
3.69 195,232,285 524/526/528 218/220, 139, 123 2,4-dihydroxyphenyl)acrylate
572/574/576/578/580, 556 /558 /560/562 /564 Methyl 2,3-dibromo-5-(2,5-dibromo-3,4-
d 7 7 % % /
508 193,214 586/588/590/592/594 322/324/326,306/308/310, 280/282/284, 264/266/268  dihydroxyphenoxy)-4-hydroxybenzoate
12.34 195, 232 454/456/458/460/462 4 272/274/276,227/228/230 Unknown
13.10 243, 274sh 320/322 ¢ 274/276,241, 136 3-(3-Bromo-4,5-dimethoxyphenyl)acrylic acid
1451 243, 274sh 550,/552,/554 &© 505/507/509, 470/472 /474, 320/322, 274 /276,242, 191, 2-(2-]?romo-3,4-d1methoxy-5—m.ethy.1pheny1)—3-(3-br0m0-
150, 136 4,5-dimethoxyphenyl)propanoic acid
15.20 257, 282sh 369 163 p-Coumaric acid derivative
18.97 249, 286sh 323 163 p-Coumaric acid derivative
Rt = retention time, [M-H]~ = pseudomolecular and MS? = fragment ions, ? ion cluster for one bromine, b adduct with formic acid, € ion cluster for two bromine, 4 ion cluster for four
bromine, ¢ adduct with chloride.
m/z 572/574/576/578/580
m/z 302/304 m/z 274/276 o m/z AT0/472/474 m/z 473/475/477
o o or o m/z 429/431/433 H- [} m/z 556/558/560/562/564
| o QA m/z 505/507/509 . §\J
HO\ \ / OH Br. JI\ \ \o/ Br o
\O OH Br. -
~ . o
o © o O i Fo on m/z 322/324/326
¢} HO o m/z 286/288 m/z 306/308/310
o M\C] . /o o \/ i HO
_ +Cl-HT" T
(MO n[z/z 320/3;2 [M+CL-HT o | o 5 ; o ]
miz254 ME23331335 miz 550/552//554 " [M+CL-H] ‘ m/z 280/282/284
o m/z 524/526//528
m/z 264/266/268
Br OH
OH
[M-HJ
m/z 586/588/590/592/594
(a) (b) (0

Figure 3. (a) Proposed structures for monobromide derivatives; (b) proposed structures for dibromide derivatives; (c) proposed structure for tetrabromide derivative.
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Among the identified compounds are four cinnamic acid derivatives, specifically from
caffeic and p-coumaric acids (Table 3), prevalent compounds produced by natural resources,
including seaweeds and other marine organisms [31,32]. The fragments observed in MS?,
m/z 179, and m/z 163 are an essential clue to establish that the compounds are respectively
caffeic and p-coumaric acid derivatives (Table 3).

The other metabolites present in the extract are brominated derivatives, and the
compound with a retention time of 12.34 min could not be identified, but the isotopic
pattern suggests that it has four bromine atoms (Table 3). A structure was proposed for the
remaining five metabolites (Figure 3) based on the pseudomolecular ion, isotopic pattern,
and fragment ions observed. However, we should highlight that we did not establish the
aromatic rings substitution pattern, and in the proposed structures, the substituents order
was made considering the most common ones described in the literature [28,30].

Compounds eluted at 1.43 min and 13.10 min were identified as cinnamic acid deriva-
tives bearing one bromine atom (Figure 3a) due to their pseudomolecular ion isotopic
pattern (Table 3). Moreover, brominated polyphenols and polymethoxybenzenes are com-
monly found in seaweeds [30]. The main fragments ions suggest that the compound eluted
at 1.43 min is the methyl 3-(2-bromo-3,4,5-trihydroxyphenyl)acrylate or one isomer, being
the fragment ion m/z 254 obtained through the loss of the bromine atom and the fragment
ion m/z 195 obtained through an extra loss of CO,CH3. In the case of compound eluted at
13.10 min 3-(3-bromo-4,5-dimethoxyphenyl)acrylic acid, it can be observed the typical loss
of CO; and also the loss of the bromine atom to give the fragment ion m/z 241 (Figure 3a).

Next, we identified two compounds, methyl 3-(5-bromo-3-(2-bromo-3,4,5- trihydroxyphenoxy)
-2,4-dihydroxyphenyl)acrylate eluted at 3.69 min and 2-(2-bromo-3,4-dimethoxy-5-
methylphenyl)-3-(3-bromo-4,5-dimethoxyphenyl)propanoic acid eluted at 14.51 min, both
having an ion cluster for two bromine atoms. The main fragment ions confirm the proposed
structures (Figure 3b); however, we should again stress that the bromine atoms’ position in
the aromatic rings was not demonstrated. The fragments just suggest that they are one in
each ring.

Finally, we have methyl 2,3-dibromo-5-(2,5-dibromo-3,4-dihydroxyphenoxy)-4-
hydroxybenzoate (Figure 3c), eluted at 5.08 min, showing an ion cluster for four bromine
atoms (Table 3) and presenting fragment ions consistent with the proposed structure. Once
more, it is important to highlight that some fragment ions establish that the bromine atoms
are equally distributed in the aromatic rings, but their position can be interchanged.

3.4. GC-MS of Lipophilic Extract

To prepare the lipophilic extract, in a preliminary study, hexane and dichloromethane
solvents were used, and the results (unpublished results) showed that dichloromethane
extraction yield was superior to that obtained with hexane under the same experimental
conditions. Furthermore, dichloromethane is a widely used non-polar and unspecific
solvent capable of dissolving a wide variety of less polar metabolites. Thus, to obtain
broader knowledge, the dichloromethane extract (extract A) was selected for analysis by
GC-MS to determine the chemical composition of the less polar fraction of A. armata. The
results of qualitative and quantitative analysis are summarized in Table 4.
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Table 4. Tentative identified compounds on dichloromethane extract (extract A) from dried A. armata

by GC-MS.
Rt (min) Compound Identified * Medium Content (SD)
mg/100 mg Extract mg/100 g Dried Alga  mg/kg Fresh Alga
Fatty Acids
241 Lauric acid (C12:0) 0.489 (0.024) 6.11 (0.30) 4.33(0.21)
30.6 Myristic acid (C14:0) P 1.88 (0.07) 23.5(0.9) 16.6 (0.6)
34.6 Pentadecanoic acid (C15:0) P 0.404 (0.012) 5.05 (0.14) 3.58 (0.10)
36.5 Palmitoleic acid (C16:1) P 0.767 (0.066) 9.59 (0.82) 6.80 (0.58)
36.8 Palmitic acid (C16:0) @ 6.67 (0.29) 83.4 (3.6) 59.2 (2.6)
39.5 Oleic acid (C18:1) @ 1.15 (0.13) 14.4 (1.6) 10.2 (1.1)
39.8 Stearic acid (C18:0) 2 0.381 (0.017) 4.76 (0.21) 3.37(0.15)
Total 11.7 147 104
Halogenated Compounds
42 Chloro acetic acid P 0.497 (0.049) 6.21 (0.61) 4.40 (0.43)
6.1 Clorobutenol € 0.502 (0.012) 6.27 (0.15) 445 (0.11)
8.5 3-Bromoprop-2-enoic acid ¢ 1.40 (0.20) 17.5 (2.51) 12.4 (1.78)
10.1 Bromopyruvic acid € 0.612 (0.061) 7.65 (0.77) 5.43 (0.54)
155 1,4-Dibromobuten-1-ol € 12.4 (1.0) 155 (12) 110 (9)
19.1 Bromotridecenol € 0.842 (0.048) 10.5 (0.6) 7.47 (0.42)
19.3 Isomer of bromotridecenol (19.1 min) € 0.807 (0.061) 10.1 (0.8) 7.16 (0.54)
23.7 Isomer of 1,4-dibromobuten-1-ol (15.5 min) € 0.940 (0.019) 11.7 (0.2) 8.33 (0.17)
Total 18.0 224 159
Glycerol and derivatives
15.2 Glycerol 2P 0.151 (0.020) 1.96 (0.20) 1.39 (0.14)
40.4 Glyceryl-glycoside b 0.163 (0.031) 2.04 (0.39) 1.44 (0.27)
415 1-Monomyristin P 0.356 (0.046) 4.44(0.57) 3.15 (0.40)
433 1-Monopalmitin ? 0.353 (0.013) 4.41 (0.16) 3.13(0.11)
Total 1.02 12.9 9.11
Sterols
484 Cholesterol 2 0.617 (0.076) 7.71 (0.95) 5.47 (0.68)
Aromatic compounds
16.1 Phenyl acetic acid ? 0.683 (0.049) 8.54 (0.61) 6.06 (0.43)
18.6 4-Hydroxybenzaldehyde P 0.158 (0.009) 1.97 (0.11) 1.40 (0.08)
Total 0.841 10.5 7.46
Other compounds
47 Ethyl amine P 0.058 (0.004) 0.727 (0.054) 0.516 (0.038)
8.1 Glycolic acid P 0.267 (0.037) 3.33(0.47) 2.37 (0.33)
254 Heptadecane b 0.900 (0.043) 11.2 (0.5) 7.97 (0.38)
Total 1.23 15.3 10.9

Rt—Retention time. SD—Standard deviation. * All the compounds possessing hydroxyl groups are identified
as the corresponding TMS derivatives. Compounds were identified by: # comparison with pure standards;
P comparison with the GC-MS spectral libraries with similarity index higher than 94% and confirmation of
the peaks at m/z values corresponding to the characteristic fragmentation pattern of the family in question;
¢ interpretation of pattern fragmentation of MS spectrum according to published literature.
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The results in Table 4, graphically summarized in Figure 4, clearly show the predomi-
nance, in this lipophilic extract, of halogenated compounds (54.8%), being 40.6% dibromine
mono-unsaturated alcohols and 14.2% mono-bromine and mono-chloride compounds.

Glycerol and Aromatic compounds;  ®  gther compounds;

derivatives; 3.12 2.56 % 3.73%

% Di-halogenated
Unsaturated compounds; 40.6 %
fatty acid; 5.84
% 1
Saturated fatty Mono-halogenated
acid; 20.9 % compounds; 14.2 %

Figure 4. Graphical presentation of the percentage of each class of compounds dichloromethane
extract of A. armata.

The most abundant compound in the extract (1,4-dibromobutenol, Rt 15.5 min) belongs
to this class (68.8% of the total halogenated compounds and 37.8% of the total identified
compounds). The presence of one or more halogen atoms, chlorine, or bromine, in the
chemical structure of several of the identified compounds is assumed, with a high degree
of certainty, from the characteristic isotopic pattern of each chemical element. The bromine
exists as two isotopes in approximately equal amounts of atomic mass 79 and 81, while
chlorine has 2 isotopes of atomic mass 35 and 37 in a ratio of approximately 3:1.

In the case of the most abundant compound, at Rt 15.5 min, the presence of 2 bromine
atoms is deduced from the peak corresponding to molecular ion [M]**® at m/z 300/302/304
(a very weak signal) in the ratio of 1:2:1. The mass spectrum of this compound also shows
the base peak at m/z 75, corresponding to [HOSi(CHj3);]*, and the second most intense peak
at m/z 285/287/289 (also in a 1:2:1 ratio), corresponding to [M-15]* (loss of a methyl group
from the TMS ether moiety). These signals support the hypothesis that the compound at
Rt 15.5 min is a silylated primary alcohol [33], with two bromine atoms as substituents.
Thus, it can be deduced that the compound in the extract will have a molecular mass
of 230 corresponding to the chemical formula C4HOBr,, suggesting the presence of a
double bond in the basic structure of dibromo butanol. The greatest diagnostic value is the
fragments with m/z at 131/133 and 137/139. The presence of these peaks, with identical
intensity in each pair, shows that the fragmentation of the molecule gives rise to fragments
containing one bromine atom each, being a strong indication of bromine atoms on different
carbons. The peak at m/z 131/133 will correspond to the fragment [C4H4Br]*, resulting
from loss of HBr by the molecular ion, following a 8-chain loss, indicating that the bromine
atoms are found in the carbons 1 and 4. The peak at m/z 137/139 could result from loss
of a methyl from the silyloxyl group, followed by bonding of the resulting siliconium ion
to the terminal bromine atom, and a final rearrangement [33] to originate the fragment
[BrSi(CH3)2]+.

Comparing the mass spectrum of 1,4-dibromobuten-1-ol (15.5 min) with that exhibited
by the compound at 23.7 min, it is concluded that both are dibrominated mono-unsaturated
alcohols with molecular formula C4HgOBr; which mean they are isomers. They have a very
similar fragmentation pattern [M-CH;]* at m/z 285/287/289, [BrSi(CHs),]* at m/z 137/139,
and the base peak at m/z 73 ([Si(CH3)3]*, being the last one ubiquitous to the spectra of TMS
derivatives. The most significant differences are the absence of signals at m/z 131/133 and
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the presence of the peak at m/z 197/199/201 corresponding to the fragment [C3H3Br,]*,
resulting from an «-cleavage with retention of the 2 bromine atoms and the double bond
on the cation. These fragments suggest that the difference between the compounds at 15.5
and 23.7 min is the position of the bromo substituents. These two compounds are the only
di-halogenated compounds identified in the extract and correspond to 166.2 mg/100 g of
dry algae (40.6% of identified compounds).

The peaks at 19.1 and 19.3 min also correspond to two unsaturated alcohols silylated,
but in this case mono-brominated, as deduced from the isotopic pattern analysis of frag-
ments [M-15]* at m/z 333/335 (1:1); [CoH¢SiBr]* at m/z 137/139 (1:1). The peak at m/z
179 on the mass spectra of both isomers, corresponding to the non-brominated fragment
[C13Hps]* (IM-90-Br]*), suggests the same bromine substitution pattern on both isomers.
The molecular formula of the two compounds on the extract is C13Hp5BrO, named bro-
motridecenol. The difference between them should be the position of the double bond,
difficult to determine by MS.

The second most abundant halogenated compound (7.8%) corresponds to the peak at
8.5 min, identified as 3-bromoprop-2-enoic acid TMS derivative. The mass spectrum shows
the signals at m/z 207/209 (~1:1), corresponding to the fragment CsHgBrO,5i* (IM-15]*)
and 137/139 (~1:1) corresponding to [(CHj3),SiBr]*, both mono-bromine silylated fragments
typical from halocarboxylic acids pattern fragmentation [33]. The m/z value of these two
fragments differs by 2 units from those observed for 3-bromopropanoic acid, evidencing
the existence of a double bond at C2-C3. Moreover, the three signals observed in the
spectrum of 3-bromoprop-2-enoic acid TMS derivative at m/z 143 [M-Br]*, 75 (base peak,
[HOSi(CHs),]") and 53 (loss of trimethylsilanol and HBr resulting the fragments [C3H30]*),
all corresponding to non-brominate fragments, confirm the proposed identification of
compound at 8.5 min. This compound was previously identified on the A. armata as ethyl
ester [14].

The presence of halogenated alcohols and carboxylic acids in Asparagopsis species
was already reported in the literature [11,14,34]. The results of several studies show that
these are toxic metabolites that, in addition to exhibiting antimicrobial activity, confer a
competitive advantage over predators and other species [35,36]. Moreover, to our best
knowledge, this is the first time that 1,4-dibromobuten-1-ol and its isomer have been
reported and quantified in the Asparagopsis genus.

The second most abundant family of compounds was the fatty acids (35.8%), being the
content of saturated acids 5.1 times higher than the content of unsaturated acids (Figure 4).
This can be an asset since saturated fatty acids seem to have a beneficial effect on the
modulation of the immune system on food-borne bacterial infection [37].

The results of Table 4 show that the second most abundant compound is palmitic
acid (20.3%), being the most plentiful fatty acid (57.0%). In comparison, the second most
abundant fatty acid is myristic acid (16.1%). These results are in line with those published
by Pereira et al. [38] for the same species, where palmitic and myristic acids are, by far, the
most abundant fatty acids. Interestingly, in line with this result, the monoacylglycerols of
these two acids, monomyristin and monopalmitin, were identified and quantified in the
extract (Table 4; Rt = 41.5 and Rt = 43.3 min, respectively), representing about 2.1% of the
compounds detected.

As far as unsaturated fatty acids are concerned (Figure 4), the most abundant is oleic
acid ((9Z) 9-octadecenoic acid). It is the third most abundant fatty acid (9.83%), representing
only 3.50% of the identified compounds.

From the point of view of beneficial effects on health, the presence of oleic acid can be
considered an asset, while the high content of palmitic acid can be seen as an obstacle to
seaweed consumption. However, we draw readers’ attention to the fact that data in the
literature suggest that the potential adverse effect of saturated acids is controversial and
should be reviewed [39,40]. Moreover, the results show that A. armata can be valued as a
source of palmitic acid. In fact, this compound is described as modulating the immune
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response [37] and it is an interesting antifouling agent due to its action against the first
bacterial colonies on submerged surfaces [41].

Neither polyunsaturated acid nor unsaturated acids with trans configuration were
detected, contrary to what is reported by Pereira et al. [38], where trans-oleic acid is
detected in greater amounts than cis-oleic acid, and small amounts of arachidonic and
eicosapentaenoic (EPA) acids are also noticed. These discrepancies may be related to
geographical, seasonal, and /or environmental factors, but above all, due to the significant
differences between sample preparation procedures before GC-MS analysis.

Only one compound from the hydrocarbon family has been identified, the heptadecane
(Table 4, Rt = 25.4 min, [M]** at m/z 240;). This alkane represents 2.7% of the total content
of compounds, being the seventh most abundant. Although some hydrocarbons have been
identified in the genus Asparagopsis [42], they have a chain of up to 5 carbons, while in this
work, a long-chain alkane (17 carbons) is identified for the first time.

Cholesterol was the only sterol detected in the dichloromethane extract of A. armata,
corresponding to 7.71 mg/100 g of dry seaweed (1.8% of identified compounds). This
result aligns with the literature [12,13] that describes cholesterol as the most abundant
sterol in this species. Lopes et al. [13] indicate a total cholesterol content of 28.92 mg/100 g
of dry material, a value higher than the one reported here. This difference is justified
because cholesterol exists mainly in non-free form as a constituent of the cell membrane,
being released during the alkaline hydrolysis to which the sample was submitted in work
by Lopes et al. [13]. It should be noted that the sterol content of Asparagopsis species is
variable and depends on several factors (e.g., geographic, environmental, and seasonal) but
mainly dependent on the life cycle phase [12]. Despite its “bad reputation” as a constituent
of food products, cholesterol is a valuable natural product due to its chemical skeleton
being easily transformable into new derivatives with diverse applications, such as drug
delivery, production of liquid crystals and gelling agents, hormone precursor, and bioactive
compounds [43].

4. Conclusions

The initial study on applying different methodologies to obtain polar extracts of
A. armata showed that the choice of the extraction method would have to consider which
compounds are intended to be extracted and the intended application for the obtained
extract. The chemical profile of the water extract obtained by maceration (extract 2) has
greater chemical diversity and is economically cheaper.

Herein, for the first time, the aqueous and lipophilic A. armata extracts were tested as
anti-aging agents with antioxidant and/or enzymatic inhibitors action. The polar extract
was the most active, exhibiting the ability to inhibit 43.20 £ 2.58% of elastase activity at
a 250 ug/mL concentration. On the other hand, although the lipophilic extract is a weak
cholinesterase inhibitor, it is a dual inhibitor (it inhibits acetyl and butyryl-cholinesterase
identically), which constitutes an advantage concerning its potential as an agent against
Alzheimer’s Disease.

Qualitative analysis by UHPLC-MS demonstrates that A. armata water extract is rich
in phenolic compounds bearing bromine atoms; furthermore, the cinnamic acid scaffold
is a prominent nucleus. The secondary metabolites herein described may explain the
seaweed persistence and absence of predators. Furthermore, the anti- elastase activity
mentioned above may be related to these phenolic compounds present in the water extract;
nevertheless, more studies are essential.

The analysis of the most lipophilic fraction of A. armata (dichloromethane extract) by
GC-MS allowed to identify and quantify 25 compounds, seven of them for the 1st time in
this species, such as two dibrominated unsaturated alcohols, the 1,4-dibromobuten-1-ol
and its isomer with the bromine atoms in different positions (a total of 166.2 mg/100 g
of dry algae, 40.6% of identified compounds); two monobromine unsaturated alcohols,
the bromotridecenol and its isomer with double bond on different position (a total of
20.6 mg/100 g of dry algae, 5.0% of identified compounds); one alkane, the heptadecane (a
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total of 11.2 mg/100 g of dry algae, 2.7% of identified compounds); and two monoacylglyc-
erols, the monopalmitin and the monomyristin (a total of 8.85 mg/100 g of dry algae, 2.1%
of identified compounds).

The halogenated compounds and fatty acids are the two major compound families in
the extract, being the 1,4-dibromobuten-1-ol and the palmitic acid the two most abundant
identified compounds (155 and 83.4 mg/100 g of dry algae, respectively) and the myristic
acid the third most abundant compound (23.5 mg/100 g of dry algae). The unsaturated
fatty acids family, mainly 9Z-octadecenoic acid (14.4 mg/100 g of dry algae), corresponds
to nearly 6% of the identified compounds.

As it is already known that no completely satisfactory method allows the analysis of
the entire range of halogenated compounds of the Asparagopsis species, as they have a wide
range of solubilities and boiling points [44], the work presented here is innovative as it
allows the identification of a variety of lipophilic and halogenated aromatic compounds
structurally distinct from those identified so far in A. armata.

Considering what is already known about the ecotoxicological effect of several halo-
genated compounds identified in Asparagopsis species [11,45], which give them a competi-
tive advantage, and the commercial value of several scaffold phytochemicals identified in
this species, the results obtained herein open new perspectives for valuing the A. armata
as a source of halogenated compounds and fatty acids with high biotechnological and
economic potential.

Valuing invasive species as a source of value-added natural products is an approach
that promotes biodiversity conservation and ecosystem sustainability. It increases the algae
harvest, allowing the assisted recolonization of free space by native species, because it
increases the demand for existing and available biomass.
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