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Abstract

Marine fungi have been a rich source of bioactive natural products with interest-
ing pharmaceutical activities and potential therapeutic applications. This chapter
reviews the recent analytical techniques for discovery and the characterization of
bioactive compounds derived from marine fungi, which are highly diversified and
are less explored. An overview about bioprospecting, collection, preparation, and
preservation of fungi samples are also presented, as well as different methods and
strategies used for extraction, fractionation, and structural characterization of the
bioactive compounds are discussed, including their advantages and the disadvan-
tages. Possible roles of these natural compounds in several interesting biological
activities are also covered in this chapter.

Keywords

Analytical methodologies * Fungus * Bioprospection * Preservation ¢ Collection *
Extraction « Fractionation « Chromatography ¢ Bioactivity * Bioassay ¢ Structural
characterization * Online combination

1 Introduction

The oceans dominate the surface of the Earth and contain the greatest known
biodiversity of life [1]. With the increase of oceans exploration, a growing number
of bioactive natural products are being isolated from several marine organisms
[2, 3]. The marine environment represents a rich source of both biological and
chemical diversity [1]. Recent reports estimate hundreds of millions of marine
species depicting over 90 % of total marine biomass containing unique molecules.
For marine fungi, only about 465 species are referenced; however, it is estimated that
there are 1.5 million species [4, 5]. Marine fungi provide a diverse and remarkable
supply of promising bioactive molecules, often with interesting applications in
medicine, such as penicillin, caspofungin, mevinolin, and fingolimod [6—8]. These
compounds showed several biological properties, including antibacterial, antifungal,
and immunomodulatory activities, as well as cholesterol synthesis inhibition
[9-11]. Furthermore, in the health care area, studies revealed promising bioactive
compounds (BC) isolated from marine fungi sources, with proven anticancer activ-
ity: penicisteroid A (1) is a new polyoxygenated steroid isolated from the Penicillium
chrysogenum QEN-248S, obtained from a marine red algae. It showed a distinctive
chemical structure with tetrahydroxy and C-16-acetoxy groups and exhibited potent
cytotoxic activity against the tumor cell lines HeLa, SW1990, and NCI-H460
[12]. From fungus strain KT29 isolated from the red seaweed Kappaphycus
alvarezii, one compound, named 2-carboxy-8-methoxy-naphthalene-1-ol (2), was
obtained and showed in vitro cytotoxicity against the human bladder carcinoma cell
line 5637 [13]. Two other new alkaloids, 2-(3,3-dimethylprop-1-ene)-costaclavine
(3) and 2-(3,3-dimethylprop-1-ene)-epicostaclavine (4), were isolated from the
marine-derived fungus Aspergillus fumigatus. Both compounds showed cytotoxicity
against a mouse leukemia cell line (P388) [14].
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The BCs are considered chemical compounds derived and isolated from biolog-
ical sources. Lately, the characterization of the compositional, structural, and sequen-
tial features of BC has been the main focus. Structural information can be used to
organize these compounds according to Schmitz’s chemical classification into six
major chemical classes, namely, alkaloids, peptides, polyketides, shikimates, sugars,
and terpenes [1]. However, marine fungi have not been given the attention they
deserve, and a very limited insight into the capabilities and bioactive potential of
marine microorganisms is yet available in the scientific literature. There is still scope
for more research to explore the potential of marine microorganisms as producers of
novel drugs, which are naturally accepted by consumers unlike chemically synthe-
sized drugs [15].

This chapter summarizes different methodologies used to isolate pure bioactive
compounds. Different approaches for the collection and preservation of marine fungi
samples are presented, as well as some possible techniques for extraction, fraction-
ation, and structural characterization of bioactive compounds.

2 Prospection, Collection, and Preservation of Marine Fungi
2.1 Bioprospecting in Marine Fungi

Bioprospecting is the process of discovery and commercialization of new products
based on biological resources [16]. It is the systematic search for and development of
new sources of chemical compounds, genes, microorganisms, macroorganisms, and
other valuable products from nature. Bioprospecting involves the incessant research
for biochemical and genetic sources with high commercial value from nature
resource and that have never been used in traditional medicine before
[17, 18]. Thus, bioprospecting means looking for ways to commercialize biodiver-
sity. Currently, the development on indigenous knowledge associated to the exploi-
tation and administration of biological resources has also been incorporated into the
concept of bioprospecting. Consequently, bioprospecting comprises the conserva-
tion and sustainable use of biological resources and the rights of indigenous and
local populations [19, 20]. Bioprospecting, when well-managed, can be beneficial,
leading to the development of new BC. In contrast, bioprospecting also can lead to
environmental problems relating to unauthorized overexploration, as well as social
and economic complications [20, 21]. Bioprospecting generates environmental
disruption problems during the extraction procedure. Special attention must be
given to ethical questions and conservation policies, i.e., research must honor host
organizations regarding new discoveries, including new habitats of rare and endan-
gered species [21, 22].

Marine bioprospecting has mainly focused on macroorganisms because of their
easy availability, ease of capture, rich biodiversity, and a variety of unique molecules
that they developed in response to hostile habitats and environmental conditions.
However, a growing effort has increased the research and exploitation of the deep
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ocean, mostly around hydrothermal vents, due to unexplored biodiversity developed
in extreme conditions [23, 24].

Extreme environments such as Antarctica or the high seas, particularly the deep
seabed, provide locales for “extremophiles,” which are organisms with unique
metabolic properties, which makes them promising and interesting sources of
bioactive compounds [25-27]. The biological circumstances which enable these
extremophiles to survive in extreme pressures, temperatures, pH, light, salinity,
and other exceptional conditions are sources of new prospective for scientific
exploration and commercial utilization [28-30]. However, tropical environments
and shallow temperate have been the most explored and studied so far [24, 31].
Another challenge to bioprospecting in these habitats, as in all marine ecosystems, is
to have access to a sufficient quantity of biological substances in order to get pure
bioactive compounds [32, 33]. Bioprospecting of marine compounds commonly
depends on collecting wild specimens [34]. Novel and less troublesome solutions
can be found through bioprospecting the oceans, especially in mostly unexplored
microscopic marine organisms. The combination of modern advances in DNA
technologies and increased consciousness of environmental problems, such as global
warming, have stimulated the science of marine microbiology [23, 35].

2.2 Collection of Marine Fungi

In order to have a full and undisputable natural compound assessment and to assure
the properties discovered, different sampling strategies, depending on the type of
habitat and the species ecology, have to be taken into account to ensure the
appropriate collection of the mixed cultures from natural environments. Since the
collection of microorganisms from the marine environment is not always easy, it is
often necessary to also harvest the supporting materials in order to keep the fungi
viable until arriving to the laboratory [36].

The biodiversity preservation should be taken into account, reducing the impacts
as much as possible, in order to protect marine species from environment disorders
during collection. Harvesting of organisms must be restricted to minimum quantities
and attention with rare or endangered species must also be taken into account [37].

Distinct microorganisms can be found in different areas of the marine environ-
ment, such as (1) in free suspension in the water column; (2) in flocculated partic-
ulates in the water column; (3) in the sediment; (4) on surfaces of both living and
nonliving bodies; and (5) in endophytic/symbiotic associations [36, 38]. The biggest
risks concerning the collection of these organisms are contamination and cross-
contamination. Thus, the most appropriate techniques rely on sampling the material
together with supporting materials, which include water, sediment, portions of plants
and other macroorganisms, or other subtracts [36]. In the case of water samples, in
order to avoid contamination and proliferation of cultures, they must be collected
with sterilized glass containers. For sediments from intertidal areas, sampling can be
performed by removing core samples, while in subtidal regions, sediment grabs,
such as Ponar and Van Veen grabs, can be used. Nevertheless, in more hostile
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environments such as the deep sea, more refined procedures are essential, such as the
system developed by Parkes et al. [39]. DeeplsoBUG system was developed for
high-pressure systems, allowing the collection of cores and slices of the sediment,
with each slice being moved to a low pressure container, thus minimizing the chance
of contamination and keeping temperature and pressure [37, 39]. After the collec-
tion, preservation must be performed as quickly as possible to avoid genetic and
phenotypic modifications of the cultures [36, 37]. It is also important to consider that
wild harvest only partially satisfies the demand and is an unsuitable production way
[34]. Using big quantities of biomass may have an impact on the number of
specimens, and for rare species, it can be impossible to collect enough organisms
for the research. A solution to these problems can be the aquaculture of target
species, allowing the continuous production of biomass using standardized condi-
tions [40]. When it comes to microorganisms and if the compounds are needed on a
commercial scale, the fermentation also is a suitable process for bioactive com-
pounds production [41]. Thus, bioactive compounds can only be obtained by
collecting from natural sources, aquaculture, or synthesis [42].

23 Preservation of Marine Fungi

Conservation of marine specimens is a prerequisite for field studies in faraway zones
or when there are restrictions to return the samples to the lab in due time. The
harvesting of marine organisms for the study of BCs is frequently performed in open
sea, where assays are often difficult or even impossible [43]. In the case of micro-
organisms, such as fungi, there often is a macro-host which must also be collected
during sampling, avoiding sample degradation until arrival at the laboratory [44]. As
most marine organisms are quite vulnerable to fast degradation, the samples should
be quickly frozen with dry ice and stored at —20 °C as soon as possible until the next
step in processing [45]. Once in the lab, the collected fungi need to be preserved pure
and viable for additional studies. Usually, they are brought into pure culture and
stored in liquid nitrogen in order to maintain the viability of these cultures,
preventing genetic and phenotypic changes induced by repeated passages of the
cultures [36, 38].

3 Preparation, Extraction, and Fractionation of Marine Fungi
3.1 Preparation of Bioactive Compounds from Fungi Samples

The bioactive compounds isolated from marine fungi samples must follow a
multistep process. One of the first steps to be considered is the culture conditions,
since marine fungi samples collected will be cultured in nutritional media at the
laboratory. Therefore, special attention must be taken into account for the tempera-
ture, incubation time, aeration, media composition, and pH, since less favorable
conditions can affect the output and yield of the wanted bioactive compound [46].
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The next step includes the biological activity screening. The bioactivity assay is an
essential parameter in the development of new drugs, usually conducted to measure
the effects of a biopharmaceutical drug on a living organism. Extraction of active
samples is the next step, followed by the fractionation, separation, and purification of
pure compounds. Finally, it follows the structural characterization of the bioactive
compounds [47].

Due to the existence of symbiotic relationships between organisms, some marine
fungi may be isolated from other marine organisms, such as algae. In order to get
BC, including 1-O-( -p-mannopyranosyl)chlorogentisyl alcohol (5), Yun et al. [48]
isolated the fungi Chrysosporium synchronum from a brown algae Sargassum
ringgoldium, which showed a radical scavenging activity against 1,1-diphenyl-2-
picrylhydrazyl radical (DPPH) [48].

Before delineating the steps of the isolation methodology, the characteristics of
the target compound, i.e., molecular size, charge, stability, solubility, and acid—base
properties, should be regarded, since the selection of the best procedure for addi-
tional separation allows a faster isolation protocol [47, 49].

3.2 Extraction of Bioactive Compounds from Fungi Samples

The bioactive metabolites extracted from marine fungi can be divided into alkaloids,
amino acids, polyketides, sugars, sterols, saponins, peptides, terpenoids, hydrocar-
bons, and fatty acids [50]. Since the chemical nature of bioactive substances in a
mixture is unknown, it is not possible to delineate any specific technique for the
separation of these components from the complex mixture. However, a wide sepa-
ration of the mixture can be obtained by extraction with organic solvents. Other
methodologies have also been developed to improve the isolation of BCs which
include several extraction techniques. The most common extraction methodologies
and the main BCs isolated reported in recent literature are discussed in the ensuing
sections.

3.2.1 Extraction by Solvents

Bioactive compounds are generally extracted from mycelium and/or culture medium
using a variety of aqueous or organic solvents. After sampling from marine habitat,
fungi cultures are submitted to extraction using solvents with different polarities
[36]. Examples of bioactive molecules and related solvents usually used for extrac-
tion are shown in Table 1.

The extracts of marine fungi showing biological activities could be a mixture of
different molecules. Most marine fungi yield hydrophobic compounds, when
extracted with organic solvent, such as ethanol (EtOH), methanol (MeOH), chloro-
form (CHCI;), acetone, and ethyl acetate (EtOAc) [2, 51]. However, bioactive
hydrophilic compounds can also be extracted from marine fungi using solvents,
such as hexane and carbon tetrachloride [52]. New marine-derived compounds,
named hypochromins A and B, were obtained from the Hypocrea vinosa, showing
great tyrosine kinase inhibitory activity, when isolated from the ethanol extract [53].
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Table 1 Bioactive compounds and some solvents usually used for their extraction

Class of bioactive compounds Bioactive compounds Solvents
Polar organic compounds Alkaloids Acetone
Amino acids Chloroform
Shikimates Ethanol
Polyhydroxysteroids Ethyl acetate
Polyketides Methanol
Saponins N-butanol
Sugars Water
Medium-polarity compounds Peptides Carbon tetrachloride
Dichloromethane
Methanol
Low-polarity compounds Fatty acids Carbon tetrachloride
Hydrocarbons Hexane
Terpenes

Fractions of different polarities are then submitted to biological assays. Sometimes,
biological activity is spread across multiple fractions. However, if the isolation is
good, the biological activity may be condensed on a single fraction, thus maximizing
time and resources. In contrast, when ideal conditions are not respected and bio-
chemical characteristics not investigated, low recoveries are obtained and additional
extraction must be made in order to obtain the best association of extraction solvents
to obtain better extraction purity [54]. Low processing cost and ease of operation are
some of the advantages of using solvent extraction. In turn, the disadvantages
are low extraction efficiency, low selectivity, and production of solvent residues
[47, 54].

3.2.2 Extraction by Other Modern Methodologies

Due to the limitations presented by extraction with organic solvents, other methods
are also applied in the separation of BC. Among them stand out microwave-assisted
extraction (MAE); ultrasound-assisted extraction (UAE); supercritical fluid extrac-
tion (SFE); subcritical water extraction (SWE); and pressurized liquid extraction
(PLE) which are fast and efficient unconventional extraction methods developed for
extracting bioactive compounds from microorganisms [55].

MAE is based on the direct effect of microwaves on molecules of the extracted
system caused by two mechanisms: ionic conduction and dipole rotation [56]. MAE
heats the extracted system directly by friction between polar molecules, leading to
very short extraction times. Intracellular heating of the matrix induces pressurized
effects that damage cell walls and membranes, as well as cause electroporation
effects. Consequently, a quicker transfer of the molecules from the cells into the
extracting solvent is observed [56—58]. Polar solvents are better MAE extracts than
nonpolar in the following order: water > methanol > ethanol > acetone > ethyl
acetate > hexane [57].

UAE notably decreases isolation time and increases extraction efficiency of
several natural compounds, due to the formation of cavitation bubbles in the solvent
[55, 59]. This ability is influenced by the properties of ultrasound wave, the solvent
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characteristics, and the ambient conditions. After a cavitation bubble is formed, it
collapses throughout the compression cycle, which pushes the liquid molecules
together, and a high-speed micro-jet is created towards the matrix particle, promot-
ing the mixture of the solvent with the matrix. Temperature and high pressure
involved in this procedure breaks membranes and cell walls. After cell damage,
the solvent can easily penetrate into cells, releasing the intracellular contents [55].

SFE is another extraction method that yields extracts with none or less polar
impurities than the traditional organic liquid extracts [60]. It is based on the use of a
gas compressed at a pressure and temperature above a critical point, comprises a
dense gas state in which the fluid combines hybrid properties of liquid and gas. The
supercritical CO, has properties, such as high diffusivity to extract organic com-
pounds, low viscosity, nonflammable, low cost, easily accessible, critical point
conditions, decompression directly to the atmosphere, and harmless to the environ-
ment. In order to overcome limitations in the extraction of polar compounds, the
addition of an organic modifier, such as ethanol, is recommended [61]. The greatest
limitation of supercritical CO, is to not be adequate to extract polar compounds.
Nevertheless, the addition of an organic solvent, such as EtOH or MeOH, can largely
improve extraction yield [55].

SWE, also known as pressurized hot water extraction, besides using an environ-
mentally friendly solvent also allows the adjustment of the dielectric constant of the
water, and thus the solubility of organic substances, which allows the extraction of polar
and medium-polar compounds [62]. Polar molecules with high solubility in water are
extracted with more efficiency at lower temperatures, while medium-polar and nonpo-
lar compounds need a less polar medium induced by higher temperature [63]. Based on
the scientific results published in the last years, it has been demonstrated that the SWE is
quicker, cheaper, and cleaner than the traditional extraction techniques [64].

PLE, also named accelerated solvent extraction, is a developing technology that
uses very low volumes of liquid solvents such as acetone, ethanol, and hexane to
retrieve target analytes in a short extraction time. This emerging technology com-
bines both high pressures and temperatures to improve the solubility in the pressur-
ized liquids and increase the desorption kinetics of compounds from the
matrices [65].

33 Fraction of Bioactive Compounds from Fungi Samples

In order to obtain fractions of increasingly pure bioactive substances from a mixture
of extract, the fractionation technique is used. The two main approaches to screening
BCs from the extracts are the bioassay-guided fractionation and pure compound
screening [66]. In the bioassay-guided fractionation procedure, it is possible to
exclude the extracts and fractions that do not show bioactivity. In turn, pure
compound screening is used less frequently than bioassay-guided fractionation,
and it is necessary to select extracts containing compounds, which are not present
in the available libraries of pure compounds, since bioactivity is only checked after
isolation and structural elucidation [36, 66]. Table 2 shows the extraction and



423

13 Analytical Techniques for Discovery of Bioactive Compounds from Marine. ..

(panunuoo)

((88€d) 2ull
1[99 BIWIYNQ[ Isnow jsurede)

[¥11] K)1A1308 A3101X01034D)
*(L£9S auI[ [[90 BWOUIOIBD

Joppe|q uewny oy}

jsureSe) AJIAT)OR OIX0}0IAD)
‘(25030 vpIPUD))

jsureSe) AjAnoe [eSungnuy

(1100

DIYI1LDYIST ‘DSOULSNAOD
SDUOUIOPNISY ‘ShaAND
s1n22020]Aydp;g ysureSe)

[c1] Ay1Anoe [ereequUY

(09VH-ION

PUE 0661 MS ®T°H

sauI| [[99 Jowny jsurede)

Kj1anoe A101X0)0)4)

“(apo1sspaq

DLIDUAD)] 4231U Sn]j1342dSy

[z1] jsurede) AjAnoe [e3ungnuy

SO0URIRJOY Ajanoeorg

(O*H W HOSW) D'1dH
‘(HOPIA -ueyjowoIofyoIp)
J11d

(o OyJ—ouexay-u)
Aydei3ojewonyo

uwnjoo 193 eoIfIg

(193 e2118) 1L
(HO°IN) AydeiSoyeworgo

uwmn[od 0z-H1 xopeydes

‘(HOSN) AydeiSoyeworyo
uumjos g1-dd

daxdoy)r1 1eqOT pue
0¢-H'T xopeydog ‘(o5 earfig
uoneoyund

puB UONRUONORI]

HOPIN—2U0}00Y

Q1e1R0e [Ag

Jrejo0e [Ag
uonoenxXyg

() (°NBTH'2D)
ourAefoeysoordoe-(oua
-1-doxdjApounp-¢¢)-7
(£) (°NBTH'?D)
OQT/,mﬁOﬁumOoquQOu 1
-doxdjAgounp-¢°e)-z

@ ("0*'H*'D)
[0-1-ousreyiydeu
-Axoyjow-g-Ax0qreo-g

n
(PO H D) V proIajsiotuag
spunodwod aAn)oROIg

snyp3nuny snjjisiadsy

(nzaavagp snodydvddpyy
Je3[eoIORW WO} PIJR[OSI)
(6TL>1) urens [esung

SYT-NAO
Wnua30SAYd> WnjI1Ud J

13uny suLIe

1Suny suuey woyy spunodwio)) dA1OROIg [OAON JO SOIIATOBOI PUE ‘UOHEUONORI] ‘UONOENX] g d|qel



A.R. Gomes et al.

424

‘(HOPW) D'1dH-dd
(ovoia

pue Oy Q¥d/INOJ pue
HORIN pue ‘HOSIN/OVOI

‘HOPIN/PVOY
‘HOSN/AUEXaY/0V O))
Ayder3ojewonyo uwnjoo
‘(Ananoe | EERSUIN
[€L]| -ASH-Due) Ay1Anoe [eXARUY (108 ®orfIs) OIL ajejooe Ay (8) ("O°'HE'D) prodneq $1101224U102s Y
*(s[190 wrads uTyoIn €IS
snpnu snjo4uao0jASuog
jsurede) AJAOR OIX0)0)L) (L) (*08'HT'D) V surweroy
*(s[190 wirads urgoIn
BOS PUR SOAIQUID UIYOIN 8IS
snpnu Snjo4juad0jA3uog *(198 ®'oI71S) D1L
jsureSe) AJIAT)OR OTX0}0IAD) ‘Aydei3ojeworyo
“(sna.unp uwn[od (S{OHD) | QUBYIRWOIO[YIIP
s1n22020]Aydp;g ysurege) 0Z-H1 xopeydes pue pue ()]
[zL] Aanoe [erqoomunuy | (0yQig—euexay) [23 eoIIs J1eIR0e [AyIg (EOY'H®!'D)  QuIuaIoRO0S| vain] oy1ydon224
(O°H U HOOW) D'1dH
(HOPW-OH) D TdIN
OV O¥g-ouexay-u) () Cod-'H D)
‘(HddQ 1surede) Aydei3oyeworyo [oyoore [Asnudgoio[yo WNUOLYOUAS
[8¥] Ky1anoe JuiduoAeds [eorpey uwnjoo [93 eIIIS Jejooe [Ag | ([Asoueiddouuew-a- 0)-0- wntiodsosdiy)
SOOURIRJOY Ayjanoeorg uoneoyund uonoenxg spunodwod aAnjoROIg 13uny QuLIB]A

puE UONBUONIRI]

(panunuod) z sjqeL



13 Analytical Techniques for Discovery of Bioactive Compounds from

Marine. ..

425

@

(©)

()

OH

OH

HO

o
T

OH

Cl

(5)

(®)

@

(6)




426 A.R. Gomes et al.

fractionation methods used for the isolation of bioactive compounds from fungi
organisms.

3.3.1 Fractionation by Solvent Partition

The fractionation by solvent partition of active extracts is currently performed using
the bioassay-guided fractionation procedure [12, 67—69]. This type of approach
is the most used standard procedure and is characterized by several steps: (1) assess-
ment of the potential bioactivity of the sample using a bioassay; (2) extraction using
different solvents followed by assessment of bioactivity; (3) repeated fractionation of
bioactive extracts and fractions in order to obtain the successful isolation of the
bioactive compounds; and (4) structural characterization of the bioactive compounds
by spectroscopic techniques, followed by pharmacological and toxicological assays
[36, 47, 66].

Selected marine extracts contain compounds of different polarities, thus the
fractionation by solvent partition separates the active compound from the inactive
according to the different partition coefficients of analytes, resulting in full recovery
of target compounds [70]. Compounds, such as alkaloid, shikimates, polyketides,
sugars, amino acids, polyhydroxysteroids, and saponins are generally obtained in
water soluble fractions; peptides are extracted in medium-polarity fractions, and
substances like terpenes, hydrocarbons, and fatty acids are found in low-polarity
fractions [36]. Each of the obtained fractions is then subjected to purification.

3.3.2 Separation and Purification by Chromatography

After fractionation by solvent partition, the active fractions are separated and
purified by chromatography, in order to find pure bioactive molecules. The active
fractions can be subjected to fractionation by column chromatography of several
types, such as adsorption on silica gel and gel permeation, applying a range of
solvents suitable to the polarity of the active fraction [54]. Silica gel column is the
most common stationary phase used in the chromatography technique, and gel
permeation chromatography (GPC) is a type of size exclusion chromatography
(SEC), which separates compounds on the basis of size. In both techniques, for
the successful separation, large amounts of organic solvents are needed [71]. In the
final step of separation of pure compounds, other methods, such as thin-layer
chromatography (TLC) and high-performance liquid chromatography (HPLC),
should be used. Thin-layer chromatography (TLC) is a simple, fast, and cheap
procedure, capable of processing large amounts of samples in one chromatography
run. TLC has the advantage that it can be used after the column chromatography and
before the HPLC technique usually for obtaining phenolic compounds and steroids
[13, 72, 73]. Smetanina et al. [72] used the thin-layer chromatography to fractionate
two new secondary metabolites (isoacremine D (6) and acremine A (7)) from
fungus Myceliophthora lutea [72]. Reversed-phase high-performance liquid chro-
matography (RT-HPLC) is a technique, also commonly used to separate molecules
according to their hydrophobicity. The analytes in a mixture are eluted with a
pressurized liquid solvent through a column filled with an adsorbent stationary
phase containing hydrophobic groups. As reported in many studies, the HPLC
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technique has been used as a final purification step to obtain pure bioactive
compounds (Table 2) [69, 73, 74].

4 Bioassays for Bioactivity Screening

Bioactivity is the ultimate goal desired throughout the extraction, separation, and
purification process of marine fungi organisms. Thus, the designed bioassay is
crucial for the detection of potential therapeutic applications. Throughout the isola-
tion process, extracts, fractions, and end products are subjected to bioactivity assays
in vitro and/or in vivo. Therefore, screening systems must include a broad range of
biological assays in order to unravel potential substance-related activities [75].

Commonly, the bioactivity assays can be categorized into primary and secondary
bioassay screens. The primary bioassay screens can be applied to a large number of
samples in order to evaluate their bioactivities. The general requirements of these
bioassays comprise high capacity, providing quick results, being cheap and not
quantitative. During the selection of bioactivity assay, other basic qualities, such as
validity, reproducibility, sensitivity, accuracy, cost effectiveness, simplicity, lack of
ambiguity, and selectivity (in order to narrow the number of substances for second-
ary bioassay and reject false positives), should be taken into consideration. If a
positive result is detected in the primary screening, a secondary screen, which is
more accurate and precise, is executed. However, the secondary screening, having
low capacity, is time consuming and expensive. In this bioassay, the pure compounds
are assessed in various models and test circumstances in order to choose potential
candidates for clinical trials [75, 76]. Whenever possible, available information on
the target marine organism should be consulted in order to help in selection of the
bioactivity screening assay.

The bioactivity screening of extracts of marine sources is an important and
indispensable part of any pharmaceutical agent discovery platform.

5 Tools for Structural Characterization and Determination
of Bioactive Compounds

Structural elucidation of active molecules from marine fungi sample is not an easy
task, especially when considered the diversity of chemical structures comprised in
each mixture. Thus, the chemical characterization of a molecule can be easier using
literature reports.

Mass spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy
are among the most promising methods for thoroughly characterizing the structure
and composition of marine bioactive compounds, such as amino acids, fatty acids,
phenols, sterols, or sugars [77, 78]. However, the inherent complexity of these
mixtures hinders the structural determination by means of those high-resolution
techniques. Therefore, it is very useful to perform any separation steps before
structure analysis in order to decrease the complexity of the marine extracts and in
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turn provide additional information about the existing active components in the
extract [79].

MS has been demonstrated its power and utility to elucidate unknown molecules
in several marine organisms, as well as in marine fungi samples. Shushni et al. [73]
identified a new 12-membered macrolide, named balticolid (8), using MS spectra.
Diverse methods based on high-resolution 1D and 2D NMR spectroscopy are used
for the structural characterization of the bioactive compounds [68, 80].

In search of better characterization of BCs, multidimensional separation systems
have become visibly interesting techniques for the analysis of complex mixtures
[81, 82]. Multidimensional chromatography combines two or more separation
techniques that fractionate complex mixtures based on different and independent
properties. The major advantage of combining two separation techniques with
different selectivity is the reduction of analytes overlap. Two-dimensional
(2D) chromatography is the simplest example of a multidimensional separation
scheme. Two-dimensional nuclear magnetic resonance spectroscopy (2D NMR)
provides more information about a molecule than one-dimensional NMR spectra
and is particularly useful in determining their chemical structure, particularly for
analytes that are too complex using one-dimensional NMR. Types of 2D proton
NMR include correlation spectroscopy (COSY), total correlation spectroscopy
(TOCSY), exchange spectroscopy (EXSY), and nuclear overhauser effect spectros-
copy (NOESY), which allows the determination of the conformation of the mole-
cule or the relative location of the protons [83].

The complexity of the samples often exceeds the separation capacity of chro-
matographic systems. This challenge drives researchers all over the world to develop
more sophisticated chromatographic methods that enable a greater resolution and
peak capacity [79]. The progresses in the improvement of analytical methods linked
to fast access and reliable data bases can be used as tools for rapid discovery of
known bioactive molecules, thus needing less amounts of sample and simplifying
sample preparation [84-86].

6 Online Combination of Bioassays for Detection
of Bioactive Compounds

The analysis and isolation of bioactive molecules from complex mixtures without
requiring cumbersome purification steps is hard and demanding [87]. The traditional
analytical procedure consists in research with laborious bioassay-guided fraction-
ation to isolate an individual bioactive analyte. On the other hand, the online
combination or concurrent surveying of bioassays with chemical and structural
characterization enables quick analysis and identification of single bioactive agents
with various biological activities without needing previous purification
procedures [88].

A number of approaches have been tried in analyzing bioactive molecules in
marine extracts, containing total or partial online screening. These procedures
combine separation techniques, chemical detection techniques, such as mass



13 Analytical Techniques for Discovery of Bioactive Compounds from Marine. .. 429

spectrometry, nuclear magnetic resonance, and biochemical assays [4]. Two pre-
dominant approaches, high-throughput screening (HTS) and high-resolution screen-
ing (HRS), have been employed by researchers, both with advantages and
disadvantages. The strategies used for HTS can normally be classified into
precolumn and postcolumn methods. Precolumn techniques have been undertaken
based on the fact that a bioactive analyte in a complex mixture is required to interact
first with a target protein prior to separation, followed by chemical detection and
identification [89, 90]. HTS postcolumn approaches consist of fractionating complex
mixtures, recovering the fractions and their evaporation, and detecting bioactive
fractions with parallel chemical detection and identification by microplate-based
bioassays. HRS usually includes the online coupling of a bioassay of the chromato-
graphic separation [91]. The high resolution achieved with the chromatographic
separation stages in HTS postcolumn screening is frequently lost in lower resolution
fraction obtained for the bioactivity screen [88]. Obtaining high resolution and
sensitivity in HRS requires the integration of fast and simple online biochemical
detection assays (BCD), such as enzymes, antioxidant screening assays, and
receptor-based assays. The basis of BCD assays is the detection of bioactive
molecules in simulated and nonsimulated biochemical reactions [91, 92]. This
analysis approach is a mean to overcome preisolation limitations since it directly
evaluates the effects of bioactive molecules after separation (postcolumn) and
reduces in vitro assays, since only fractions with specific activities need to be
isolated and tested. Some development time and effort in order to improve and
implement more sensitive and faster novel methodologies is required to reduce the
amounts of solvents used.

7 Conclusion

Obtaining a pure compound is a difficult process, requiring long periods of time,
significant amounts of work, and large numbers of solvent-consuming steps. The
isolation of marine fungi compounds depends on the quality and quantity of the
sample, collection, preservation of samples, preparation of fungal cultures, extrac-
tion, fractionation, separation, purification, and bioactivity assays screening. There is
no specific methodology that can be followed for the separation of BCs in a mixture
of marine fungi. However, the marine bioactive compounds are mainly obtained by
solvent extraction with different polarities. Fraction of bioactive compounds from
fungi samples can be achieved by solvent partition or combining chromatographic
techniques. If the purification was effective, the biological activity may be concen-
trated in a particular fraction; however, sometimes, the compounds may be already
known or not show activity. Therefore, the bioactivity assays screening is an
important step along the entire separation process. The structural characterization
of BCs is also an important step in which MS and NMR play an important role in
their determination. An effort to apply quicker and more sensitive techniques in
structural analysis will accelerate the discovery of new bioactive compounds. The
use of online screening approaches can rapidly provide a great deal of information
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about the nature of compounds, which is very useful when large numbers of samples
need to be processed avoiding unnecessary isolation of certain compounds. The
successful investigation reports using marine organisms as potential sources of
bioactive compounds encourage the incessant research of new molecules with
interesting pharmaceutical applications. However, there is still much to research
and explore the potential of marine fungi as source of novel agents, as well as
develop strategies based on green analytical chemistry in order to reduce the quantity
of solvents used.
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