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Oleg B. Smolii, Rajko Martinović, Yvonne Joseph, Teofil Jesionowski and Hermann Ehrlich

New Source of 3D Chitin Scaffolds: The Red Sea Demosponge Pseudoceratina arabica
(Pseudoceratinidae, Verongiida)
Reprinted from: Mar. Drugs 2019, 17, 92, doi:10.3390/md17020092 . . . . . . . . . . . . . . . . . . 55

Kseniia N. Bardakova, Tatiana A. Akopova, Alexander V. Kurkov, Galina P. Goncharuk,

Denis V. Butnaru, Vitaliy F. Burdukovskii, Artem A. Antoshin, Ivan A. Farion, Tatiana M.

Zharikova, Anatoliy B. Shekhter, Vladimir I. Yusupov, Peter S. Timashev and Yury A. Rochev

From Aggregates to Porous Three-Dimensional Scaffolds through a Mechanochemical
Approach to Design Photosensitive Chitosan Derivatives
Reprinted from: Mar. Drugs 2019, 17, 48, doi:10.3390/md17010048 . . . . . . . . . . . . . . . . . . 73

Van Bon Nguyen, Shan-Ping Chen, Thi Hanh Nguyen, Minh Trung Nguyen, 
Thi Thanh Thao Tran, Chien Thang Doan, Thi Ngoc Tran, Anh Dzung Nguyen, 
Yao-Haur Kuo and San-Lang Wang

Novel Efficient Bioprocessing of Marine Chitins into Active Anticancer Prodigiosin
Reprinted from: Mar. Drugs 2020, 18, 15, doi:10.3390/md18010015 . . . . . . . . . . . . . . . . . . 91

Sonia Scarfı̀, Marina Pozzolini, Caterina Oliveri, Serena Mirata, Annalisa Salis, 
Gianluca Damonte, Daniela Fenoglio, Tiziana Altosole, Micha Ilan, Marco Bertolino 
and Marco Giovine

Identification, Purification and Molecular Characterization of Chondrosin, a New Protein with 
Anti-tumoral Activity from the Marine Sponge Chondrosia Reniformis Nardo 1847
Reprinted from: Mar. Drugs 2020, 18, 409, doi:10.3390/md18080409 . . . . . . . . . . . . . . . . . 105

Ji Min Kim, Jeong Hun Kim, Sung-Chan Shin, Gi Cheol Park, Hyung Sik Kim, 
Keunyoung Kim, Hyoung Kyu Kim, Jin Han, Natalia P. Mishchenko, 
Elena A. Vasileva, Sergey A. Fedoreyev, Valentin A. Stonik and Byung-Joo Lee

The Protective Effect of Echinochrome A on Extracellular Matrix of Vocal Folds in 
Ovariectomized Rats
Reprinted from: Mar. Drugs 2020, 18, 77, doi:10.3390/md18020077 . . . . . . . . . . . . . . . . . . 131

v



Catherine Malaplate, Aurelia Poerio, Marion Huguet, Claire Soligot, Elodie Passeri, 
Cyril J. F. Kahn, Michel Linder, Elmira Arab-Tehrany and Frances T. Yen

Neurotrophic Effect of Fish-Lecithin Based Nanoliposomes on Cortical Neurons
Reprinted from: Mar. Drugs 2019, 17, 406, doi:10.3390/md17070406 . . . . . . . . . . . . . . . . . 147

Fazlurrahman Khan, Panchanathan Manivasagan, Jang-Won Lee, Dung Thuy Nguyen Pham,

Junghwan Oh and Young-Mog Kim

Fucoidan-Stabilized Gold Nanoparticle-Mediated Biofilm Inhibition, Attenuation of Virulence
and Motility Properties in Pseudomonas aeruginosa PAO1
Reprinted from: Mar. Drugs 2019, 17, 208, doi:10.3390/md17040208 . . . . . . . . . . . . . . . . . 161

Erika Bellini, Matteo Ciocci, Saverio Savio, Simonetta Antonaroli, Dror Seliktar, 
Sonia Melino and Roberta Congestri

Trichormus variabilis (Cyanobacteria) Biomass: From the Nutraceutical Products to Novel 
EPS-Cell/Protein Carrier Systems
Reprinted from: Mar. Drugs 2018, 16, 298, doi:10.3390/md16090298 . . . . . . . . . . . . . . . . . 181

vi



About the Editor

Marco Giovine holds a degree in Biological Sciences and PhD in Biochemistry. He served as

Scientific Director of the Marine Biotechnology laboratory of the Advanced Biotechnology Center

of Genoa until 2012. He is currently Associate Professor of Molecular Biology, a position he has

held since December 2005. He carries out his scientific activity at DISTAV, University of Genova,

mainly focused on the molecular biology of marine organisms and marine biotechnology. His

specific research topics are i) biomineralization mechanisms in marine invertebrates; ii) the study

of extracellular matrix proteins of Porifera and their biotechnological applications, iii) the study

of cellular models of Porifera. These studies also involve examination of the evolutive molecular

mechanisms underlying the interaction between animal cells and mineral structure from sponges to

human beings. He was National Coordinator of PRIN Ministerial Projects and research unit PI of

European Union projects under the 6th and 7th framework programs. He is currently responsible

for a research project in Italy under the bilateral scientific and technological cooperation agreement

between Italy and Israel. He has authored more than 60 publications in international journals,

some contributions in book chapters with a biotechnological theme, a report as invited speaker to

the International Marine Biotechnology Conference in 2016, and six patents in the biotechnology

sector. He founded two university spin-offs in the fields of marine biotechnology (MUDS SRL) and

environmental biotechnology and food safety (MICAMO SRL). He is a member of the scientific board

of the PhD in Sea Science and Technology at the University of Genoa. Since 2014, he has been the

Rector’s Delegate for guidance and career counselling. From 2020, he is serving as Vice President of

the “Centro del mare” at the University of Genova. He carries out teaching activities for the Biology

and Biology and Marine Ecology courses.

vii





”Marine-Derived Products forPreface to 
Biomedicine”

Marine biodiversity is a planetary resource, and its sustainable exploitation is one pillar of

the so-called “blue economy”. Among the treasures guarded by Poseidon, the great variety of

organisms living in the seas is an invaluable source of natural compounds and biomaterials that

are potentially useful for biomedicines. New biologically active compounds, exploited for the design

and production of new drugs, biomaterials, tissue engineering, and highly ordered biomineralized

structural organizations, inspiring biomimicry approaches, are typical examples of applications of

marine-derived products. Marine invertebrates are the best candidates for new natural compound

discovery and for the characterization of new biomaterials. Similar opportunities are also found in

algae and microorganisms. All these living beings undoubtedly represent a field for the mining of

novelties by biotechnologists and material scientists.

The strong surge, worldwide, in research for the exploitation of marine resources to be used for

biomedical purposes is clearly documented by the high numbers of grants and increasing numbers

of new publications and patents on these topics. This fact denotes a remarkable incentive by political

and industrial decision-makers to work on marine biotechnology as applied to biomedicine, and this

Special Issue was developed on the basis of this evidence.

The volume comprises two reviews and eight regular articles whose topics provide a good

representation of the richness of opportunities offered to biomedicine by the living beings of the

sea. The reviews focus on novel green techniques of extraction of compounds from marine algae

or from fishery waste, two significant sources of bioactive compounds, the exploitation of which,

however, is strictly dependent on sustainable production procedures. The regular articles show the

original results of research on new materials and compounds of marine origin used in different

fields of biomedicine. More specifically, they describe 1) the potential employment of peculiar

marine sponge-derived chitin scaffolds in biomedicine; 2) the use of laser stereolithography for

the production of advanced 3D scaffolds from crustacean-derived chitosan; 3) the exploitation of

marine α chitin as a carbon source for the production of the anticancer compound prodigiosin

by means of Serratia marcescens fermentation; 4) the identification of a new type of marine toxin

(chondrosin) with anticancer potentialities from the marine sponge Chondrosia reniformis; 5) the

therapeutic effects of echinochrome A on extracellular matrix reconstitution after estrogen deficiency

in ovariectomized rats; 6) the neurotrophic effect of fish lecithin-based nanoliposomes on cortical

neurons; 7) the use of fucoidan-stabilized gold nanoparticles to inhibit biofilm formation and to

attenuate the virulence of Pseudomonas aeruginosa; and 8) the protocols for low-cost cultivation of

a native strain of the cyanobacteria Trichormus variabilis in a photobioreactor for the production

of polyunsaturated fatty acids and exopolymeric substances. This collection of selected scientific

publications gives an exhaustive overview of the different up-to-date approaches used by marine

biotechnologists to exploit marine biodiversity in a sustainable way.

Marco Giovine

Editor
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Abstract: Marine resources have considerable potential to develop high-value materials for
applications in different fields, namely pharmaceutical, environmental, and biomedical. Despite that,
the lack of solubility of marine-derived polymers in water and common organic solvents could restrict
their applications. In the last years, ionic liquids (ILs) have emerged as platforms able to overcome
those drawbacks, opening many routes to enlarge the use of marine-derived polymers as biomaterials,
among other applications. From this perspective, ILs can be used as an efficient extraction media
for polysaccharides from marine microalgae and wastes (e.g., crab shells, squid, and skeletons)
or as solvents to process them in different shapes, such as films, hydrogels, nano/microparticles,
and scaffolds. The resulting architectures can be applied in wound repair, bone regeneration, or gene
and drug delivery systems. This review is focused on the recent research on the applications of ILs as
processing platforms of biomaterials derived from marine polymers.

Keywords: marine polymers; ionic liquids; tissue engineering; membranes; hydrogels; sponges

1. Introduction

Natural polymers from marine resources have increasingly attracted attention in recent years,
as they are abundant and biologically active when compared to polymers from other resources.
In fact, marine sources such as crustaceans, seaweeds, and algae are enriched with polysaccharides
such as agar, chitin/chitosan, alginate, and glycosaminoglycans, exhibiting interesting features and
properties [1–3]. For instance, chitin acts as a structural material in the exoskeletons of crustaceans
and insects. Such marine-derived biomaterials constitute a platform for the development of value
chains with environmental and economic advantages. In fact, several marine polymers are entering
the biomedical market due to their abundance and their intrinsic features, namely biocompatibility,
biodegradability, and biological activity. Despite these advantages, some mentioned polysaccharides
have limitations of solubility in water and most organic solvents, due to the strong intra- and
intermolecular hydrogen bonds in their polymeric chains, which limit their processing and conversion
into value-added matrices, e.g., membranes, fibers, nanomaterials, and scaffolds. Hence, searching for
effective, ecofriendly, and feasible solvents is very important.

Ionic liquids (ILs) are organic salts and an important green media [4], mainly explored in
biopolymers processing, but also able to be extracted directly from their sources [5–8]. The interest

Mar. Drugs 2020, 18, 346; doi:10.3390/md18070346 www.mdpi.com/journal/marinedrugs1
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in ILs occurs due to their excellent properties, such as very high thermal stability, recyclability,
noninflammability, negligible vapor pressure, and miscibility in various solvents [4]. A vast range
of available ILs can be tuned, combining different cations and anions, which would tailor their
intrinsic features, such as viscosity, ionic conductivity, density, polarity, solvation power, hydrophilicity,
and hydrophobicity [9–11]. Different researchers proposed distinct strategies that combine green
chemistry principles with the use of biorenewable feedstocks, e.g., natural macromolecules envisioning
the formation of 2D/3D matrices as innovative biomaterials [12–17]. Pioneering work on the use of
1-butyl-3-methylimidazolium chloride (Bmim)(Cl), an IL as a solvent for cellulose in relatively high
concentrations (30–40% wt), was developed by Swatloski et al. in 2002 [18]. Their success in the
dissolution of cellulose in ILs opened new avenues for the processing of other biopolymers [6,19,20].

Despite the advantages of ILs, their high cost is a major issue in large-scale applications, making
their recycling an important issue to assure economic sustainability. Taking into account that ILs cannot
be purified by distillation due to their low volatility, the recycling of ILs could be challenging. For their
part, simple protocols based on the solubility of ILs in organic solvents have been developed [21].

Particularly, the use of ILs to extract marine polysaccharides like agarose, chitin, carrageenan
from their sources, residues, or even waste is a sustainable approach that has been indicated as easy
and highly efficient, as compared to the conventional methods of extraction [7,22]. Besides polymer
extraction, many studies have also shown the potential of ILs as suitable platforms for the production
of 2D and 3D-based marine polymers, namely gels, films, micro/nanoparticles, and sponges. Given the
performance of these matrices, they have been proposed as wound dressing, drug delivery, bone repair,
and gene delivery systems. Therefore, this review is focused on the overview of the properties,
strategies, and biomedical applications of marine-derived polysaccharides processed in different ILs
(see Figure 1).

Figure 1. Strategies and biomedical applications of chitin/chitosan-based biomaterials prepared in ionic
liquids (ILs).

2. Dissolution of Marine-Derived Polymers Using Ionic Liquids

The unique physicochemical properties and improved solvating power of ILs allow to dissolve
a variety of polysaccharides through the disruption of hydrogen bonding. In particular, many ILs,
such as 1-ethyl-3-methylimidazolium acetate ((Emim)OAc)) [23,24], 1-butyl-3-methylimidazolium
acetate((Bmim)(OAc)) [25], N-butylpyridinium hexafluorophosphate (BPPF6) [26], 1-butyl-3-
methylimidazolium chloride ((Bmim)(Cl)) [27], 1-ethyl-3-methylimidazolium ethylsulfate ((Emim)
(C2OSO3)), 1-hydrogen-3-methylimidazolium hydrogen sulfate ((Hmim)(HSO4)) [28], 1-Butyl-3-
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methylimidazolium tetrafluoroborate ((Bmim)(BF4)) [29], 1-ethyl-3-methylimidazolium chloride
((Emim)(Cl)) [30], and 1-ethyl-3-methyl-imidazolium ethyl sulfate ((Emim)(EtSO4)) [31] have been
reported in the literature as capable of dissolving many marine polysaccharides, such as alginate,
chitin, chitosan, collagen, and gelatin, among others.

The abundance of marine microalgae and the skeletons of crustaceans is large, but its poor solubility
in conventional solvents restricts the efficient extraction of its value compounds. Nevertheless, there are
some reports on ILs as extraction mediums for polysaccharides from marine residues [5,7,22,32,33].
Details about the structures, properties, and strategies involving the use of ILs on the dissolution and
processing of selected marine polymers are made in the following sections.

Moreover, the interaction of the matrices, especially of proteins with ILs, has been assessed
with various ILs, being the dominance of anionic interactions considered mostly responsible for
governing stabilization [34–38]. Considering collagen, ILs based on imidazolium, phosphonium,
and ammonium had destabilizing effects because of the chaotropic of anions resulting in collagen
structural degradation rather than the strengthening of interactions, although choline dihydrogen
phosphate (Ch)(DHP) stabilized the collagen structure [37,39–41]. In another work, choline amino
acid-based ILs also demonstrated a destabilizing effect at the molecular and fibrillar levels, due to
competitive hydrogen bonding between its molecules [37]. Either (Ch)(DHP) and choline amino
acid-based ILs belong to the biocompatible ILs (bio-ILs) family. Bio-ILs emerged due to the need to
develop more biological and environmental-friendly compounds that will allow extending the use
of ILs to a broader range of fields, preventing the associated toxicity issues. The synthesis of bio-ILs
is mainly performed using the choline cation as the cationic counterpart; however, in recent years,
more synthetic strategies have been developed [42]. Furthermore, the role played by the cation can not
be neglected; according to Mehta et al., significant physicochemical impacts, including on thermal
denaturation, were observed for different aqueous solutions of imidazolium chlorides ((Emim)(Cl),
(Bmim)(Cl)), and 1-decyl-3-methylimidazolium chloride ((Dmim)(Cl])) [40].

2.1. Alginate

Alginate is a linear polymer with a high abundance in nature [21]. It is present in the cell wall
of brown algae, playing not only a structural function but also being involved in ionic exchange
mechanisms. Alginate is an unbranched polysaccharide composed of β(1-4)-linked D-mannuronic
acid (M) and α(1-4)-linked L-guluronic acid (G) (Figure 2), which are stereoisomers and differ in the
composition of the carboxyl group [1,43]. M and G units can be present in blocks of (M and G) or
mixed (MG) [1].

Figure 2. Chemical structure representation of alginate’s α(1-4)-linked l-guluronic acid (G) and
β(1-4)-linked D-mannuronic acid (M) units.

Alginate is water-soluble, being well-known for its gelling capacity [21]. The physicochemical
properties of alginate, as well as its gelling ability, are strongly influenced by its structure, which is
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dependent on the variability in the ratio and sequence of the M and G units. Other factors influencing
the alginate’s gelling capacity are the experimental conditions, including the solutions viscosity and
the used gelation agent concentration, as well as the molecular weight. The most commonly used
gelation agents are calcium and other divalent ions [1]. G monomers play a vital role in the ionic
gelation mechanisms, forming ionic bonds induced by the presence of divalent ions [44]. G-rich alginate
promotes the formation of more stiff and transparent gels, while M-rich alginate originates more
flexible gels [45]. Alginate’s biocompatibility, low toxicity, and low cost have been boosting its wide
use in areas, including food, cosmetics, pharmaceutical, and biomedical industries [1,21].

Despite alginate’s remarkable and exclusive features, depending on the target application,
it generally lacks the desired physicochemical properties. Therefore, ILs are often used in combination
with alginate to improve these properties. Some works have reported the development of electrolytes
using alginate and ILs, with applications in electrochemistry and catalysis [21,26]. Ding and
coworkers were able to develop a biosensor and biocatalyst of horseradish peroxidase using the
IL N-butylpyridinium hexafluorophosphate (BPPF6) and sodium alginate [26]. These biosensing
systems took advantage of the intrinsic ILs’ electrochemical properties, which allow a direct electron
transfer. The produced film revealed to have good detection precision, bioactivity, storage stability,
and reproducibility, suggesting the extension of its application to other enzymes. This is relevant,
since the direct electrochemistry of redox proteins may help to understand the electron transfer
mechanisms in the biological systems. Since ILs are great solvents for a wide range of other natural
polymers, they also have been used for the preparation of composites consisting of alginate and
other polymers, such as chitin [25]. In 2014, Shamshina et al. produced wound care dressings using
chitin-calcium alginate composite fibers spun from an IL (Emim)(OAc) solution [25]. The produced
fibers presented strength and water absorption, which met the technical specifications for wound care
and allowed to accelerate the wound recovery, even though optimizations were needed.

2.2. Chitin

Chitin is the second most abundant natural polymer, just after cellulose [46]. It is found in
the shell of crustaceans, squid pens, fungi, and cuticles of insects [46,47]. Structurally, chitin is
composed of a long chain made up of β (1→4)-linked primary units of N-acetyl D-glucosamine [48–50]
(Figure 3). Chitin is characterized by its degree of acetylation (DA), which is defined as the ratio of
2-acetamido-2-deoxy-d-glucopyranose to 2-amino-2-deoxy-d-glucopyranose structural units, which is
typically 0.90, indicating the presence of about 5-15% of amino groups due to deacetylation that might
occur during chitin extraction [50].

Figure 3. Chitin chemical structure representation.

Depending on the source, chitin can be characterized mainly by α- and β-forms [49,51]. In both
types of chitins, the chains are organized in sheets and held together by intrasheet hydrogen bonds.
However, β-chitin (e.g., from squid pens) presents weaker intermolecular bonds as compared to
the α-chitin structure (e.g., from crabs and shrimp shells), which may explain its higher affinity for
solvents and higher reactivity. Chitin is a highly crystalline polysaccharide due to the strong intra-
and intermolecular interactions, namely hydrogen bonds derived from acetamido groups—more
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specifically, between C = O and NH groups of the adjacent chitin chains, established between the
polymeric chains, which makes difficult its dissolution and, consequently, its processing.

The biomedical potential of chitin is enormous, not only due to its abundance but, also, due to
its biocompatibility, nontoxicity, and suitability for wound and burn healing. Despite the annual
production of the biomass, the utilization of chitin as a raw material is limited due to its lack of isolation
and solubility. In fact, chitin has shown difficulties using traditional solvents. A large volume of
research has demonstrated the isolation and efficient dissolution of chitin, followed by the production of
chitin-based matrices for many applications. Rogers et al. have shown that high molecular regenerated
chitin can be extracted directly from shellfish waste (yield of 46%), and it could easily be processed
into nanomats through electrospinning and ILs ((Emim)(OAc)) [5,23,24]. In another study, chitin was
directly extracted from crab shells by using an ionic liquid, 1-allyl-3-methylimidazolium bromide
((Amim)(Br)) [52]. They indicated that ILs tend to extract chitin without addition to strong acid and/or
base. Although there are promising findings on the use of ILs to dissolve chitin, little research has
been performed on the influence of IL composition and polarity into the chitin dissolution mechanism.
It seems that the requirement is of a higher polarity and more basic anions, e.g., acetate, probably due
to the higher number of hydrogen bond donors and acceptors [23,53,54]. The studies suggested that
acetate ions gave origin to weak conjugate acids able to interact with H-bonds of chitin, destroying
them and leading to chitin crystal dissolution. Therefore, acetate ions can be more effective than
chloride or dimethylphosphate anions. Studies involving a molecular dynamics (MD) approach to
evaluate the dissolution of chitin crystals in imidazolium-based ILs revealed that the solubility of chitin
can be correlated with the number of intermolecular hydrogen bonds by acetamido groups in the chitin
crystal [55]. The data also proved that mixing a small amount of 2-bromoethyl acetate, as a bromide
generator, with (Amim)(Br)can enhance chitin solubility. Besides the chosen solvent, parameters such
as the degree of acetylation, pH, and chain molecular weight of chitin can affect its solubility, and it
should be considered to understand the ability of this polymer to solubilize with ILs.

Moreover, different chitin-based materials processed through ILs have been prepared, such as
chitin ion gels made with (Amim)(Br) (9.1–10.7 wt%) [56] that were used to produce highly entangled
nanofibers with added functional components and modulated material morphology, which may find
potential applicability in membrane preparation [57], biomedical and tissue engineering applications [58,
59], biosensors [60], or carbon capture sorbents [61].

2.3. Chitosan

Chitosan is a deacetylated derivative of chitin, and it has also been extensively studied for
several purposes in food science, agriculture, environmental, textile, and biomedical fields [48,49].
It is composed of β-(1-4)-linked d-glucosamine (deacetylated monomer) and N-acetyl-d-glucosamine
(acetylated monomer) units (Figure 4), in which the glucosamine backbone holds a high number
of available amino groups that can be protonated. It is commercially available in a broad range of
molecular weights and degrees of deacetylation. Moreover, amino groups of chitosan have a pKa value
close to 6.5, which confers it with solubility in weak acid solutions, namely dilute acidic solutions of
acetic, citric, and lactic acids [48]. Therefore, its charge density is dependent on the pH and the degree
of deacetylation. Both the degree of deacetylation and molecular weight determine the properties of
chitosan, e.g., biodegradability, biocompatibility, and solubility.

Figure 4. Chitosan chemical structure representation.
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Similar to chitin, chitosan is extremely difficult to dissolve in water and most of the conventional
organic solvents due to its strong intra- and intermolecular hydrogen bonds. Therefore, the search
for sustainable solvents of chitosan has drawn wide attention to overcome the environmental
issues related to acid-base treatments. Specifically, the role of ILs for the dissolution of chitosan
has been evidenced with different degrees of success. So far, the existent similarity between
cellulose and chitosan and the acquired know-how achieved for cellulose processing in IL
have acted as a starting point for many strategies for chitosan processing in ILs. The research
performed involved the elucidation of the effect of the IL composition, dissolution conditions
(temperature and polymer concentrations), and water content in the chitosan hydrogen bonds’
disruption promoted by ILs. Based on many studies, some ILs, including those with chloride,
formate, and acetate as anions and 1-allyl-3-methylimidazolium ((Amim)), 1,3-dimethylimidazolium
((Dmim)), 1-hydrogen-3-methylimidazolium ((mim)), and 1-butyl-3-methylimidazolium ((Bmim))
as cations, as well as their mixtures, have been investigated as solvent and reaction mediums
for chitosan [17,19,62–64]. The performance of a series of imidazolium-based ILs on chitosan
dissolution demonstrated that (Bmim)(OAc) IL is the most efficient one [62]. Following the findings,
the ability to dissolve chitosan follows the order: (Bmim)(OAc) > (Emim)(OAc), (Bmim)(OAc) >
1-hydrogen-3-methylimidazolium hydrogen acetate ((Hmim)(OAc)) > 1-octyl-3-methylimidazolium
acetate (Omim)(OAc), and (Bmim)(Ac) > 1-butyl-2,3-dimethylimidazolium acetate (Bmmim)(OAc).
The solubility of chitosan decreased with the increase of the water content at temperatures below
110 ◦C—after which, the values were resembled, probably due to water evaporation, while other
studies observed an enhanced chitosan solubility with the increase of the dissolution temperature,
e.g., from 50 ◦C up to 150 ◦C [64,65]. This effect is mainly associated with a change of the transport
properties of the ILs and, simultaneously, to the evaporation of residual water from the system that is
considered as antisolvent. Considering all the mentioned variables, the imidazolium-based ILs are
advantageous for chitosan dissolution [65].

(Bmim)(Cl) has been used as an environmentally friendly solvent to prepare chitosan/cellulose
biocomposites sorbents for industrial effluent treatments [22]. Moreover, due to its strong interactions
with negatively charged entities, including lipids and proteins, IL/chitosan-based aerogels are used to
stabilize the complexes, with DNA fragments being good choices for gene delivery systems [66].

2.4. Collagen

Collagen is the major supportive component of connective tissue, making up about 25–35% of
the whole-body protein, being present in bone, tendon, teeth, skin, ligaments, and cartilage [67–71].
Collagen-based products, with high added values and low environmental impacts, have gained
interest from the research community, as they can be obtained through the conversion of low-cost
by-products. The preferential sources for collagen extractions are terrestrial mammals like cows, pigs,
and sheep, due to the high-sequence homology with human collagen [72]. However, different concerns
are associated with mammalian collagen, such as the trigger of an immune reaction (around 3% of the
population), the transfer of zoonosis, and cultural or religious concerns associated with the use of porcine
and bovine collagen, which further restrict its application [73]. The use of marine-derived collagen
significantly restrings those concerns, being free from religious concerns and intrinsically showing a
lower threat of transmissible diseases. Therefore, the possibility to valorize the fish byproducts (e.g. fish
skin and scales) derived from the largely available polluting by-products from the fish processing
industry as collagen sources makes marine-derived collagen ecofriendly and particularly attractive in
terms of profitability and cost-effectiveness [72,74,75].

Considering the collagen molecule chemical composition, it can be described as a protein
containing three polypeptide chains, each of which is composed of one or more regions containing
an uninterrupted repeat of Gly-X-Y sequences, where X and Y can be any other amino acid residue.
The sterical constraints due to proline and hydroxyproline cause the collagen regions with this
tripeptide repeat to adopt three left-handed polypeptide chains (called α helices), which self-assemble
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to form at least one right-handed triple-helical domain [72,76,77], providing not only structural support
for cells but, also, acting as an important regulator of cell behavior [78]. Collagen can be isolated
from natural products, being relatively nonimmunogenic and, consequently biocompatible, opening
the possibility to use it in a wide range of applications in commercial fields, including food [79,80],
cosmetics [80–82], and medicine [72,83–86]. However, collagen application is tremendously limited by
the strong inter- and intramolecular hydrogen and ionic bonds, van der Waals’ forces, and hydrophobic
bonds between the polar and nonpolar groups, which have extremely difficult collagen dissolution
and consequent processing [71]. The hydrogen bonds formed by proline and hydroxyproline have
a fundamental role in stabilizing the triple helical structure in physiological conditions, preventing
chain free rotation [87]. Those bonds can be broken upon denaturation through thermal or chemical
treatments, significantly impacting the collagen properties as it transforms collagen into a random
coil form known as gelatin [72]. Several efforts have been made to disperse or dissolve collagen,
preserving its native structure and simultaneously improving the content of collagen in the solution, as
it is insoluble in organic solvents and only a low percentage is soluble in dilute acids and alkalis [88].
Different strategies have been employed to improve collagen dissolution. Poluboyarov et al. [89]
reported values reaching 19.5g/L after five days for the combined effects of mechanical (ultrasonic
and laboratory mixer) and enzymatic treatments, and Qi et al. [78] reported the achievement of a
10% (1 g/10 mL) collagen dissolution in a NaAc/HAc buffer solution. Another successful approach
is the dissolution of collagen using ionic liquids (ILs) as a solvent. In this approach, the IL interacts
with collagen by a hydrogen bond, promoting its dissolution [38,71,86]. Imidazolium-based ILs have
brought about significant changes at the higher structural hierarchical level of collagen, developing
a different hierarchical ordering [40]. Phosphonium and ammonium-based ionic liquids have a
destabilizing effect on collagen [35,36]. On the other hand, (Ch)(DHP) IL stabilized collagen by exerting
an electrostatic force on collagen, and due to its biocompatibility, has potential as biocompatible
crosslinkers [90]. Collagen-based biomaterials prepared using choline salt, as crosslinkers, exhibited
good cell viability and adhesion properties, as required for biomedical implantable applications [91].

2.5. Gelatin

Gelatin is the partially hydrolyzed form of collagen. Although their sources are bovine and
porcine skin, some studies demonstrated their extraction from marine sources such as sponges and fish
skin [43]. The chemical composition of gelatin depends on the source, but hydrophobic amino acids
like proline (Pro), hydroxyproline (Hyp), and glycine (Gly) are more likely to be present in gelatin.
The general primary sequence is given by (Gly-X-Pro) and (Gly-X-Hyp), in which X represents other
amino acids [92]. In Figure 5 is presented the model structure of gelatin.

Figure 5. Basic chemical structure of gelatin (Ala—alanine, Arg—arginine, and Glu—glutamate).
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Gelatin has a high solubility in water, as well as in many ILs [31]. The dissolution of gelatin
in water occurs after the polypeptide strands in its structure undergo a coil-helix transition, and it
happens at 30–35 ◦C [93]. Gelatin’s amino acid content, which includes positively charged (lysine and
Arg, 7.5%); negatively charged (Glu and aspartic acid, 12%); neutral (Gly, Pro, and Hyp, 58%);
and hydrophobic (leucine, isoleucine, methionine, and valine, 6%) amino acid residues, promotes a
different set of interactions with solvents or electrolytes [31]. This polymer is inexpensive, biocompatible,
and biodegradable and interacts strongly with molecules that are soluble in aqueous media [93].

The gelatin and ILs combination strongly contributes to a broader use of this polymer. ILs can
provide different physical-chemical properties and, also, change the gelatin microenvironment,
being able to address one of gelatin’s limitations, which concerns the entrapment of poorly
water-soluble molecules [93]. The combination of ILs with gelatin is often used for the production of
ion gels (IGs) [31,93,94]. This is mainly possible due to the expected set of electrostatic, hydrophobic,
and H-boding interactions between the biopolymer and ILs, which lead to the formation of IGs [31].
This gelation process is based on a good compromise between the retention of the IL and its fluidity inside
the polymeric network [93]. This technology allows the production of versatile and conductive gels
that can be molded into different shapes using different methodologies. The produced IGs are usually
simpler than the common solid polymer electrolytes and exhibit improved conductivities, which boosts
its use as substitutes for the existing solid-state polyelectrolytes in energy devices [94]. Moreover,
these electrolytes may often be used as printable “inks” [31,94]. Several authors have been using these
IGs for the development of biosensing devices, namely for the immobilization of oxidoreductases,
such as glucose oxidase (GOD) and horseradish peroxidase (HRP) [93,95,96]. Lourenço et al. prepared
glucose paper test strips by the physical deposition of gelatin-1-ethyl-3-methyl-imidazolium ethyl
sulfate ((Emim)EtSO4) containing GOD and HRP, as well as color-generating precursors [95].
The entrapment of GOD and HRP in the IGs show lower activity than for the free enzyme—in
both cases, however, with excellent storage stability at 4 ◦C for a period of two weeks. Moreover,
the immobilization of color-generating precursors in combination with the enzymes in the composite
materials demonstrates that it can be used for the development of cheap and straightforward glucose
paper test strips, with a quick response in less than one minute. Furthermore, these systems are used
as drug delivery systems either by the functionalization of IL-based polymer gels by the incorporation
of the active principle or by exploring the IL as the active principle ingredient [93,97]. Moreover,
the use of ILs as the substituent of the chemical crosslinkers may allow to form relatively nonsoluble
networks and significantly expand gelatin applications, since some of these polymers’ limitations
are extensive swelling, rapid dissolution, and drug release [93]. In 2019, Maneewattanapinyo and
coworkers were able to develop a lidocaine–diclofenac-IL drug–loaded transdermal patch using the
polymers gelatin/poly(vinyl alcohol), where the IL worked as the active pharmaceutical ingredient [97].
The developed biomaterial presented good physicochemical properties and showed to be viable to be
used in pharmaceutics, mainly due to the control release of both lidocaine and diclofenac. Moreover,
the developed patch presented good stability over the study period of three months when kept at 4 ◦C
or under ambient temperature.

2.6. Other Marine-Derived Polymers

Besides the mentioned polymers above, the use of ILs to solubilize or even extract the medium
for other marine-derived polymers such as carrageenan [33,98], agarose [6,7,30], and chondroitin
sulfate [28] have also been investigated. Some authors explored the ability of ILs as a medium
for the efficient extraction of agarose, the main agar constituent, from red algae (Rhodophyta).
For that purpose, different ILs (1-ethyl-3-methylimidazolium acetate, (Emim)(OAc), choline acetate,
(Ch)(OAc), and 1-ethyl-3-methyl imidazolium diethyl phosphate, (Emim)(Dep)) and heating or
microwave irradiation were applied in the process [7]. As compared to conventional methods, a very
high extraction yield of good quality agarose (as high as 39 wt%) was obtained. In other studies,
the versatility of ILs combined with the morphological adaptability of the agarose was investigated
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to the formation of agarose-based highly soft ion gels [6]. In other approaches, the extraction of
k-carrageenan from the red marine macroalgae Kappaphycus alvarezii was studied, applying an ionic
liquid-assisted subcritical water (SWE) [33]. The findings showed that the SWE with a (Bmim)(OAc)
IL catalyst exhibited the highest percentage yield, probably due to its high depolymerization and
dissolution ability. Additionally, the formation of carrageenan (k-, ι-, and λ) combined with cellulose
was achieved using (Bmim)(Cl), where λ-carrageenan gave a better miscible composite gel with the
IL [98]. In a similar approach, chondroitin sulphate, a macromolecule classified as glycosaminoglycan,
was blended with chitosan, using (Hmim)(HSO4) as an appropriate solvent to create blended hydrogels.
Those hydrogels showed excellent stabilities in a wide pH range (1.2–10) and excellent biocompatibility
with epithelial cells.

3. Development of Marine-Polymeric Architectures via Ionic Liquids

Many 2D and 3D-based architectures have been produced using the dissolution of marine
polymers with different ILs at moderated high temperatures, followed by cooling the polymer/IL
solution to low temperatures (4–25 ◦C), promoting the formation of weak gel-like materials (ion gels),
films, and hydrogels (see examples in Tables 1 and 2). By soaking those gels in water or ethanol and/or
applying a suitable processing technique, e.g., freeze-drying, solvent casting, or electrospinning on
the polymer/IL-based solutions, sponges, films, hydrogels, or nano/microspheres can be produced.
Considering that some toxicity studies on ILs suggested that they exhibit a certain level of toxicity,
their total or partial removal from the structures should be made. More details about the production of
different matrices involving marine polymers and ILs are described in the following sections.

3.1. Films and Hydrogels

The ability of ILs in dissolving marine-derived polymers have been used to create films and
hydrogels. The general procedure involves the dissolution of the polymers at a high temperature
and gelation at room temperature with or without the use of specific molds, followed by immersion
of the polymer/IL gels in solvents such as ethanol, acetone, or isopropanol. The choice of those
solvents is related to their miscibility with the ILs, which, in turn, promotes the IL removal from the
structures. Chitin films with tunable strength and morphology were designed by different drying
methods, e.g., a simple casting method from a solution from (Emim)(OAc) or sc-CO2-drying [99].
The chitin films were able to load and release caffeine, which was used as a model drug, indicating
that they may have potential as drug-releasing membranes. It was shown that combinations of
marine polymers with other polysaccharides, proteins, or even inorganic particles, using a common
IL as the solvent, can be used to mimic the naturally occurring environment of certain tissues.
Chitosan/silk fibroin (CSF) hydrogels were prepared in (Bmim)(OAc) as a common solvent and a
soxhlet extraction with ethanol for IL removal [14]. The CSF exhibited viscoelastic behavior, lamellar
structure, and rubbery consistency and, also, supported the adhesion and growth of primary human
dermal fibroblasts. In another study, chitosan/chondroitin sulfate hydrogels were prepared in
(Hmim)(HSO4). Figure 6A depicts the IL structure, as well as the polymer dissolution mechanism
proposed. The (Hmim)(HSO4) solvent displayed a pH of 2.5 at 25 ◦C, and thus, the NH2 ionization of
chitosan can occur according to the following reaction: R−NH2 + H+ → R−NH+

3 , whereas the pKa
amino site is roughly 6.5. The coulombic, H-bond, ion-dipole, and London forces between CHT/IL
foster CHT-dissolving (Figure 6A, right panel). Regarding the CS solution, there is an equilibrium of
charges [-OSO3H] ≈ [-OSO3

−] under IL (pH 2.5) due to the pKa for −OSO3H being approximately
2.6. The CS dissolving was similar to that designated for CHT (6A, right panel). Thus, polyelectrolyte
complexes (PECs) are inherently established by coulombic, H-bonds, and ion-dipole forces (Figure 6B,
right panel). The chitosan/chondroitin sulfate hydrogels achieved excellent stability in the 1.2-10
pH range, considerable swelling abilities, and were devoid of toxicity towards the normal healthy
kidney epithelial and epithelial colorectal adenocarcinoma cells [28]. Moreover, chitosan films with
the potential to be used as drug delivery systems were developed using the bio-IL (Ch)(DHP) and
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the cholinium salt choline chloride [100]. The use of the bio-ILs provided the films with enhanced
drug-release profiles, which associated with their conductivities/impedances, as well as pH sensitivities,
allowing the development of biodegradable and biocompatible responsive drug delivery systems.
In another study, choline nitrate (Ch)(NO3) was used in combination with chitosan to produce
a thin-film polymer gel electrolyte [101]. Besides their biocompatible and biodegradable features,
the developed films presented robust mechanical properties and high ionic conductivity, leading the
authors to suggest their application as implantable medical devices, including cardiac pacemakers or
biomonitoring systems.

Figure 6. (A) (Hmim)(HSO4) structure and its solvation capacity over the biopolymers and (B)
the polysaccharide structures (left panel) and chitosan/chondroitin sulfate (CHT/CS) arrangement
(right panel). Reprinted from [28], Copyright 2017, with permission from Elsevier.

3.2. Nanomicrofibers and Nanomicroparticles

Over the past decades, we have witnessed significant progress in marine-derived nanostructured
materials. Nanofibrous materials have a remarkable potential, being useful in different applications
such as drug delivery systems, tissue engineering scaffolds, wound dressing materials, antimicrobial
agents, and biosensors. Due to their appealing physical and biological features, chitin and chitosan
nanofibers have attracted the scientific community’s attention [19]. Pure high molecular weight chitin
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nanofibers were electrospun through a one-pot process in an [Emim][OAc] solution of chitin extracted
from dried shrimp shells [23,24,102]. This strategy allowed achieving smooth, continuous chitin
nanofibers directly from an extract that provided the optimal viscosity, concentration, and necessary
entanglement density for electrospinning. Chitin-calcium alginate composite fibers were also prepared
from a solution of high molecular weight chitin and alginic acid in (Emim)(OAc) by dry-jet wet-spinning
into an aqueous bath saturated with CaCO3 [25]. Composite fibers presented consistent reproducibility
and blend-homogeneity, meting the technical specifications (strength and water sorption) needed
for wound care fiber applications; however, with the potential to be enhanced, envisioning different
applications. High-tenacity chitosan fibers with excellent strength and initial modulus were generated
with a dry-wet spinning technology from dissolved chitosan in binary IL mixtures of acidic and
neutral IL of glycine hydrochloride (Gly·H)Cl and (Bmim)(Cl) [103]. The same procedures were used to
produce chitosan-cellulose composite fibers with 9.4 wt% chitosan, which presented good mechanical
strength and excellent thermal stability [104]. The same polymeric mixture was electrospun from an IL
solution ((Emim)(Ac)) [105] to produce fiber films with the potential to be applied as antibacterial and
antimicrobial agents to treat skin ulcers.

Collagen solutions were prepared in PBS containing different ration of ILs—respectively,
1-ethyl-3-methylimidazolium bromide ((Emim)(Br), 1-ethyl-3-methylimidazolium chloride ((Emim)(Cl)),
or (Emim)(OAc) [106]. The thermal stability of the designed collagen fibril was significantly enhanced
when the self-assembling was carried out in the presence of ILs, promoting as well the improvement of
the viscoelastic properties of the collagen gel.

Microdroplets in ILs as unique interfaces led to the development of simple and rational methods
for preparing biopolymer-encapsulated protein microcapsules [63]. The conventionally used methods
for protein-based particle preparations have been employed (emulsification, desolvation, coacervation,
and electrospray drying); however, other alternative strategies (template method, microfluidic
technology, etc.) have been used to overcome the limitations associated with conventional approaches
as low yields, low control of particles features (size distribution and shape), and collagen denaturation.
Protein-based micro- and nanoparticles present high biodegradability and low thermal and mechanical
stability, which lead to collagen chemical modification (maintaining its native structure) or the
combination with other biopolymers or synthetic polymers or even inorganic materials, also allowing
to increase the system functionality [107,108] and to modulate their properties according to the desired
application. Thus, several collagen-based micro- and nanoparticles were developed with different
biomedical applications (tissue engineering, imagistic/diagnosis, and drug/gene delivery) [109].

Oil-in-water microemulsions were used to prepare protein microcapsules (3-40 μm) [63,110];
however, the inner oil droplets are not suitable to dissolve water-soluble guest biopolymers. This issue
can be overcome through the use of ILs, with the advantage that the microcapsules formed in the IL phase
can be easily extracted to the aqueous phase after consecutive crosslinking and surface modification
reactions [63,111–113]. Modifications were introduced into the emulsification method to improve
the delivery kinetics, maintaining the collagen meshwork biocompatibility as the replacement of
chemicals for photochemical crosslinking or the use of self-assembling collagen fiber reconstitution [114].
However, the emulsion method remains to present poor control of the particle shape and size, as well
as a reduced loading level [109], which leads to the exploitation of other strategies to produce micro-
or nanoparticles.

Metal nanoparticles attract significant attention based on their properties, as they are reported to
be monodispersed and non-agglomerated as a result of ionic liquid stabilization [112]. Polymers added
to the nanoparticle–ionic liquid dispersion promotes a partial coverage of the nanoparticle surfaces
where polymer coils extend between the particle surface, acting as bridges between nanoparticles
through molecular contact. In higher amounts, the polymers can fully cover the nanoparticle
surface to form an adsorbed polymer layer, which is responsible for steric repulsions between
neighboring nanoparticles, “pushing” nanoparticles away from each other [112]. The generation
of Ag2O nanoparticles in DSIL-gelatin sols showed uniform decorations of 50–100-nm size Ag2O
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nanoparticles over gelatin, wherein the imidazolium cation acted as a reducing agent [34]. This system
presented good bactericidal activity on Gram-negative bacteria showing the potential to be used for
food packaging, wound dressings, and other biomedical applications [34]. Hollow spheres were also
fabricated according to template methodology, allowing to achieve gelatin particles with defined sizes
and improved drug/protein loading and encapsulation efficiency, resulting in reservoir systems for the
sustained delivery of proteins useful for different therapies [115].

Various self-organized structures based on nanoparticles are generated as a result of a balance
of the intermolecular interactions between ionic liquids constituents and marine-derived polymers
and proteins. Chitosan nanoparticles by ionic crosslinking with IL, which consist in self-assembling
methods of adding (Bmim)(C8OSO3) or (Omim)(Cl) above the critical micelle concentration to an
aqueous solution of chitosan, aggregate in a gelated complex [116]. The nanoparticles with diameters
ranging from 300–560 nm and Zeta potential above +58.5 mV were formed due to the electrostatic
and hydrophobic interactions established between chitosan and IL, being the IL aggregates used as
templates for the structure build-up.

3.3. Scaffolds, Sponges, and Beads

The combination of marine origin materials, in conjunction with green-processing technologies
and solvents, has been proven to be effective for the development of scaffolds, sponges, and beads,
with broad applications. Silva et al. [117] have successfully produced porous chitin aerogels by
dissolving the polymer using the IL (Bmim)(OAc) by employing high-temperature stirring. After the
mixture was gelified at room temperature and removed, and the IL was removed by supercritical fluid
drying using a soxhlet extraction and SCF extraction using carbon dioxide/ethanol ratios. This procedure
promoted the production of chitin aerogels with a porous and interconnected structure, large surface
area, and low density. Moreover, chitin microparticles prepared in ILs were produced using a similar
method to produce 3D constructs with the flexibility to adapt according to defect sites, osteoinductive
behavior, and the potential use as controlled drug-release devices [58]. The sol-gel methodology was
used to promote the formation of a silica network as a coating in the chitin beads, as well as a means to
promote the IL removal from the beads, followed by the supercritical agglomeration method.

The production of multifunctional composites using ILs, achieved by blends of different polymers
or even inorganic particles (hydroxyapatite, HA), has also been a focus of study. In a work from 2013,
Silva et al. [118] produced chitin–hydroxyapatite composites using (Bmim)(OAc) to dissolve chitin,
followed by the addition of salt particles (salt leaching methodology) to promote pore formation and/or
HA to induce osteoinductive behavior and drying by supercritical fluid drying. In a recent work from
the same group, both chitin and Antheraea pernyi silk fibroin were dissolved using the same IL and used
for the production of sponges from blends [13]. The produced sponges revealed to have good porosity,
interconnectivity, and pore sizes values, presenting considerable swelling and adequate viscoelastic
properties, making them promising candidates in cartilage regeneration. Composites with potential
applications in bone tissue engineering were also formed by the dissolution of chitosan and cellulose
in ILs with the addition of HA [27]. The produced structures presented good antimicrobial activity,
the ability to deliver growth factors/drugs (from chitosan), and mechanical strength (from cellulose).

4. Environmental and Biological Impact of ILs Used in the Development of Marine Polymer-
Based Architectures

4.1. IL’s Recycling and Reuse

The recycling and reuse of the ILs increase the sustainability of the implemented processes while
reducing the economical burdens sometimes related to ILs’ use, increasing the opportunity for the
large-scale application of the developed methodologies [42]. The techniques used to recover and
reuse ILs strongly depend on its application, considering that, usually, it involves a recovering or
regeneration step, followed by a purification stage, to avoid the deterioration of the ILs [119,120].
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The recycling of ILs used for the processing of marine-based biopolymers are regularly made by
using an antisolvent (such as water and ethanol) that works as a coagulant to the dissolved polymer
by solvating the ILs, constituting the recovering step. The purification step is usually performed by
the distillation of the antisolvents from the ILs [120,121]. The use of water to recover the ILs after
the polymer’s pretreatment is the most straightforward purification strategy [5,102,120]. Iqbal et al.
prepared collagen-alginate-hydroxyapatite beds to be used as bone fillers, using (Emim)(Cl) as a
solvent [122]. The IL was recovered from the water and CaCl2 mixture, used for the beads preparation,
by rotary evaporation for water removal, followed by mixing with cold acetone to dissolve IL and
precipitate out the CaCl2. After filtration, (Emim)(Cl) was obtained by the rotary evaporation of acetone,
a process repeated many times, aiming to obtain a high yield of IL (95 ± 1). As well,(Bmim)(Cl),
used as a green solvent to dissolve and synthesize the [CEL/CHT] composites, was removed from the
composites by washing them with water. The IL was recovered by distilling the washing solution,
from which the IL remained due to its high melting (>400 ◦C), with a recovery rate of at least 88%
of the IL, being the proposed method considered as recyclable [123]. In another work, (Emim)(OAc)
was used to directly recover high molecular weight chitin from raw crustacean shells [5]. Fibers were
spun directly from the extract solution, and the IL recycling was carried out by evaporation of the
aqueous wash.

The use of aqueous biphasic systems in this process may contribute to a reduction of the energy
needed for water evaporation since the kosmotropic salts pull some of the water present in the mixture.
However, a further dewatering step using evaporation techniques is mandatory [5]. The dewatering
strategies used for the purification of the ILs usually involve the use of deep vacuum (0.02mbar to
10mbar). Moreover, the use of heat or microwave-assisted eating proved to be helpful in that process,
with the latter being 52 times more efficient than conventional heating [5]. When small molecules
are formed, the product is usually recovered with a suitable volatile organic solvent (VOC) such as
ethyl acetate, diethyl ether, or dichloromethane. This process is followed by the IL, and the additive
or catalyst is used for recovery, and the water is removed through evaporation under high vacuum,
and the products are used in the following catalytic steps [124]. Barber et al. extracted chitin from dried
shrimp shells using (Emim)(OAc), followed by the chemisorption of CO2 in (Emim)(OAc) through the
chemical reaction [121]. The use of CO2 proved to be an economical and energy-efficient method for
the potential recycling of the IL by reducing the use of antisolvents and eliminating the need for using
higher boiling coagulation solvents.

Nevertheless, the choice and application of the recycling and purification method is always
dependent on the starting material and contaminant level, as well as the chemical nature of the
components. Moreover, and despite our knowledge not being reported in the literature for chitin or
other marine polymers conversions, there are other methodologies that are independent of the mixture
components [120]. One of the methods, which is patented by a Chemical Company, BASF, comprises
the recovery of the IL through the formation of the distillable carbene, involving the imidazolium IL
treatment with a strong base, which deprotonates the imidazolium cation at the C-2 position, forming
1,3-dimethyl-imidazol-2-ylidene carbene [125]. The formed carbene could be distillable out, and its
reaction with the acid of the desired anion reforms the imidazolium IL. The described process can be
applied after the desired products have been extracted from the IL, as well as after the dewatering of
the IL/residues mixture. The use of membrane separation can also be considered as an effective strategy,
including the commercially available pervaporation systems (PV). However, the efficiency of these
systems is strongly dependent on the size and molecular weight of the mixture constituents, and it
involves quite extensive work [102,120]. Every IL has different properties, which include different
decomposition temperatures, hydrophilicity, and an optimal number of reuses [102]. Nonetheless,
the persistent challenge is to find the best balance between the energy involved in the processes and its
economical burdens.
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4.2. Biocompatibility

Although the IL platform suggests different pathways for the dissolution and processing of
marine biomaterials into many matrices, as mentioned above, studies involving their in vitro/in vivo
biocompatibility have not yet been fully explored. In fact, the application of 2D/3D-based marine
biomaterials produced using ILs in the biomedical field is facing many challenges, since the implanted
material could be influenced by the composition, architecture, and biocompatibility of the material.
Considering that, ILs have been used in different approaches, such as a common solvent for
combinations of marine polymers [25,123,126], proteins [14], or hydroxyapatites [122] as crosslinker
agents [91] and modifiers [127] to render biomaterials with improved biocompatibility. An earlier
report showed that the application of synthesized choline salts as crosslinkers on collagen-based
biomaterials resulted in crosslinked materials with better cell growths compared to the sample
crosslinked with glutaraldehyde [91], where the cells were found to be healthy and able to proliferate.
In another approach [14], the use of ILs—particularly, (Emim)(OAc)—was useful as a common
solvent in the combination of polysaccharides (chitosan) and proteins (silk fibroin) into hydrogels.
Those hydrogels supported the adhesion and growth of primary human dermal fibroblasts, suggesting
that they could be useful in skin regeneration approaches. In a similar study [86], an IL—namely,
1-methylimidazolium acetate ([Mim)(OAc))—facilitated the formation of alginate/collagen hydrogels
with high hemocompatibility and satisfactory biocompatibility assessed by rat mesenchymal stem cells
(rMSC), which rendered them as promising for skin dressings. Beyond that, another report showed that
an IL, (Emim)(OAc), promoted the production of an electrically conducting chitin scaffold permissive
for mesenchymal stem cell functions [127].
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5. Biomedical Applications of Marine-derived Polymers in Ionic Liquids

5.1. Wound Repair

The beneficial features of marine polymers for wound healing have stimulated many studies
involving the use of marine polymers/IL solutions in the production of biomaterials to be applied as
support to enhance the wound-healing process [14,133]. In those approaches, the biomacromolecules
combination such as chitosan/silk fibroin in (Bmim)(OAc) [14] or chitosan/cellulose/keratin in
(Bmim)(Cl) [133] played a positive influence on the development of structures that showed suitable
adhesion and the proliferation of human dermal fibroblasts (hDFb) and superior mechanical strength,
bactericide action, and the controlled release of drugs, respectively. Roger RD et al. proposed the
co-dissolution of chitin and alginate in (Bmim)(OAc), followed by extrusion of the solution into a
coagulation bath to form chitin-based fibers as wound dressings [25]. Those fibers were applied on a
full-dermal-thickness wound model (rat model, histological evaluation) and maintained on the wounds
for up to 14 days. The wound-healing studies indicated that the chitin-calcium alginate-covered wound
sites underwent normal wound healing with re-epithelization and that the coverage of the dermal
fibrosis with the hyperplastic epidermis was consistently complete after seven days of treatment
(Figure 7).

The (CEL/CHT) composite films prepared using a green and totally recyclable method were
also developed for wound-dressing applications, helping to promote wound healing by creating a
moist microenvironment for proper tissue regeneration [132]. According to the authors, (Bmim)(Cl)
was used as a single solvent to produce composites that are antibacterial, hemostatic, biocompatible,
nontoxic to fibroblasts, and a good absorbent for anticoagulated whole blood and are able to maintain
moisture balance for wound healing. The composites absorbed blood at the same rate and volume as
commercially available wound dressings [132].

Figure 7. Representative images of the wound sites taken on days 3, 7, 10, and 14. Reprinted from [25].
Copyright 2017 with permission from Elsevier.

5.2. Bone Regeneration

Marine-derived polymers and proteins processed through IL have been used as excellent
candidates for bone/cartilage tissue engineering applications, particularly when in composites
containing hydroxyapatite (HA) [27,118,122,136,137]. These composites are mechanically superior
when compared to the individual components—for example, the ductility of collagen or gelatin
compensates for the poor fracture toughness of hydroxyapatite, and their biological functionality
is improved, presenting antimicrobial activity due to chitosan and osteoconductivity derived from
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HA. The addition of a ceramic compound (HA) promoted higher stability and better resistance to
three-dimensional swelling and deformation.

Many clinical applications may benefit from the incorporation of collagen to hydroxyapatite due
to shape command, spatial adaptation, enhanced wall adhesion, and the potential to promote clot
formation and subsequent stabilization [134,138]. Bioactive beads composed of collagen, hydroxyapatite,
and alginate were prepared using a triethanolamine acetate ionic liquid as a solvent and evaluated to be
used as potential bone fillers. The prepared beads showed hemocompatibility, promising antibacterial
properties and drug load efficacy [122].

Chitosan/cellulose/hydroxyapatite multifunctional composites using (Bmim)(Cl) as a solvent were
proposed by Mututuvari et al. [27]. The proposed composite material presented the adequate features
for bone tissue engineering derived from each of the individual components, mechanical strength
from cellulose, antimicrobial activity, and an ability to deliver active agents (drugs or growth factors)
from chitosan.

Chitin and hydroxyapatite composites were prepared by Silva et al. [118] using (Bmim)(OAc),
achieving an enhanced dispersion of the hydroxyapatite (HA).μ-CT analysis of the chitin/HA composite
showed a homogeneous distribution of the HA across the composite structure (Figure 8), where the
HA content decreased with the increasing polymer concentration. The designed system has the
potential to be applied for bone tissue engineering purposes, as it presented a porous microstructure
(65%–85% porosity and pore sizes of 100–300 μm) able to influence osteoblast-like cells viability and
proliferation [105] positively.

Figure 8. μ-microcomputed tomography of the chitin-based composite porous structure prepared
using hydroxyapatite (HA): (A) Ch1HA, (B) Ch2HA, and (C) Ch3HA. (A–C) are complete structures,
while (A1–C1) are HA-only. Modified from [118].

5.3. Drug and Gene Delivery

ILs have been extensively explored in the pharmaceutical field, mainly as stabilizer agents
for biomolecules, as solvents, or as part of drug carrier systems for poorly soluble drugs, such as
active pharmaceutical ingredients (APIs) in IL systems (APIs-IL) [42]. Chitosan has been studied
for the development of stimuli-responsive chitosan-based biomaterials in combination with several
ILs [100,139]. In 2011, Hua and coworkers developed an innovative method that promoted the
stimuli-responsive intravenous administration of hydrophobic drugs by combining them with chitosan
via a Schiff reaction, using IL 1-butyl-3-methylimidazolium chloride ((Bmim)(Cl)) [139].

Following a different approach, biocompatible ILs (bio-ILs) were used to develop multiresponsive
chitosan biomaterials [100]. Ammonium-based bio-ILs—namely, choline chloride and choline

21



Mar. Drugs 2020, 18, 346

dihydrogen phosphate—were used to dope chitosan-based biomaterials, and the release of the ionic
drug, sodium phosphate dexamethasone, was studied. The results suggested that, depending on the
different ionic interactions that can be established between chitosan, chitosan/IL, and dexamethasone,
it was suggested that they can be used as an electrically modulated drug release systems for iontophoretic
applications [139]. The modifications of chitosan using ILs through several strategies, including grafting
with polyethylenimine (PEI) in (Bmim)(Ac) or the synthesis of O-alkylated chitosan derivatives in
(Bmim)(Cl), were also attempted and proved to improve its gene transfection performance [140,141].
Chitosan-based vectors proved to be noncytotoxic and have the ability of transcellular transport,
since the presence of positive charges from amine groups in chitosan enables it to transport plasmid
DNA (pDNA) into cells via endocytosis and membrane destability [140]. The properties of ILs as
solvent should promote the selective alkylation of hydroxyl groups of chitosan without protecting
its amino groups, associated with an improvement of the solubility of the derivatives in the organic
solvent. Moreover, a lidocaine–diclofenac ionic liquid drug was loaded into a gelatin/poly(vinyl
alcohol) transdermal patch using a freeze/thaw method [97]. The developed patch allowed to control
the high drug release values of both lidocaine and diclofenac, the gelatin/poly(vinyl alcohol) patch,
which, in addition, showed good stability over the study period of three months when kept at 4 ◦C or
under ambient temperatures. The presented methodology revealed promising outcomes for improving
the physicochemical and biopharmaceutical characteristics of poorly water-soluble drugs.

6. Conclusions and Future Trends

Over the years, ILs have been used as an important tool with high significance from technological
and academic perspectives. When used in combination with marine-derived polymers, ILs provide
sustainable approaches not only to promote their isolation but, also, to produce derivatives with
different shapes and applications. ILs have opened up a large window of possibilities for the processing
of high—added—-value biomaterials based on marine sources. Despite the clear advantages herein
discussed, research on the use of ILs for the processing of marine polymers is still at an early stage.
There are some persistent challenges to overcome—in particular, in the biomedical field, where the
scale-up possibilities and in vitro/in vivo biocompatibility performances of the resulting matrices
require additional research and investment.

Despite the considerable volume of research on ILs, its family has been growing along the years with
the development of the biocompatibility of ionic liquids (bio-ILs) as an eco- and biofriendly alternative
IL family. Exciting outcomes are expected as a result of the exploitation of bio-IL contributions in this
field, since they retain the features of commonly used ILs while improving their biological activity
with reduced toxicity. In consequence, new strategies will emerge, and a significant boost in the use of
ILs is envisioned in a broader range of fields.
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AgNO3 silver nitrate
(Amim)(Br) 1-allyl-3-methylimidazolium bromide
Amim 1-allyl-3-methylimidazolium
Ala alanine
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APIs active pharmaceutical ingredients
APIs-IL active pharmaceutical ingredients in ionic liquids systems
Arg arginine
Bio-ILs biocompatible IL
BPPF6 N-butylpyridinium hexafluorophosphate
(Bmim) 1-butyl-3-methylimidazolium
(Bmim)(OAc) 1-butyl-3-methylimidazolium acetate
(Bmmim)(OAc) 1-butyl-2,3-dimethylimidazolium acetate
(Bmim)(BF4) 1-butyl-3-methylimidazolium tetrafluoroborate
(Bmim)](C2OSO3) 1-ethyl-3-methylimidazolium ethylsulfate
(Bmim)(Cl) 1-butyl-3-methylimidazolium chloride
(Ch)(DHP) Choline dihydrogen phosphate
(Dmim)(Cl) 1-decyl-3-methylimidazolium chloride
(Emim)(Cl) 1-ethyl-3-methylimidazolium chloride
(Emim)(OAc) 1-ethyl-3-methylimidazolium acetate
(Emim)(Br) 1-ethyl-3-methylimidazolium bromide
(Dmim) 1,3-dimethylimidazolium
(Emim) (EtSO4) 1-ethyl-3-methyl-imidazolium ethyl sulfate
Gly glycine
(Gly·H)Cl glycine hydrochloride
Glu glutamate
GOD glucose oxidase
HA hydroxyapatite
H2O2 Hydrogen peroxide
HT29 epithelial colorectal adenocarcinoma cells
(Hmim)/ OAc) 1-hydrogen-3-methylimidazolium acetate
(Hmim)(HSO4) 1-hydrogen-3-methylimidazolium hydrogen sulfate
HRP horseradish peroxidase
Hyp hydroxyproline
IGs ion gels
IL ionic liquid;
(Mim)(OAc) 1-methylimidazolium acetate
MCC Microcrystalline cellulose
MW microwave
MR magnetic resonance
(mim) 1-hydrogen-3-methylimidazolium
NPs nanoparticles
(Omim)(OAc) 1-octyl-3-methylimidazolium acetate
(Omim)(Cl) 1-octyl-3-methylimidazolium chloride
OMIM·PF6 1-Octyl-3- methylimidazolium hexafluorophsohate
PBS phosphate-buffered saline
PEI polyethylenimine
PE polymer electrolyte
Pro proline
PLA poly(lactic acid)
PVA poly(vinyl alcohol)
(TEA)(Ac) triethanolamine acetate
VERO healthy kidney epithelial cells originated from African green monkey
3D three-dimensional
K kappa
λ lambda
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Abstract: In recent years, the demand for naturally derived products has hiked with enormous
pressure to propose or develop state-of-the-art strategies to meet sustainable circular economy
challenges. Microalgae possess the flexibility to produce a variety of high-value products of
industrial interests. From pigments such as phycobilins or lutein to phycotoxins and several
polyunsaturated fatty acids (PUFAs), microalgae have the potential to become the primary producers
for the pharmaceutical, food, and agronomical industries. Also, microalgae require minimal resources
to grow due to their autotrophic nature or by consuming waste matter, while allowing for the
extraction of several valuable side products such as hydrogen gas and biodiesel in a single process,
following a biorefinery agenda. From a Mexican microalgae biodiversity perspective, more than 70
different local species have been characterized and isolated, whereas, only a minimal amount has
been explored to produce commercially valuable products, thus ignoring their potential as a locally
available resource. In this paper, we discuss the microalgae diversity present in Mexico with their
current applications and potential, while expanding on their future applications in bioengineering
along with other industrial sectors. In conclusion, the use of available microalgae to produce
biochemically revenuable products currently represents an untapped potential that could lead to
the solution of several problems through green technologies. As such, if the social, industrial and
research communities collaborate to strive towards a greener economy by preserving the existing
biodiversity and optimizing the use of the currently available resources, the enrichment of our society
and the solution to several environmental problems could be attained.

Keywords: microalgae; biodiversity; bioactive compounds; green extractions; pharmaceutical;
secondary metabolites; biofuels
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1. Introduction

Current needs demand high-level bio-compounds production coped with cutting-edge
biotechnology. Several strategies to produce valuable compounds addressed by pharmaceutical
and food industry rely on microorganism production. However, other bioactive products still
rely on synthetic production processes. Plants, yeasts, bacteria, fungi, and microalgae are the
most used organisms to produce such compounds naturally. Microalgae have a large number of
species, and little is known about their potential uses in comparison to the diversity that is reported
every day [1]. Microalgae are one of the most used bio-systems to produce different compounds in
biotechnology (Figure 1). The utilization of microorganisms’ machinery helps to generate high-value
bio-products [2]. As this is a bioprocess, it has several advantages over other techniques since it offers
new environmental-friendly opportunities. The objective of this work is to compile a list of strains,
show the relevance of new extraction techniques, and characterize current applications and potential
future biotechnological microalgae opportunities.

Figure 1. Microalgae biotechnology valorization scheme to produce energy and bio-compounds from
agro-industrial and food waste.

Microalgae or cyanobacteria are unicellular, cenobial, pluricellular, or colonial organisms adapted
to live in water systems, soils, or as symbionts [1]. Depending on the species, they live in complex
systems or as individual cells and interact with light through photosynthesis producing oxygen and
consuming carbon dioxide [3]. Microalgae can produce biomass containing high-value bio-compounds
and at the same time bio-fixate ions, both important factors to propel microalgae biotechnological
applications in the new era of environment remediation [4–6]. Cultivation technologies to produce
biomass include open ponds, photo-bioreactors, and fermentation reactors. A lack of attention to
microalgae species is evident since only a few hundred have been investigated. It is believed that
at least tens of thousands exist in the world [7]. Nonetheless, some countries had already looked
for food production through microalgal cultivation. Mexican Aztecs used to cultivate and consume
Spirulina from Texcoco salted lake [8]. Japan has been leading since the early 1950s [9] with the first
industrial-scale production of Chlorella for human consumption to ingest as a nutritional supplement.
Leading to use Chlorella as the main microalgae source of dietary supplement nowadays. Harvesting
and drying of its biomass use expensive centrifuges and cells need to be broken therefor 5000 Mt
of Chlorella biomass were sold for approximately $20,000/100 kg. Other successful microalgae with
great industrial production are Spirulina. They have several advantages over Chlorella since they
require a little inoculum, and is not easy to get contaminated, they grow in temperatures between
15 and 38◦ Celsius, high pH, and alkalinity. Spirulina market value, plant gate, is about $10,000 per
ton and its main use is for food supplement [10]. Nowadays, Chlorella and Spirulina are the principal
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microalgae used for nutritional supplements, and their producers value them in the global market
about $40–50 per kg [11]. The price and volume relations are even higher when pure fine-chemicals
are obtained from algal cultivation. β-carotene is a pigment strongly used in the United States. In the
market, its price is estimated from $300 to $3,000 USD/kg, the price depends entirely on the production,
the fickle market, and the product purity [12]. The animal feeding price is about $10 USD/kg in the
nutraceutical sector. On the other hand, for example, the same product for human consumption is sold
at $120 US/kg [13].

Microalgal biomass is also used to get biofuels. In comparison with petroleum, biomass is more
expensive. Assuming the lipid dry weight content within microalgae, 29.6% (lipid/biomass), the algal
biomass must be produced at the cost of US $ 152.00 per ton to be competitive with petroleum [14].
Also, in this area, microalga biomass price along with its valued compound depend on where the
product is located and the market status [15]. As discussed previously, it is evident that biotechnology
focused on microalgae has a substantial potential application in the industry. This review presents
several Mexican microalgae strains along with novel green extraction technologies applied to extract
microalgae-based high-value compounds. Then, a comprehensive list of compounds is presented
within five fields of applications, to be followed by potential applications and opportunities for
improvement. Finally, concluding remarks and future perspectives are summarized.

2. Mexican Microalgae Biodiversity

Mexico is one of the countries with the highest biodiversity in the world thanks to its geography
and size that covers several latitudes. The Mesoamerica region provides very different environmental
conditions to support life [16]. Algal strains from all around the country were isolated and studied
by research groups across México. To our knowledge, this is the first work to gather information
from microalgae found in several locations, systems, and types of waterbodies in the country that
also addresses its applications and prospect its potential applications in contrast to just freshwater
biodiversity [17,18].

The Pacific Ocean is a vast water source with the unique condition of being warm. From this
Mexican litoral, in Baja California, 21 species were isolated, but Aphanocapsa marina, Komvophoron sp.,
and Phormidium sp. were selected thanks to their capacity to produce fatty acids. The remaining strains
were also characterized but were not selected for aquaculture farm food [19]. Raw microalgae biomass
is used as a nutraceutical product in aquaculture activities directly in the country by increasing its
productivity [20]. However, Rodríguez-Palacio et al. focused on a large microalgae diversity that
causes algal blooms with toxic consequences for aquatic fauna in twelve locations of the country, where
the harmful toxic microalgae affect fishes. In addition, they proposed the culture of those microalgae in
order to evaluate changes in water pollution [21]. A list of microalgae found in Mexican water sources
and isolated is presented in Table 1. Lately, the discovery of novel microorganisms is increasing, and it
is expected to continue thanks to new research groups across the country. The panorama presented by
the list of microalgae suggests potential applications since they were found in various environment
growth conditions including volcano ponds, salted lakes, freshwaters, and seawaters. Even in extreme
physiological conditions, microorganisms are capable of producing compounds with high value.
To get an advantage, biotechnological processes like production, extraction, and purification require
novel and environmentally friendly methods. The next section focuses on the description of green
extraction methodologies.
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Table 1. Microalgae biodiversity in Mexico.

State Municipality/Location Microalgae References

Baja California Ensenada

Aphanocapsa marina

[19]

Komvophoron sp.
Phormidium sp.
Tetraselmis suecica
Heterococcus sp.
Amphora sp. (7)
Cymbella sp. (2)
Navicula sp. (4)
Diploneis sp.
Grammatophora angulosa
Synedra sp.

Veracruz Catemaco

Aphanothece comasii

[17]

Cyanotetras aerotopa
Cylindrospermopsis catemaco
Cylindrospermopsis taverae
Planktolyngbya regularis

San Luis Potosí Cyanobacterium lineatum

Puebla
Alchichica Cyclotella alchichicana

Chroococcus deltoids

Baja California,
Colima,
Michoacan,
Guerrero,
Tamaulipas,
Veracruz,
Hidalgo,
Mexico city

Ensenada,
Manzanillo,
Lazaro Cardenas,
Acapulco and
Zihuatanejo,
Laguna de Carpintero,
Garrapatas and
Barberena estuaries,
Catemaco and
Chalchoapan Lakes,
Vicente Aguirre dam,
Xochimilco Lake

Alexandrium tamarense
Amphidinium sp.
Cochlodinium polykrikoides
Heterocapsa pigmea
Gyrodinium instriatum
Gymnodinium catenatum
Karlodinium veneficum
Prorocentrum gracile
Prorocentrum micans
Prorocentrum triestimum
Prorocentrum mexicanum
Prorocentrum rathymum
Protoceratium reticulatum
Scrippsiella trochoidea
Bacillaria paxilifera
Cylindrotheca closterium
Pseudonitszchia delicatisima
Chattonella marina

[21]

Mexico City Mexico City Spirulina maxima [22]

Baja California Sur La Paz

Rhabdonema sp.

[23]
Schizochytrium sp.
Nitzchia sp.
Navicula sp.
Grammatophora sp.

Mexico City Mexico City Spirulina platensis
[24]Spirulina maxima

Queretaro Not specified Oscillatoria sp. [25]

Guanajuato Valle de Santiago Actinastrum sp. [26]

Baja California Sur La Paz

Lyngbya sp.

[27]
Oscillatoria sp.
Microcoleus sp.
Anabaena sp.

Nuevo León
Apodaca Scenedesmus sp.

[28]Cadereyta Chlorella sorokiniana

Campeche El Carmen

Anabaena sp.

[29]
Oscillatoria sp.
Anabaena sp.
Cylindrospermopsis cuspis

Oaxaca Zipolite Dermocarpella sp. [30]
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Table 1. Cont.

State Municipality/Location Microalgae References

Morelos Tlaquiltenango Nostoc sp. [31]

Mexico City Mexico City Desmodesmus sp. [32]

Coahuila Cuatrociénegas Scenedesmus sp. [33]

Mexico City Mexico City Microcystis [34]

Michoacan Michoacan Codium giraffa [35]

Guerrero Papanoa Codium giraffa [36]

Michoacán Los Azufres Trebouxiophyceae sp. [37]

3. State-Of-The-Art of Extraction Methods

Currently, most common extraction techniques consist of non-green processes. Millions of liters
of organic solvents are used in the extraction process. Consequently, interest in green extraction
techniques has recently increased as they are less expensive but cope with the global tendency of green
legislation [38]. These processes are named, green extraction, since they do not negatively affect the
environment and take advantage of the compound properties such as polarizability, charge, structure,
as well as size [38]. Such processes include microwave extraction, supercritical fluid extraction, as well
as ultrasound extraction. Using the appropriated method, bioactive compounds are extracted from
microalgae, and valuable molecules remain functional after an efficient extraction. A list of compounds
extracted from microalgae using ultrasound, microwave, and supercritical fluid extraction methods
are presented in Table 2.

Table 2. Compounds from microalgae extracted by novel green techniques.

Compound(s) of
Interest

Species Extraction Technique References

C-phycocyanin
Pigments Spirulina maxima Ultrasound [39]

β-carotene Chlorella sp. Ultrasound [40]
Polyphenols
Flavonoids Spirulina platensis Microwave and Ultrasound [41]

Lipids Scenedesmus sp. Microwave [42]

Lipids Scenedesmus obliquus &
Scenedesmus obtusiusculus Supercritical-CO2 [43]

Oil Spirulina platensis Supercritical-CO2 [44]
Docosahexaenoic acid Schizochytrium limacinum Supercritical-CO2 -vegetable oil [45]

Lipids, Carotenoids Chlorella vulgaris Supercritical-CO2 [46]

Lipids Chlorella vulgaris Ultrasound & Bligh and Dyer
method [47]

β-carotene Spirulina platensis Ultrasound [48]
Vitamins

Phycocyanin
Fatty Acids

Spirulina platensis Microwave [49]

Lipids Chlorella sp. Microwave and Ultrasound [50]
Long-chain PUFAs Schizochytrium sp. Supercritical-CO2 [51]

Carotenoids
Fatty Acids Spirulina platensis

Microwave and
Supercritical-CO2

-etOH
[49]

C-phycocyanin Spirulina platensis Ultrasound [52]

Neutral Lipids Chlorella vulgaris &
Nannochloropsis oculata Supercritical-CO2 [53]

Chlorophyll Chlorella vulgaris Ultrasound [54]
Lipids Scenedesmus obliquus Ultrasound + solvent [55]
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3.1. Microwave-Based Extraction

Microwave extraction involves heating of samples in a polar solution such as ionic liquids, ethanol,
methanol, chloroform, acetone, and ultra-pure water by placing them in an alternating electric field.
The solvent molecules align according to the applied electric field and quickly increase the temperature
of the samples as a result of the inter- and intramolecular friction caused by this movement. The algal
cell walls break with this sudden increase in temperature and release the compounds of interest
(Figure 2). The resulting extract must undergo further purification as this process does not result
in the isolated compound of interest [56]. This method differs from conventional heating extraction
methods as it does not depend on the diffusion rate of the mixture mass. Therefore, microwaves
heat the solvent which interacts with all the sample and prevents the formation of hot-spots and
allowing for more homogeneous thermoregulation of the cell mixture. Further, it is quick and has
been demonstrated to be at least ten times faster than conventional bath heating extraction methods,
as mentioned by Balasubramanian et al. [56]. Additionally, the same study showed that the use of
this method is especially beneficial when extracting lipids from microalgae, as it allows for a final
product of better quality, with higher unsaturated lipids and antioxidant concentrations in comparison
to the conventional Soxhlet extraction. In a second study involving pigment extraction from Dunaliella
tertiolecta and Cylindrotheca closterium, it was demonstrated that microwave extraction techniques
are more efficient than solvent-based techniques in overcoming mechanical resistance factors that limit
solvent penetration into the cells [57].

Figure 2. Scheme of microwave algal extraction.

The prospects for industrial implementation of Microwave extraction techniques have been
previously discussed by Vinatoru et al. [58], where advantages such as shorter loading and
downloading times as well as easier maintenance of the equipment are added to the lower energy
consumption and faster extraction times. However, specific advantages depend on the type of material
to be extracted (as previously discussed, microwave extraction methods are more efficient for certain
mixtures due to their intrinsic properties, e.g., mechanical resistance). Nevertheless, pretreatment
methods such as enzymatic digestion or milling could allow for a standardized development of this
extraction method by improving its efficiency for a wide range of mixtures [58]. Also, the coupling of
this method with other extraction techniques could also improve its efficiency. Still, the feasibility of
scaling up microwave extraction techniques into an industrial level is still under research; because
its high energy operating costs might present a major drawback of this process. For instance, the
use of enzymes is expensive, especially for large scale applications when competing against other
methods [59]. Moreover, this method cannot complete the separation process by itself and usually
requires a subsequent centrifugation or filtration process [60].
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3.2. Supercritical Fluid-Based Extraction

This extraction method depends on the usage of supercritical fluids (e.g., carbon dioxide, water,
methane, ethane, methanol, ethanol, acetone, and nitrous oxide), induced either by temperature or
pressure excitation, for the recovery of valuable products. Such fluids are capable of crossing the
cellular membrane and wall of microalgae and solubilize internal metabolites to extract them from the
cell (Figure 3). In most cases, supercritical fluids’ induction conditions range between PC < P ≤ 6PC
for pressure and 1.01TC < T ≤ 1.4TC for temperature in order to allow for an energy efficient
extraction (where, PC is the critical pressure constant and TC is the critical temperature constant for the
supercritical fluid) [61]. The most common and preferred solvent used for this method is CO2 as it has
an ambient critical temperature, is non-flammable, is chemically inert, non-toxic, and inexpensive [61].
As such, it is able to meet the ecological and chemical safety standards required for the extraction of
high purity biological products (such as pigments for cosmetics and antiviral agent in medicine) as it
leaves no harmful solvent residues and prevents thermal degradation of sensitive products. Moreover,
with the addition of a polar entrainer (such as water) the solvent is able to dissolve polar compounds
as well [61], thus allowing for a robust extraction procedure.

Figure 3. Scheme of the supercritical fluid extraction process in a closed system.

The main advantage this method presents when compared to the conventional Soxhlet extraction
method is the fact that it prevents the deposition of residual toxic matter in the extract, while also
proving to be quite economical. The mentioned characteristics are because CO2 can reach a supercritical
condition at a temperature of 31 ◦C (conventionally a temperature of 35 ◦C is preferred for extraction
of biological materials). This critical temperature allows the liquid CO2 to be used without the
consumption of excessive amounts of energy, and with a minimal reduction in temperature, most of
the solvent will easily precipitate. Further, it is easily affordable, having a nominal price of 2.65 USD/kg
in the year 2017 [62]. Also, as explained before, the non-extreme range of temperatures in which this
method can operate prevents the degradation of valuable biological products, thus allowing for a
high yield.

A recent study also analyzed the possibility of combining the use of supercritical fluid extraction
with cold pressing to improve the extraction of fennel by supercritical fluid extraction alone [63].
The combination of these two extraction methods was originally developed by Johner et al. [64] for
the extraction of pequi. This researchers demonstrated some promising results: a faster extraction
rate with the consumption of less solvent. These results were validated with the fennel extraction,
where the overall yield extraction was improved by 24.5%. Hatami et al. [63] inferred that this might
be due to the increased exposure of oil to supercritical CO2 caused by the release of the substance
from the compressed matter. These results also demonstrate that supercritical extraction can reduce
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operational time and costs while increasing yields if combined with other extraction procedures such
as those including solvents like acetone or ethanol. All these factors proved that supercritical fluid
extraction might be a promising alternative for a greener future. Nevertheless, supercritical fluid
extraction machinery usually represents a high capital cost, regardless of the economic viability in
the long run. For example, according to De Aguilar [62], Supercritical Fluid Extraction (SFE) units’
nominal prices ranged between 530,000 to 2,600,000 USD in 2017. Further, while temperature extraction
conditions are amiable, pressure operating parameters still need to be decreased for general industrial
implementation. While previous studies have been able to optimize industrial relevant conditions for
supercritical extraction of lipids from Scenedesmus obliquus, Chlorella protothecoides and Nannochloropsis
salina [65], optimal pressure conditions can range between 30 MPa and 50 MPa in some cases [59],
thus representing an area of opportunity for further optimization of the standardized application.
Polyunsaturated fatty acids like ω-3 and ω-6 types have been successfully extracted by SFE using CO2

and n-butane. Feller et al. [66] found a significant relationship between the content of carotenoids and
the respective antioxidant activity. They used Phaeodactylum tricornutum, Nannochloropsis oculata, and
Porphyridium cruentum strains and attributed the antioxidant activity of the marine microalgae to the
carotenoid compounds [66]. In the case of subcritical n-butane, the procedure is the same as for the
supercritical system. The difference relays in the control conditions using n-butane at 15 bar, 40 ◦C and
solvent flow rate of 3 mL min−1 [66].

3.3. Ultrasound-Based Extraction

The technique of Ultrasound Extraction uses high-frequency sound waves to disrupt algal cell
walls leading to the subsequent release of the compound of interest. As shown in Figure 4, the process
depends on a physical phenomenon called cavitation where the disruption of the solvent caused by
the sound waves, creates small bubbles. The bubbles generate strong jet streams as they implode by
the effect of the acoustic cavitation force. When the bubble is close to a cell, allow for the puncturing
of the cell wall and membrane [67]. The particular solvent used for this extraction method depends
on the physical characteristics of the target compound, and subsequent fractionations are needed
to isolate the compound of interest. Ultrasound extraction may occur directly as well as indirectly.
Indirect ultrasound consists of placing a transducer touching the outer surface of a water bath. In the
case of direct ultrasound extraction, the transducer can be close to the container where the bath occurs
or in the form of an ultrasound horn in the sample (Figure 5). The advantages of this method include
faster and substantial yields than other conventional techniques and moderate to low costs, in addition
to minimal toxicity [68]. According to Kledjus et al. [69], it also allows for a more efficient extraction in
freshwater algae species. On the other hand, the technique might negatively affect the quality of the
oils as well as the integrity of polyunsaturated fatty acid rich oils. Furthermore, it cannot be scaled
up [67].

Figure 4. Schematic representation of the steps involved in the ultrasound-assisted extraction method.
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Figure 5. Different methods involved in ultrasound assisted extraction.

4. Current Applications

Cyanobacterial have already shown potential applications in biotechnology, biomedicine, food,
biofuel, fertilizers, pigments, waste treatment, among others. The production (general process
scheme is presented in Figure 6) of various secondary metabolites includes toxins, antioxidants,
vitamins, bio-adsorbents, enzymes, and pharmaceuticals. Considering cyanobacterial pluripotential
biotechnological uses, an overview is presented. First, a list of microalgae strains found in Mexico and
the bioactive compounds produced are presented in Table 3, followed by the description of the current
applications of relevant works with the mentioned microalgae.

Figure 6. Scheme of the biotechnological process to produce bio-compounds from microalgae biomass.
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Table 3. Summary of existing high-value products from Mexican microalgae species.

Microalgae Bioactive Compounds Biological Activity References

Oscillatoriaceae sp.
Malyngolide Antibacterial

[70]Lyngbyatoxins PKC activator
Debromoaplysiatoxin Inflammatory

Lyngbya majuscula
Curacin A Microtubulin assembly inhibitors

[71]Kalkitoxin Sodium channel blocker
Cyclic polypeptide Anti-HIV activity

Oscillatoria raoi Acetylated sulfoglycolipids Antiviral [72]
Spirulina platensis Spirulan Antiviral [73]
Nostocaceae sp. Nostocyclamide Antifungal [74]
Chroococcaceae sp. Kawaguchipeptin B Antibacterial [75]Mycrosistis aeuregonosa
Scenedesmus sp. Lutein Anti-oxidant [76–80]

Spirulina (Arthrospira) γ-Linolenic acid (GLA) The integrity of tissues, delay of
aging [81]

Spirulina (Arthrospira) Phycocyanin Antioxidant, anti-inflammatory [15,82]
Tetracelmis suecica α- tocopherol Antioxidant [15]

Chlorella sp.

Galactose, rhamnose,
mannose, arabinose, N-acetyl
glucosamide and N-acetyl
galactosamine

Immune stimulatory activity [83]

Spirulina platensis and Anabaena
sp. Proteins [84–86]

Anabaena sp. Superoxide
dismutase (SOD) Antioxidant, anti-inflammatory [87–90]

Spirulina sp.
Vitamin C; vitamin K;
vitamins B12, A
and E; α-tocopherol

Antioxidant; blood
cell formation; blood
clotting mechanism

[15,91]

Chlorella sp. Lutein, zeaxanthin,
canthaxanthin Antioxidant [15,92]

Lyngbya majuscula Microlin- A Immunosuppressive [93]
Chlorella sorokiniana and
Scenedesmus spp.

Mycosporine-like amino acids
(MAA) UV-screening agent; sunscreen [94–97]

Chlorella sp. α-carotene Astaxanthin Lower risk of premature death [98]

C. sorokiniana β-carotene

Food colorant; antioxidant
property; cancer preventive
properties; prevent night
blindness; prevent liver fibrosis

[99,100]

Tretraselmis spp. Zeaxanthin
Protect eye cells; antioxidant
activity; neutralizing the free
radicals

[101,102]

Nitzschia spp. Triglycerides and
hydrocarbons Biofuels [95,103,104]

Tetraselmis spp. and T. suecica Arachidonic acid (AA)
Eicosapentaenoic acid (EPA)

Nutritional supplements,
aquaculture feeds [105,106]

T. suecica Sterols

Antidiabetic; anticancer; anti-
inflammatory; anti-photoaging;
anti-obesity; anti-inflammatory;
antioxidant activities

[107,108]

Chlorella spp. and C.
sorokiniana

Vitamin B
Vitamin C

Decrease fatigue; reducing
depression; protect against heart
disease; protect the skin;
anticancer activity
Protect against cardiovascular
disease; prenatal health
problems; prevent from the eye
disease; protect against skin
wrinkling

[85,99,109–112]

C. sorokiniana and T. suecica Vitamin E

Protect against toxic pollutants;
Premenstrual syndrome protects
against eye disorders; anti-
Alzheimer’s disease; anti-
diabetic properties

[85,98,111,113]

40



Mar. Drugs 2019, 17, 174

4.1. Pigments - Phycobilins, Lutein, and Carotenoids

Phycobilins are produced only by algae such as Spirulina [114]. Phycobilins are photosynthetic
pigments bonded to water-soluble proteins, building the so-called phycobiliproteins. Phycocyanin,
phycoerythrin, and allophycocyanin are water-soluble and have a wide range of applications including
food and cosmetic colors, as fluorescent tags for use in flow cytometry and immunology [52].
Other possible applications are as antioxidants in cosmetics, a component of functional foods, and
photosensitizers in photodynamic cancer therapy [52,115]. Phycobilins are found in the stroma of
chloroplasts of cyanobacteria, rhodophytes (red algae), glaucophytes, and some cryptomonads [116].
They forward the energy of the harvested light to chlorophylls for photosynthesis. Similar to
carotenoids, those proteins serve as “secondary light-harvesting pigments” [117]. Besides these
highly sophisticated applications as chemical tags, phycobilins are also used as food and cosmetic
colorants due to their high yield [118].

Lutein is one of the most important carotenoids. Moreover, it is essential to the macula lutea in the
retina and lens of eyes. Lutein industrial applications are as a colorant in food products [119]. Cancer,
retinal degeneration, and cardiovascular diseases are some of the health applications [119]. As listed
before the applications, the commercial potential of lutein from microalgae is high, but its large-scale
production has not yet started to our knowledge [120]. Nonetheless, the basis for lutein production
outdoors at a pilot scale for Scenedesmus has already been set up [121]. Carotenoids properties, which
were discussed by Gille et al., [122], make them outstanding as functional foods. One of the most
known is ß-carotene for its nature in sustaining growth and vision. Additionally, other carotenoids have
been used as important food colorants [123]. That is the case of astaxanthin, another representative
of the xanthophyll group of carotenoid pigments for its properties as a powerful antioxidant. It is
important for humans to protect the skin from UV light as UV-induced photo-oxidation, antibody
production, and anti-tumor therapy [124].

4.2. Nutraceutical Potentialities

Aztecs in Mexico used Spirulina sp. as food [125]. The application of these microalgae as
food or dietary supplement has continued and have resulted in the research and finding of new
species to be used in food applications. Besides direct consumption, derived products are used
in food industry as colorants, antioxidants, and natural preservatives. The following paragraphs
describe the most representative used species and respective applications. More recently, microalgae
were incorporated into pasta, snack foods, candy bars or gums, and beverages as well [85,126].
Owing to their diverse chemical properties, they can act as a nutritional supplement or represent
a source of natural food colorants [126]. The most relevant strains to commercial applications are
Chlorella, Spirulina, Scenedesmus, and Nostoc. The polysaccharides from type β-1,3-glucan are known
for its properties of immune-stimulation, reduction of free radicals and blood lipids, this substance
is produced by Chlorella [127]. In addition, glucan has also benefited the immune system, reduce
depression, protect the skin, and has anticancer properties [83,85,109–112]. Finally, phycobiliproteins
and chlorophylls can be found as a food additive produced by P. cruentum [128].

As mentioned before, Spirulina has been used as a supplement in human nutrition. It is
worth mentioning as it produces linolenic acid, which humans cannot synthesize [126], proteins,
β-carotene, thiamine, riboflavin, vitamin B12. Spirulina also showed to be active against hyperlipidemia,
hypertension, oxidative stress, arthritis, and serum glucose levels [129]. One attempt to introduce
Spirulina into diet was by including it into cookies; in this study, the antioxidant properties were
explored [130]. The most common microalgae strains used in the industry are Chlorella and Spirulina
thanks to their high protein content and respective aminoacid profile, nutritive value, and standardized
growth protocols with high biomass yield [131]. Although Scenedesmus was considered a pioneer as a
food source, recently its application has been limited, and some extracts have been used in desserts,
fruit puddings, and soups [83]. Besides other nutrients, Scenedesmus produces eicosapentaenoic acid
(EPA), vitamins, and essential minerals [132].
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4.3. Bioactive Compounds

Microalga have become a research target since they are a rich source of bioactive
compounds [133–135]. The activities of the secondary metabolites isolated from microalga include
antibacterial, antifungal, antialgal, antiprotozoal, and antiviral (Table 3). For example, the
cyanobacterium Phormidium sp. has been reported to inhibit the growth of different Gram-positive
and Gram-negative bacterial strains, yeasts, and fungi [136]. Lyngbya majuscula [70] that produces
polyketides, lipopeptides, cyclic peptides, and many others compounds that have activities such as
anti-HIV, anticancer, antifeedant, antifungal, anti-inflammatory, antimicrobial, antiviral, etc. [71].
Other biological activities of these compounds include protein kinase C activators and tumor
promoters, inhibitors of microtubulin assembly, antimicrobial and antifungal, and sodium-channel
blockers [71]. Antifungal compounds include fisherellin A, hapalindole, carazostatin, phytoalexin,
tolytoxin, scytophycin, toyocamycin, tjipanazole, nostocyclamide and nostodione produced by
cyanobacteria belonging to Nostocales and Oscillatoriales (Table 3) [75].

It is also important to mention the production of long-chain polyunsaturated fatty acids (PUFAs)
such as eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and arachidonic acid (AA)
are important for human diet [15]. Besides, PUFAs have been used to prevent and treat chronic
inflammations diseases (e.g., rheumatism, skin diseases, and inflammation of the mucosa of the
gastrointestinal tract) [70,71]. In addition, studies show a positive effect on cardio-circulatory diseases,
coronary heart diseases, atherosclerosis, hypertension, cholesterol, and cancer treatment [83,137].
Arachidonic acid (ARA), an essential component of membrane phospholipids with a function of
vasodilator, shows anti-inflammatory effects [138]. Moreover, ARA is necessary for the repair
and growth of skeletal muscle tissue and makes it a powerful dietary component in support of
the anabolic muscle formulations [139]. The inclusion of Spirulina in malnourished children has
shown improvement against anemia by increasing hemoglobin, protein, and vitamin levels [140].
Additionally, phycocyanin, γ-linolenic acid, vitamins, phenolic compounds, and minerals can help
with malnourished children [141]. The consumption of S. platensis and S. maxima showed an increase
of lactic acid bacteria increase in the gastrointestinal tract [83].

4.4. Bioremediation Potentialities

The ability to metabolize or bio-transform chemicals is one of the many properties of microalgae.
Some of the remarkable studies are shown in the following paragraphs, including treatment against
petroleum, herbicides, wastewater, etc. The potential of using the microalgae as a tool and profit
from it is huge. Cyanobacteria have shown great potential against surfactants and herbicides as
well [142–144]. Radwan et al. [145] showed the degradation of petroleum by using a functionalized
mat with microalgae, and fluometuron and lindane degradation were investigated by the group of
Mansy and El-Bestway [146], showing promising results when using a wide variety of microalgae.

Wastewater treatment by microalgae for the reduction of different contaminants is another
bioremediation potential. The case to reduce calcium and chloride by the use of Oscillatoria sp.
was studied by Uma and Subramanian [147]. Nitrogen and phosphorous reduction in wastewater by
microalgae production is a strategy by combining it with bioremediation of amino acids, enzyme, or
food industry effluents. Chlorella, Spirulina, and Scenedesmus are some of the species most used in these
systems to reduce the eutrophication in water bodies [148]. The strategy to use the exopolysaccharides
(EPS) produced in high amounts by cyanobacteria and microalgae as emulsifiers are driving the
researcher’s attention. It can be applied to oil, metal, and dye recovery. Further, Matsunaga et al., [149]
used Anabaena sp. to remove dyes from textile effluent, and Phormidium autumnale was used to degrade
indigo dye in 20 days [150].

In addition, exopolysaccharides produced by some cyanobacteria have the capacity of capturing
heavy metals suspended in water. The proper function of the EPS needs high purity, which is achieved
by ionic resins treatment [151]. Moreover, novel studies suggest green extractions as alternative
methods to get high purity EPS using membranes, ultrasound, and microwave. The bio-adsorption
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process occurs when negative charges present in EPS interact with heavy metal ions producing bonds.
Chelation of positively charged ions on the microalgal polysaccharides layer is due to a high crosslink
number that promotes fast kinetics. In recent literature, it has been demonstrated that the chelation of
zinc, copper, cadmium, lead, arsenic, chromium, and mercury for the potential applications for heavy
metals removal currently known as biosorption [152,153].

4.5. Bio-Fuels

The use of microalgae to generate biofuels has huge potential due to its oil content, biomass,
and hydrocarbons production. The use of microalgae to produce energy is wide, and the biological
conversion method of fermentation to generate hydrogen, ethanol, biodiesel, and biogas are the most
important [154]. Hydrogen is the most efficient and cleanest energy carrier and Chlamydomonas,
Arthrospira, and Chlorella microalgae species possess all the characteristics to photo produce
hydrogen gas (Khetkorn et al.) [155]. The increment of photobiological production of hydrogen
is related to the carbon content in biomass [156–158]. Other strains of interest are Anabaena able to
produce hydrogen [159]. Additionally, S. platensis can produce hydrogen in dark conditions with
photobiological hydrogen production [157].

4.5.1. Photosynthetically Production of Hydrogen

Cyanobacteria can produce hydrogen in two different ways. First, grown under nitrogen limiting
conditions, as a byproduct of nitrogen fixation when the species nitrogenase-containing heterocysts.
Second, a reversible activity of hydrogenases enzymes [160]. The two microalgae species studied for
hydrogen production were Anabaena and Scenedesmus. When Anabaena was placed into a glass jar it
produced hydrogen gas, and after a period of dark anaerobic “adaptation”, Scenedesmus sp. produces
hydrogen at low rates, greatly stimulated by short periods of light [161,162].

4.5.2. Biodiesel/Bioethanol

The substitute for conventional diesel is biodiesel, the result of transesterification of lipids.
The production of biodiesel is currently done by processing oily seeds from palm, castor bean,
sunflower, corn, and cotton, among others [163–165]. As discussed before, microalgae are a huge
producer of fatty acids that can be converted into biodiesel [59]. For instance, around 50% of Chlorella,
Nannochloropsis, Dunaliella, Scenedesmus, and Scenedesmus composition are lipids. Microalgae biofuel
has a high calorific value, low viscosity, and low-density properties turning it in a more suitable biofuel
than lignocellulosic materials [166].

Among other benefits, the use of ethanol as combustible reduces levels of lead, sulfur, carbon
monoxide, and particulates [167]. Normally, ethanol is produced from sugar from byproducts of sugar
cane and corn through fermentation of biomass [168]. Microalgae have the fermentable potential
substrate since they have high levels of carbon compounds, directly available or after a pre-treatment.
Some fermentable microalgae, such as Chlorella sp., Oscillatoria sp., and S. platensis, have already been
used to produce ethanol [169]. The ethanol should then be purified and used as efficient fuel and the
CO2 can be recycled in the cultivation of more microalgae or use of residual biomass in the process of
anaerobic digestion [170].

4.6. Antioxidants

Microalgae are rich in vitamins [85,112]. They can also accumulate vitamin E and fat-soluble
phenols with antioxidant properties. Vitamin E has a wide range of applications. Some of its
applications in medicine are to treat cancer, heart, eye, Alzheimer’s, Parkinson’s disease, and other
medical conditions [171]. Harvested microalgae are used in the food industry as added preservatives,
health-improving additives, and for photoprotection in skin creams [172].

Phycocyanin purified from cyanobacterium Synechococcus sp. R42DM showed antioxidant activity
in vitro and in vivo. The cyanobacterium was isolated from a polluted industrial site in India [141].
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The conditions showed stability in thermal and oxidative stress with Caenorhabditis elegans [141].
Geitlerinema sp. H8DM is another microalgae that produced a variation of phycocyanin [173].

4.7. Phycotoxins

One of the groups of microalgae responsible for producing phycotoxins are dinoflagellates that
lead to harmful algal blooms and “red tides” [174]. Although, the same microalgae can produce
a wide spectrum of secondary metabolites that may be applied to therapy as antitumor, antibiotic,
antifungal, immunosuppressant, cytotoxic, and neurotoxic named as phycotoxins [175]. The other
group is cyanobacteria. For example, Nostoc species are responsible for freshwater toxins with a
potential pharmaceutical use such as borophycin used against human carcinoma, borophycin-8 as
antibiotic, apratoxin A as a cytotoxin and anticancer, among another more than 30 metabolites [176,177].
Further, Anabaena produces bromoana-indolone, an antibiotic compound, along with balticidins
and laxaphycins, antifungal metabolites against Candida albicans, Penicillium notatum, Saccharomyces
cerevisiae, and Trichophyton mentagrophytes. The same species Anabaena produces sulfoglycolipids,
antivirals that can inhibit the HIV-1 virus. Other antivirus families are lectins, e.g., cyanovirin-N which
are produced by Nostoc sp. that prevents HI virus infections. It is effective against influenza A and B
as well [178].

5. Opportunities for Improvement

Drug discovery through microalgae biotechnology is under-represented in the current
pharmaceutical industry. Nevertheless, drug development by natural means like microalgae gives
several advantages such as water solubility, membrane permeability, biodegradability, bioavailability,
and biocompatibility [7]. Aquaculture feeds require a large volume of biomass for fish, mollusks, and
crustaceans. However, accumulation of biomass can be difficult and expensive, but the inclusion of
microalgal increases dietary value to feed with essential amino acids, fatty acids, high-quality protein,
vitamins, micronutrients, and carotenoids [179]. Products from fisheries and aquaculture combined
are supplying the world with 142 million tons of protein every year with a market value of 106 billion
dollars calculated in 2008 [179].

Biofuels in the form of gas and liquid products are gaining impact by the world regulations
of green economies. The use of microalgae to produce enzymes to be included in specific
catalyze processes to generate combustibles. For instance, biodiesel is an opportunity with
enzyme-chemistry [180]. More important is to address high-value products, as turbocine with more
caloric power for future perspectives and include secondary products generated in the process to stack
value and impact the current market. Carbon dioxide capture is another opportunity for microalgae.
The utilization of microalgae cultures in industrial processes can capture harmful gas emissions [181].
The accumulation of carbon dioxide can be applied under specific conditions to match with proper
algal strains in their mechanisms of photosynthesis, leading to a decrease in pollution and produce
biomass [182].

The biopolymer field is a branch of chemistry and material science where the application of novel
technologies are required to produce bioplastics. An urgent large-scale production of biodegradable
materials for common use, like packaging and containers, is far from current technology. However,
the application of biocompatible and biodegradable plastics with zero toxicity to mammal cells offers
the initial impulse to study the production of chitosan, cellulose, polyhydroxyalkanoates, and other
biopolymers by microalgae. A hot topic is the utilization of scaffolds to support cellular growth
in prosthesis and patches to treat skin burns, and missing or destroyed bones [183]. Biosorption
is a removal process of potentially toxic elements where adsorption, chelation, ion exchange, and
surface precipitation may occur. Through microalgae, heavy metals can be removed from municipal
and industrial wastewaters [153]. Its potential increases with the lack of fresh water and recently
with the detection of emerging contaminants as pesticides and drug wastes from pharmacological
industries [184].
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6. Concluding Remarks and Future Perspectives

Discovery, isolation, and preservation of novel microalgae strains are evident as we showed
in Table 1, where a large number of species were enumerated in recent years. Still, many more are
waiting to be discovered in the vast fresh and marine water resources in Mexico. An opportunity
to generate green solutions to local problems through science, innovation, technology development,
and transfer becomes one of the most important objectives for the field of microalgae biotechnology
applications. Investment in biodiversity has a relevant impact on preserving and studying the natural
resources in the country. However, attractive applications for industry investment are imperative
to have relevant participation in research. In addition, the involvement of industry, society, and the
research community helps to protect Mexico’s biodiversity. A green economy means political strategies
towards a low-carbon economy, resource efficiency, green investments, technological innovation and
more recycling, green jobs, poverty eradication, and social inclusion. The whole idea points to a higher
support for novel technologies that help in the mentioned point, especially towards the knowledge
development of involving local ecosystems. Local and global problems list include waste management,
water treatment and emerging pollutants with potential opportunities to provide innovative solutions.
A close collaboration between society, industry, and research institutions will lead to the path for a
sustainable development.
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Abstract: The bioactive bromotyrosine-derived alkaloids and unique morphologically-defined fibrous
skeleton of chitin origin have been found recently in marine demosponges of the order Verongiida.
The sophisticated three-dimensional (3D) structure of skeletal chitinous scaffolds supported their use
in biomedicine, tissue engineering as well as in diverse modern technologies. The goal of this study
was the screening of new species of the order Verongiida to find another renewable source of naturally
prefabricated 3D chitinous scaffolds. Special attention was paid to demosponge species, which
could be farmed on large scale using marine aquaculture methods. In this study, the demosponge
Pseudoceratina arabica collected in the coastal waters of the Egyptian Red Sea was examined as a
potential source of chitin for the first time. Various bioanalytical tools including scanning electron
microscopy (SEM), fluorescence microscopy, FTIR analysis, Calcofluor white staining, electrospray

Mar. Drugs 2019, 17, 92; doi:10.3390/md17020092 www.mdpi.com/journal/marinedrugs55



Mar. Drugs 2019, 17, 92

ionization mass spectrometry (ESI-MS), as well as a chitinase digestion assay were successfully used
to confirm the discovery of α-chitin within the skeleton of P. arabica. The current finding should make
an important contribution to the field of application of this verongiid sponge as a novel renewable
source of biologically-active metabolites and chitin, which are important for development of the blue
biotechnology especially in marine oriented biomedicine.

Keywords: chitin; scaffolds; biological materials; demosponges; Pseudoceratina arabica

1. Introduction

Structural aminopolysaccharide chitin is one of the oldest biopolymers due to its presence in fungi
which appeared on our planet around 2.4 billion years ago [1]. In 1811, Henri Braconnot discovered
chitin in the form of an alkali-resistant fraction during his studies on higher fungi and, consequently,
termed it as fungine (for review see [2]). The currently used term chitin, however, has been proposed in
1823 by Auguste Odier who used beetle cuticles to isolate similar biomaterial during alkali treatment
with hot KOH solutions [3]. Chitin has been found in skeletal structures of diverse unicellular
organisms (yeasts, protists) and invertebrate organisms (corals, annelids, molluscs, arthropods) with
exception of crustose coralline algae; cell walls of diatoms and skeletons of sponges (see for review [4,5]).
The existence of chitin within the marine demosponges and glass sponges’ skeletons was reported for
the first time only in 2007 [6,7]. The first report on chitin identification in siliceous cell walls (frustules)
of diatoms was carried out in 2009 [8]. Intriguingly, the presence of chitin in crustose coralline algae
has been described in 2014 [9]. Nowadays, chitin has been reported in 17 species of marine [10] and
in two species of freshwater sponges [11,12]. One of the special characteristics of poriferan chitin is
the 3D fibrous nature, which has been recognized as a naturally prefabricated tubular scaffold that
follows the morphology especially of keratosan demosponges [13–15]. These unique 3D architectures
of such scaffolds are typical for representatives of the Verongiida order (subclass Verongimorpha,
class Demospongiae) and open perspectives for their applications in waste treatment [16], tissue
engineering [14,17,18], electrochemistry [19] as well as extreme biomimetics [2,20–23]. Due to the fact
that manufacturing of fungi, as well as crustaceans chitin into 3D sponge-like scaffolds, is difficult and
expensive, the extensive research of species-specific morphology and structure of the chitin-scaffolds
of sponge origin as “ready to use” materials still remain important for practical applications.

Representatives of Verongiida demosponges contain aplystane-type and bromotyrosine-derived
secondary metabolites, which is a unique feature within Demospongiae. This is a very distinct
chemotaxonomic marker for all members of the order Verongiida [24–26]. It has been proved that
bromotyrosine-derived alkaloids possess antimicrobial, antifungal, cytotoxic, and antimalarial activity
(for review see [27–34]). Interestingly, only nudibranchs represent the natural predator of the verongiid
sponges [35]. As reported previously [36], some of bromotyrosines also showed anti-chitinase activity.
Consequently, it was suggested that bromotyrosine related compounds localized within chitinous
skeletons of verongiid sponges can inhibit the chitinases of bacterial and fungal origins and in this
way protect the integrity of sponge skeleton [13].

So far, only two representative species of the Verongiida order exist in the Red Sea, namely
Pseudoceratina arabica and Suberea mollis. Both sponges have been extensively investigated by our group
to identify their bioactive compounds. Recently, several bromotyrosine alkaloids and halogenated
compounds with different biological activities have been reported from these two sponges [27–31,37,38].
Due to the ability of diverse chitin-producing sponges to grow under marine ranching conditions (see
for overview [39]), poriferan chitin constitutes a renewable source of such unique naturally occurring
scaffolds. This encouraged studies on monitoring of novel demosponge species with chitinous
skeletons. Therefore, this study focused on the bromotyrosines producing Red Sea demosponge
Pseudoceratina arabica (Figure 1) where the presence of chitin has never been reported before.

56



Mar. Drugs 2019, 17, 92

 
Figure 1. The fragment of the dried specimens of P. arabica demosponge used in this study.

2. Results

Figure 2 clearly shows that the alkali treatment resulted in depigmented, protein-free, fibrous
scaffolds with residual siliceous spicules and foreign, sandy microparticles within the fibers (Figure 3).
Observations of these contaminants into the NaOH-treated fragments of P. arabica support our previous
suggestion about the allochronic origin of sponges from Pseudoceratinidae family [33].

 
Figure 2. Completely demineralized and pigment-free scaffolds isolated from the sponge P. arabica.
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Figure 3. Alkali-treated fibers of P. arabica under the optical microscope showing foreign spicules (A)
and microparticles of sand (B, C) (arrows).

SEM microphotographs of the scaffolds isolated from P. arabica before (Figure 4) and after (Figure 5)
HF-treatment show that only treatment using diluted HF water solution leads to dissolution and
removal of sand microparticles as well as spicules and result in silica-free, pure, microfibers with high
structural integrity, as observed before in other verongiid sponges [6,13,15,40] (Figure 5). These results
were also confirmed using light as well as fluorescent microscopy (Figure 6).
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Figure 4. SEM images of alkali-treated skeletal fibers of P. arabica. Microparticles of siliceous
foreign sponge spicules (A) and sand particles (B) are marked with arrows. Some parts of partially
demineralized fibers remain to be free from foreign particles (C).
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Figure 5. SEM images of P. arabica fibers after desilicification in 10% of HF under different levels of
magnification (A–C).
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Figure 6. Light microscopy (A,B) and fluorescence (C,D) microscopy images of P. arabica fibers after
desilicification in 10% HF lacking of spicules and other foreign contaminants in investigated fibers.

Typically, Calcofluor white staining (CFW) was used as the first stage of chitin identification
in completely demineralized (including HF-based treatment) sponge skeletons. This fluorescent
dye is commonly used for staining β-(1→3) and β-(1→4) linked polysaccharides including chitin.
Consequently, after binding to polysaccharides, CFW dye exhibits bright blue light under UV
excitations [41].

Examination of the scaffolds isolated from P. arabica after CFW staining using fluorescent
microscopy demonstrate strong fluorescence under light exposure time as short as 1/4800 s
(Figure 7B). Similar conclusions were reported previously for chitin isolated from sponges
of marine [6,10,15,32,33,40] as well as freshwater [12] origin and fossilized chitin-containing
remains [11,41].

 
Figure 7. Completely purified fibers of P. arabica after CFW staining: (A) light microscopy image
and (B) fluorescence microscopy image of the same location (light exposure time 1/4800) confirm the
chitinous nature of the fibers.
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More precise methods were applied to study in details the presence and identification of chitin in
isolated scaffolds. FTIR spectroscopy is considered as an effective technique for structural analysis of
different polysaccharides including chitin. Recently, FTIR analysis was successfully used to obtain
information about of type of polymorph form of chitin [42].

The acquired FTIR spectra of demineralized scaffolds of P. arabica and standard α-chitin are
presented in Figure 8. Between 1700 and 1500 cm−1, the different signatures characteristic for chitin
polymorphs were observed. In this amidic moiety region, the investigated sample showed strong
band related to the stretching vibrations of C=O group characteristic for band I of the amidic moiety.
This band, registered for studied sample, possessed twin peaks at 1651 and 1633 cm−1, which is
related with the presence of two types of carbonyl groups within the chitin chain, and it is also
typical for α-chitin. The first peak derives from the specific intermolecular hydrogen bond of carbonyl
group and hydroxymethyl group on the next chitin residue in the same chain. The second peak is a
result of the intramolecular hydrogen bonds of carbonyl with the amide groups. Additionally, in the
purified sponge chitin sample, as well as in the α-chitin standard, the characteristic intense band at
vmax 948 cm−1 which is referred to γCHx bond was observed. Moreover, the α-chitin characteristic
band assigned to β-glycosidic bond at 895 cm−1 is well visible in the studied samples. However, it
should be noted that the characteristic bands for CaCO3 (855–876 cm−1) and SiO2 (720 cm−1) were not
observed in the spectrum of P. arabica, suggesting that procedure of chitin isolation resulted in chitin of
high purity. Additionally, the comprehensive analysis of acquired spectra shows that recorded bands
correspond with those referred in the α-chitin reference sample.

 
Figure 8. FTIR spectra of the chitin isolated from P. arabica compared to standard a-chitin.
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Figure 9 shows the Raman spectrum of chitin isolated from P. arabica compared with the spectrum
of the α-chitin reference. Characteristic bands for α-chitin can be found in the spectrum of the isolated
chitin within the spectral resolution of the measurement. The existence of two bands characteristic
to amine band I at vmax 1657 and 1624 cm−1 as well as intense band related to the β-glycosidic bond
at vmax 895 cm−1 clearly indicate that chitin isolated from P. arabica is of α isomorph. Moreover, the
bands in the spectrum are in good agreement with previously published data [5,10,43,44].

Figure 9. A Raman spectrum of chitin isolated from P. arabica compared with the spectrum of reference
α-chitin. The bands of P. arabica are in good agreement with those of α-chitin standard within the
spectral resolution of the measurements.

Previously, in order to confirm the presence of chitin in diverse sponges, the chitinase digestion
test has been successfully applied [6,10,15,32,33,40]. This enzyme has unique ability to decompose
chitin into low-molecular oligomers such as N-acetyl-D-glucosamine (GlcNAc). Therefore, the action
of chitinase leads to the loss of chitin integrity and the release of residual chitin microfibers of steadily
decreasing size. The changes in the structure of treated fibers can be observed using light microscopy
(Figure 10). This test is unequivocal and provides additional confirmation of the successful chitin
isolation from the sponge under study here.

 
Figure 10. Results of chitinase digestion test on the purified skeletal fibers of P. arabica. Fibers before
the digestion (A) and after 2 h of treatment with chitinase solution (B) are well visible.
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D-glucosamine (dGlcN) is the product of chitin’s acidic hydrolysis which can be readily
identified by electrospray-ionization mass spectroscopy (ESI-MS) measurements. Thus, ESI-MS
spectroscopy becomes a standard method for chitin identification which usability was shown in
complex organisms [40,45,46] and even in 505-million-year-old chitin-containing fossil remnants [47].

In the positive ESI-MS spectra, D-glucosamine (dGlcN) standard revealed several main ion peaks
with m/z = 162.08, 180.09, 202.07, 359.17, and 381.15 (Figure 11). The ion peak at m/z = 180.09 and
202.07 correspond to a [M + H]+ and [M + Na]+ species with molecular weight of 179.09 which is
dGlcN molecule (calculated: 179.1). The ion peak at m/z = 161.85 corresponds to a [M + H]+ specie
with molecular weight of 160.85 that is dGlcN ion [M−H2O + H]+ without one water molecule
(calculated: 161.1). There are also week ion peaks at m/z = 359.17 and 381.15 corresponding to
[2M + H]+ and [2M + Na]+ species which are proton- or sodium-bound dGlcN noncovalent dimmer.
The ESI-MS spectra of the P. arabica hydrolysate has revealed nearly identical ion peaks to those of the
D-glucosamine standard signal composition (Figure 12). This result clearly demonstrates the presence
of dGlcN in the hydrolysate and correspondingly chitin in the sample.

 
Figure 11. Schematic diagram showing the step-by-step procedure of chitin isolation from the skeleton
of P. arabica.

Figure 12. The positive ESI-MS spectra of D-glucosamine (dGlcN) standard (left) and of
acid-hydrolyzed chitin (right) from P. arabica.

3. Discussion

Seas and oceans are a huge source of various invertebrate animals with potential to be used in
biomedicine. For this reason, these organisms are frequently being tested for the presence of various
useful products (unique secondary metabolites, biopolymers and biological materials), and many of
them have been found in marine sponges. The order Verongiida has been recognized to be divided
into four families, which differ in the structure and composition of skeletal fibers [48,49]. The largest
verongiid family is Aplysinidae (52 species from three genera: Aiolochroia, Aplysina, and Verongula).
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This family is characterized by an anastomosing fiber skeleton with both pith and bark elements. The
second largest verongiid family is Ianthellidae (21 species in four genera: Anomoianthella, Hexadella,
Ianthella, and Vansoestia). The presence of eurypylous choanocyte chambers is a feature distinguishing
this family from the others verongiids. Aplysinellidae includes 17 species in three genera (Aplysinella,
Porphyra, and Suberea) with dendritic fiber skeleton possessing both pith and bark elements, which
are typical morphological features characteristic for representatives of this family. The verongiid
P. arabica (Keller, 1889) that has been investigated in this study belongs to the family Pseudoceratinidae,
which is currently including four species representing the only genus Pseudoceratina. Representatives
of this family are characterized by a dendritic fiber skeleton with only pith elements. Interestingly,
sponges of the genus Pseudoceratina are assumedly the richest sources of pharmacologically active
alkaloids with diverse chemical skeletons within the order Verongiida [33]. Among various secondary
metabolites isolated from Pseudoceratina species are: moloka’iamine derivatives, phenolic halogenated
compounds, psammaplysins, pseudoceratinamide A and B, ceratinines, moloka’iakitamide, aplysterol,
and aplysamine [33]. To date, a variety of secondary metabolites obtained from P. arabica have been
purified using the solvent extraction method. Surprisingly, there are no literature reports on the
extraction of these metabolites using the alkaline-based solution as well as about structural stability of
such biomolecules at pH above 7. Alkaline stepwise extraction procedures were recently reported as
effective methods for isolation of chitin-based scaffolds with bromotyrosines from other representatives
of the order Verongiida and to “squeeze the full potential” of marine sponges [39]. However, it is
necessary to prove, the pharmacological and biotechnological potential of the Red Sea verongiid
sponges especially because of the recently published intriguing results concerning anti-tumorigenic and
anti-metastatic activity of Aeroplysinin-1 which is one of the main bromotyrosine derivatives extracted
from Verongiida [34]. All Verongiida sponge samples analyzed until now were found to exhibit a
chitin-based scaffold, and here it was proved that P. arabica is the new example of chitin-containing
sponge from this order. Apart from the bioactive metabolites of P. arabica, which are excellently
described in the literature, here it was strongly demonstrated that this marine sponge can be effectively
used also as a source of naturally prefabricated 3D chitinous scaffold with open-pore structure.
Unfortunately, there is still lack of information concerning the interrelationships between the secondary
metabolites and chitinous skeleton of P. arabica, especially with respect to their localization within so
called spherulous cells. However, it known that spherulous cells are rich on bromotyrosines and have
been found within skeletal fibres of verongiids [50]. The questions about the role of bromotyrosines in
regeneration of chitinous skeleton as well as the growth rate of this species are still open. However,
these data are crucial for the future estimation of the biotechnological, biomedical and pharmaceutical
potential of P. arabica in the region.

It is worth to mention that, the 3D macroporous biomaterials of sponge origin gain a particular
interest in tissue engineering, water purification, catalysis, and electrochemistry [51]. Preliminary
research done with the use of corresponding 3D chitinous-scaffolds isolated from A. aerophoba [17] and
Ianthella basta [18] confirm their biocompatibility with human mesenchymal stromal cells; supporting
their adhesion, viability, growth, and proliferation. Additional, useful features of chitinous scaffolds of
poriferan origin are their simplicity and ease of isolation. Calculated swelling capacity for chitinous
matrices isolated from P. arabica is equal to 255 ± 8%. There are no doubts that comparative studies on
interconnected porosity and swelling ability between chitinous matrices of P. arabica and that from other
verongiid species [17,18] should be carried out. Consequently, the discovery of chitin in other members
of the genus Pseudoceratina would be the next stage in the evaluation of the possibility to accept these
organisms as a new source of 3D chitin scaffolds with macroporosity which range between 150–350 μm
for biomedical applications. We suggest that the opportunity for ex situ cultivation of P. arabica can be
an important advantage, which enables the use of this sponge for large scale applications in diverse
advanced technologies.
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4. Materials and Methods

4.1. Collection of Samples

Specimens of marine sponge Pseudoceratina arabica (Keller, 1889) (Porifera: Demospongiae:
Verongiida: Pseudoceratinidae) described initially as Psammaplysilla arabica Keller, 1889 were collected
by hands using SCUBA from the southern part of the Egyptian Hurghada (N 27◦02′46.8” E 33◦54′21.4”)
in July 2017 at depths up to 25 m. The yellowish green encrusting sponge with its conulose surface
measuring about 1–2 cm thick. The preserved sponge in ethanol is completely black in color with
dark-discolored ethanol. The conules on the sponge surface are bluntly rounded in shape, compressible
and rubbery. The individual conules measure about 2–5 mm. The sponge skeleton consists of irregular
and scattered fibers composed of pith. The outline and branching were irregular with thickness
measuring between 80 and 300 μm. The sponge is similar to the sample collected in Red Sea from
Eritrea. The sponge voucher (10.0 × 4.0 × 1.0 cm) was kept in the Zoological Museum of the University
of Amsterdam with reference no. 17951. A similar specimen of the sponge was kept at Suez Canal
University with collection reference DY-61. Collected specimens were kept on ice after collection.
After returning to our laboratory, the specimens were freeze-dried (Figure 1) and transferred to the
bioanalytical laboratories at TU Bergakademie Freiberg (Freiberg, Germany).

4.2. Isolation of Chitin from P. Arabica

The isolation of chitin scaffolds from P. arabica (Figure 1) was carried out according to our previous
reports [12,40,52]. The methodology consists of four steps (Figure 11): first, the skeleton of P. arabica
was incubated in deionized water at room temperature for one hour to remove possible water-soluble
sediment particles and salts. In the second step, the samples were treated with 3 M HCl at room
temperature for 6 h in order to eliminate possible residual calcium carbonate-based debris (micro
fragments of crustacean carapaces and mollusc shells) from the skeleton of P. arabica. Afterwards,
the samples were washed several times with deionized water until achieving a pH of 6.5 followed
by treatment with 2.5 M NaOH at 37 ◦C for 72 h to remove pigments and proteins. Due to the
observation of the foreign spicules and their fragments in the samples after 72 h of alkali treatment,
additional desilicification was needed. Consequently, alkali-treated samples were accurately rinsed
with deionized water and stored in a plastic vessel containing appropriate amount of 10% hydrofluoric
acid (HF) solution (step four). The vessel was covered in order to prevent the evaporation of HF. The
desilicification process was conducted at room temperature for 12 h. The influence of alkaline and
strong acidic treatments on the structure of skeleton of the studied sponge was investigated using
stereo, white light and fluorescence microscopy. Finally, the isolated material was washed several
times with deionized water up to a pH level of 6.5. The fibrous translucent scaffolds (Figure 2) were
placed into 250 mL large GLS 80 Duran glass bottles containing deionized water and stored at 4 ◦C for
further analyses.

4.3. Light and Fluorescent Microscopy Analyses and Imaging

Collected sponge samples and isolated chitinous scaffolds were observed using BZ-9000
microscope (Keyence, Osaka, Japan) in the light as well as in the fluorescent microscopy modus.

4.4. Scanning Electron Microscopy Analysis

The morphology and microstructure of isolated and purified chitinous scaffolds, as well as
untreated samples of P. arabica, were studied on the basis of SEM images using a Philips ESEM XL
30 scanning electron microscope (FEI Company, Peabody, MA, USA). Before analysis, samples were
covered with a carbon layer for one minute using an Edwards S150B sputter coater (BOC Edwards,
Wilmington, MA, USA).
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4.5. Calcofluor White Staining Test

Due to the fact that Calcofluor White (Fluorescent Brightener M2R, Sigma-Aldrich, Taufkirchen,
Germany) exhibits enhanced fluorescence after binding to chitin [53,54], this staining method was
applied to investigate the location of chitin in the completely purified fibers of P. arabica. The selected
chitinous fibers were soaked in 0.1 M KOH-glycerine-water solution and few drops of the 0.1% CFW
solution were added. This mixture was incubated for 3 h in darkness, washed several times with
demineralized water, dried at room temperature and examined using BZ-9000 microscope (Keyence,
Osaka, Japan).

4.6. FTIR and Raman Spectroscopy

FTIR spectra of chitinous scaffolds were acquired using a Nicolet 210c FTIR spectrometer. The
samples were analysed using the ATR system with resolution equals 4 cm−1. A micro-Raman system
composed by a spectrometer (RamanRxn1™, Kaiser Optical Systems Inc., Ann Arbor, MI, USA), a
785 nm excitation laser diode (Invictus 785, Kaiser Optical Systems Inc., Ann Arbor, MI, USA) and an
upright microscope (DM2500 P, Leica Microsystems GmbH, Wetzlar, Germany) was used to acquire
the Raman spectra from the sample surface. Each spectrum was registered in the range 150–3250 cm−1

with resolution of 4 cm−1, using a total acquisition time of 80 s. The fluorescence background was
subtracted in MATLAB (MathWorks Inc., Natick, MA, USA) with a baseline procedure.

4.7. Chitinase Digestion Test

Yatalase®from culture supernatants of Corynebacterium sp. OZ-21 (Cosmo Bio, Tokyo, Japan) was
used for the digestion test. Yatalase is a complex enzyme, consisting mainly of chitinase, chitobiase
and β-1,3-glucanase. One unit of this enzyme released one μmol of N-acetylglucosamine from 0.5%
chitin solution and 1 μmol of p-nitrophenol from p-nitrophenyl-N-acetyl-β-D-glucosaminide solution
in 1 min at 37 ◦C and pH 6.0. The selected, completely demineralized chitinous scaffolds of P. arabica
(Figure 3) were incubated in an enzyme solution containing 10 mg/mL Yatalase dissolved in phosphate
buffer at pH 6.0 for 2 h. The progress of digestion was monitored under light microscopy using BZ-9000
microscope (Keyence, Osaka, Japan).

4.8. Estimation of N-Acetyl-D-Glucosamine (NAG) Content and Electrospray Ionization Mass Spectrometry
(ESI-MS)

The Morgan–Elson assay was used in order to evaluate the N-acetyl-D-glucosamine released after
chitinase treatment, as described previously. For more details see [6,11,12].

Sample preparation for the ESI-MS analysis was performed by the hydrolysis of organic matrixes
obtained after HF-treatment of the biological samples in 6M HCl (24 h at 90 ◦C). The samples, after HCl
hydrolysis were filtrated with a 0.4 micron filter and freeze-dried in order to remove any excess HCl.
The standard D-glucosamine as a control was purchased from Sigma (Sigma-Aldrich, Taufkirchen,
Germany Both the commercial standard and the prepared sample were dissolved in water before
ESI-MS analysis. ESI-MS measurements were performed on an Agilent Technologies 6230 TOF LC/MS
spectrometer (Applied Biosystems, Foster City, CA, USA) in line as a detector in the analytical HPLC
instrument. Nitrogen was used as the nebulizing and desolation gas.

5. Conclusions

The results of this investigation showed the need to develop new, simultaneous, more effective
methods of extraction of both biologically active compounds and chitinous scaffolds from P. arabica
and other species. The possibility of farming of Pseudoceratina species from primmorph-based cultures
and under marine ranching conditions possesses high potential for advanced blue biotechnology. Due
to the fact that, the P. arabica species live at low depths (around 10 m) development of a new method
for their aquaculture in tropical areas become very attractive from the industrial and economical
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point of view. It is already confirmed that chitinous scaffolds isolated from representatives of the
order Verongiida are lucrative for the development of regenerative medicine. Further research could
also be conducted to determine the possibility of technological application of chitinous scaffolds of
P. arabica origin as advanced 3D composite materials under conditions of extreme biomimetics or
adsorbents. We suggest that this study will trigger the future research dedicated to both (i) discovery of
chitin within other representatives of the family Pseudoceratinidae (ii) and their utilization in modern
technologies improving the quality of human life and health.
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Abstract: The crustacean processing industry produces large quantities of waste by-products (up to
70%). Such wastes could be used as raw materials for producing chitosan, a polysaccharide with a
unique set of biochemical properties. However, the preparation methods and the long-term stability of
chitosan-based products limit their application in biomedicine. In this study, different scale structures,
such as aggregates, photo-crosslinked films, and 3D scaffolds based on mechanochemically-modified
chitosan derivatives, were successfully formed. Dynamic light scattering revealed that aggregation of
chitosan derivatives becomes more pronounced with an increase in the number of hydrophobic
substituents. Although the results of the mechanical testing revealed that the plasticity of
photo-crosslinked films was 5–8% higher than that for the initial chitosan films, their tensile strength
remained unchanged. Different types of polymer scaffolds, such as flexible and porous ones,
were developed by laser stereolithography. In vivo studies of the formed structures showed no
dystrophic and necrobiotic changes, which proves their biocompatibility. Moreover, the wavelet
analysis was used to show that the areas of chitosan film degradation were periodic. Comparing the
results of the wavelet analysis and X-ray diffraction data, we have concluded that degradation occurs
within less ordered amorphous regions in the polymer bulk.

Keywords: mechanochemical synthesis; chitosan; laser stereolithography; long-term stability;
scaffold; tissue reaction
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1. Introduction

Formation of waste by-products from commercial fish and seafood production is a topical problem
nowadays. For example, in the case of the crustacean processing industry, the amount of waste
by-products reaches 50–70% of the raw material [1]. Such wastes require additional economic costs for
their disposal and, therefore, the industry should pay close attention to the waste recycling process.

Sea crustaceans are known to contain a large amount of chitin, a polysaccharide which is the
second most abundant biopolymer after cellulose. It is also found in the exoskeleton of insects,
cell walls of fungi, and in green algae [2]. Partial deacetylation of chitin results in the formation
of chitosan [3], a biopolymer with a unique set of biological and physicochemical properties.
In addition to biodegradability and biocompatibility, chitosan is a non-immunogenic material, which
also demonstrates antifungal and antimicrobial activities [4], with an almost absent reaction to a
foreign body, no formation of a fibrous capsule [5], and the ability to penetrate through the intestinal
barrier [6]. Free amino groups give chitosan many specific properties, distinguishing it from chitin.
The amino groups of the D-glucosamine residues can be protonated, and the resulting polycation
can subsequently form ionic complexes with various proteins, lipids, DNA and negatively-charged
synthetic polymers [2]. Moreover, such polycations have the ability to interact with the negative
charges of the cell surface [7]. Materials based on chitosan and its derivatives may be presented in
different physical forms. Their mucoadhesive properties allow them to be used as excipients for the
preparation of buccal, vaginal and nasal dosage forms [8,9].

Despite extensive renewable sources of chitosan and its universal properties, there are practically
no available pharmaceutical products based on this biopolymer. This fact has several explanations.
First, chitosan is sensitive to storage and processing conditions. Significant heating or cooling can
cause stress to its structure and cause polymer degradation or oxidative transformation of its functional
groups [8]. It limits the number of reagents suitable for chemical modification of chitosan. In the
numerous studies devoted to the application of chitosan-based materials in the pharmaceutical and
biomedical fields, chitosan and its derivatives were obtained mainly through a classical chemical
synthesis [10–13]. Application of toxic solvents as well as a low final product yield do not allow the
extrapolation of the synthesis schemes developed in the scientific studies onto an industrial scale.

There is another reason limiting the application of chitosan and its derivatives in the
pharmaceutical industry and biomedicine. Being a natural polymer, chitosan has highly variable
properties. Its mean molecular weight, molecular weight distribution, degree of deacetylation, and
purity are highly dependent on the production methods, as well as on the choice of the raw material
source [14]. These characteristics affect the physicochemical (e.g., viscosity, solubility) and biological
(e.g., biodegradability, stability) properties of chitosan and its derivatives.

Long-term stability is one of the problems associated with the introduction of drug delivery
systems into a wider clinical application. Chitosan-based delivery systems must be thermally,
chemically, and mechanically stable thereby maintaining the effectiveness of the dosage form for
a long time [15]. Several strategies to increase the long-term stability of chitosan-based products are
known: polymer-analogous transformations of functional groups, application of stabilizing agents,
and physical and chemical cross-linking [8,16,17].

In our study, we used the technique of processing solid mixtures which combines chemical
reagents, pressure and shear stress. This method is known as mechanochemical synthesis [18–20].
Compared to the conventional solvent-based chemical synthesis, mechanochemical synthesis is a
convenient and effective approach to targeted chemical modification of non-melting or poorly soluble
polysaccharides, since it does not require melting the reaction mixtures [21,22]. Mechanochemical
synthesis can be adopted to different production conditions as well as scaled and, therefore, this
method has been employed across a number of industries including food, polymer, and pharmaceutical
manufacturing [23]. Currently, there is a global trend towards using environmentally friendly and
safe processes to modify medical polymers. Mechanochemical synthesis has attracted the attention of
researchers in the field of biomedical materials science, since it does not require solvents, catalysts, and
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initiators of chemical processes, thus reducing the negative impact on the environment. As a result,
the economic costs of solvent disposal and purification of synthesized medical polymers are excluded.

In our study, we used the same extruder either for alkaline deacetylation of chitin or for its
modification with allyl groups on a pilot-industrial scale. Introduction of hydrophobic unsaturated
substituents allows us not only to increase the long-term stability of chitosan-based materials, but also
to obtain a photosensitive biopolymer. When exposed to ultraviolet and laser radiation, it can crosslink
and form stable three-dimensional networks.

Thus, the presented work is aimed at determining the physicochemical properties and long-term
stability of chitosan materials modified by mechanochemical synthesis at various levels of their
structural organization including aggregates, films and three-dimensional structures. In other words,
from submicron structures to macrostructures of high resolution.

To achieve this goal, our work was divided into the following stages, according to Figure 1.

 

Figure 1. Scheme of the experimental work.

75



Mar. Drugs 2019, 17, 48

Chitosan was synthesized by deacetylation of crab chitin in a pilot-industrial extruder. Later,
in the same extruder, hydrophobic fragments were introduced into the structure of chitosan.
The obtained derivatives were used to prepare polymer solutions, in which forming aggregates
were studied by dynamic light scattering. At the next step, photocrosslinked polymer films
and three-dimensional structures (3D scaffolds) were formed. Previously, we had applied the
two-photon polymerization technique to produce three-dimensional microstructures from synthesized
photosensitive polysaccharides [24,25]. In this study, we used laser stereolithography, a simple and fast
technique of three-dimensional prototyping requiring no expensive equipment [26,27]. The technique
implies a layer-by-layer formation of a three-dimensional scaffold from a photosensitive material
according to a computer-aided design (CAD) blueprint. The photosensitive material usually consists
of monomers or oligomers with a photoinitiator. It is of note that, in the case of laser stereolithography,
it is possible to regulate the mechanical properties of a scaffold and subsequently obtain a construct
with the properties close to those of the tissues to be substituted. This is achieved by varying the
parameters of laser structuring (e.g., the number of laser passes for one layer, distance both between
passes and layers, laser fluence, and the scanning speed of galvanometric mirrors); regulating the
number of chromophore groups in the raw material; varying the physico-mechanical characteristics
of the polymer component in the composition. In addition, the long-term stability of the formed
photocrosslinked films and 3D scaffolds was studied in vivo.

2. Results and Discussion

2.1. Synthesis of Allylchitosans (AC) and Their Properties

According to the NMR spectra-based calculations, the degree of substitution (per 100 polymer
units) of the sample AC2 was 5% and it grew on increasing the allyl bromide (AB) in the initial
mixtures: 17–20% for samples AC3, AC4 and up to 50% for the sample AC5. In the alkaline medium,
O-substituted products were formed predominantly, but not selectively. The observed structure of the
obtained derivatives was in total agreement with the difference in the nucleophilicity of the polymer
hydroxy and amino groups under the catalytic reaction conditions. When compared to the initial
polymer, the solubility of chitosan samples modified with hydrophobic allyl fragments in acetic acid
(2%), a conventional solvent of chitosan, decreased insignificantly (1–2%), which allowed us to use
solution methods for the preparation of such materials. Generally, our studies have shown that, for the
synthesis of chitosan derivatives, mechanical activation of solid reaction mixtures is preferable since it
substantially reduces the consumption of reagents, the process duration (up to several minutes), and
the process temperature in contrast to a similar process in an organic solvent (isopropyl alcohol, 70 ◦C,
1–4 h) [28].

2.1.1. Hydrodynamic Diameter of Aggregates in the Samples in Aqueous Solutions

Since the use of chitosan and its derivatives is mainly associated with their aqueous solutions,
it is necessary to investigate the materials’ behavior in such media. Spontaneously-formed chitosan
aggregates, which can be used as drug and gene carriers [29,30], are of special interest. Figure 2 shows
the relation between the hydrodynamic diameter and the degree of substitution (DS) of chitosan
amino groups.
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Figure 2. The relation between the hydrodynamic diameter and the degree of substitution of
chitosan amino groups with allyl fragments. Solutions were prepared with acetic acid (2%) at a
final concentration of 0.02 g/dL.

The same results for the average size of chitosan aggregates were obtained in the study by
Popa-Nita et al. [31]: for 0.01 wt% chitosan solutions, aggregate sizes (diameters) ranged from 200 nm
to 2000 nm. Moreover, the authors showed an increase in the aggregate sizes with an increase in the
degree of acetylation, i.e., with an increase in the number of hydrophobic substituents in the chitosan
structure [31]. Other studies [32,33] also showed more pronounced aggregation caused by acetamide
groups left as a result of incomplete chitin deacetylation. In these articles, the aggregation was caused
by either a change in the degree of protonation of dissolved macromolecules or by enhancement of
hydrophobic intermolecular interactions.

However, the available data on the chitosan intermolecular aggregation are highly contradictory.
The complex behavior of chitosan macromolecules in solutions is determined by the ability of their
functional groups to form hydrogen bonds, both intermolecular and intramolecular, that stabilize the
conformational structure. For example, some studies [34,35] showed a suppression of aggregation
with an increase in the degree of acetylation, which was explained by the decrease in the chitosan
crystallinity. Apparently, chitosan is prone to aggregate due to several factors, with each of them
contributing to the association energy. In our experiments with dilute solutions of allylchitosan samples,
dynamic light scattering revealed the formation of intermolecular lipophilic interactions. When the
degree of substitution reached a significant value (sample AC5), these interactions led to the formation
of aggregates, whose sizes were greater than those of the initial chitosan. Thus, the mechanical
activation of solid reaction mixtures allows for the preparation of chitosan aggregates—of the
required sizes by selecting the conditions for mechanochemical synthesis and varying the number of
hydrophobic fragments introduced into the chitosan structure.

2.1.2. Mechanical Properties of the Film Samples

Table 1 shows the effect of mechanochemical modification with allyl fragments, as well as of
ultraviolet (UV) irradiation, on the mechanical properties of chitosan films.

Table 1. Deformation-strength characteristics of allylchitosans.

Sample
DS

(mol%)

Before UV Exposure After UV Exposure

σ (MPa) E (MPa) ε (%) σ (MPa) E (MPa) ε (%)

Chitosan 0 37 ± 2 1800 ± 200 18 ± 3 39 ± 3 1900 ± 200 18 ± 3

AC2 5 37 ± 2 1800 ± 200 26 ± 3 41 ± 3 1900 ± 100 21 ± 3

AC4 20 38 ± 2 2100 ± 200 25 ± 3 38 ± 2 1800 ± 200 19 ± 3

AC5 50 33 ± 2 1900 ± 200 23 ± 3 33 ± 2 1400 ± 200 17 ± 3
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For the initial chitosan, the obtained values of tensile strength and elongation at break are
higher than those in the study by Souza et al. [36] (σ = 13 MPa and ε = 16%) and they also exceed
values for chitosan films treated with various monomers and UV irradiation by Khan et al. [37] (σ
up to 29.1 MPa and ε up to 16.2%). This difference can be explained by the following factors: the
origin and characteristics of chitosan source, the degree of acetylation and the molecular weight of
chitosan, the solvent type, the polymer concentration in molding solutions, and the conditions for film
preparation and storage [38,39].

Additional lipophilic interactions provided by allyl fragments in the structure of AC samples did
not significantly contribute to their tensile strength. Moreover, UV irradiation also had no effect on the
tensile strength of the films. For allylchitosan-based films, elongation at break (or plasticity) prior to
UV exposure was 5–8% higher than that of the initial chitosan films. Obviously, the introduction of
hydrophobic substituents into a chitosan macromolecule results in a change in the films’ crystalline
morphology [40]. The UV treatment led to some decrease in the elongation at break for the AC films,
especially for samples with a high degree of substitution. Such a result is expectable. UV irradiation
has the ability to induce formation of cross-links in a polymer film containing unsaturated fragments.
This leads to a decrease in the mobility of polymer chains, which is reflected in a lower material
plasticity. The increased film hydrophobicity also causes a reduction of the water content in the film,
while water acts as a plasticizer [41].

2.1.3. X-Ray Diffraction (XRD) Analysis of Film Samples

The results of the XRD analysis for mechanochemically modified chitosan before and after UV
irradiation are demonstrated in Figure 3.

Figure 3. XRD analysis of allylchitosan film (sample AC2) before (spectrum 1) and after (spectrum 2)
UV cross-linking.

When comparing the XRD data of the two samples, one can notice that cross-linking did
not change the positions of the peaks. The presence of a broad intense maximum corresponding
to 2θ ≈ 20 deg (d1 = 4.434 Å) for the mechanochemically modified chitosan is similar to other
published results [36,42–44]. This maximum is explained by the presence of amorphous as well
as “pseudocrystalline” regions (crystallites) in the polymer. These crystallites represent ordered
regions where polymer chains are oriented parallel to each other. Another broad intense maximum
at 2θ ≈ 10 deg (d2 = 8.835 Å) is assigned to the hydrated crystalline structure of chitosan, which
was also observed in other studies [36,45]. The values of the interplanar distance, d2 and d1, had an
approximate ratio of 2:1, which could correspond to two reflection periods between two planes of
crystallites. In other words, the minimum distance between these planes was 4.434 Å. The maximum
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of low intensity at 2θ ≈ 15 deg (d3 = 5.899 Å) can also relate to the presence of crystalline regions in
the structure of the initial chitosan, as was shown in several studies [43,46].

2.2. Three-Dimensional Scaffolds

Three-dimensional scaffolds based on mechanochemically modified chitosan were successfully
formed by laser stereolithography. The scaffold thicknesses of 1 mm or 2 mm were obtained, i.e.,
approximately six or 11 layers respectively were cross-linked layer-by-layer. The advantage of this
approach to structuring chitosan derivatives is the production of three-dimensional scaffolds which
have sufficient dimensions for regenerating tissue defects. After stereolithography, the scaffolds were
slightly yellowish and transparent. The transparency of the allylchitosan materials allows us not
only to sterilize them with UV radiation [47], but also to develop 3D structures for easy microscopy
imaging [48]. In addition, the selected structuring parameters resulted in the preparation of a flexible
and mechanically strong scaffold (Figure 4a).

   
Figure 4. Three-dimensional scaffold after laser stereolithography (a) and freeze drying (b).

However, there is no internal pore architecture in such 3D scaffolds, which is a disadvantage
of this structuring method since the scaffold porosity plays an important role in the diffusion of
oxygen, nutrients and cellular waste [49], and supports cells’ attachment and proliferation following
seeding [50]. To form allylchitosan porous structures, we used the freeze-drying method. Freeze-drying
is not associated with any chemical reaction and, therefore, there are no complications with the scaffold
purification from by-products. As can be seen in Figure 4b, the three-dimensional scaffold does not
lose its integrity and architectonics after the process of freeze drying, and it may be rehydrated. At
the same time, the scaffold loses its transparency, which is caused by phase separation during the
freezing of the solvent. Freezing, in turn, forms macropores and tightly crosslinked pore walls [51,52].
The 3D scaffold becomes slightly brittle, although in general its mechanical properties are still suitable
for suturing.

Evaluation of a typical pore in the scanning electron microscopy (SEM) image (Figure 5a) revealed
that the pore surface occupied 30% of the total surface area.

  
Figure 5. Surface SEM images of the 3D scaffold (a) and freeze-dried matrix (b), bar = 100 μm.
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About 66% of pores had a size of 3–6 μm. It should be noted that the pore surface area
was determined by the method of treating scaffolds after stereolithography, UV photocuring.
The photocuring process was expected to additionally photo-crosslink chitosan derivatives and,
as a consequence, to form more durable polymeric networks on the scaffold surface. The obtained pore
sizes, as well as the presence of hydrophobic allyl fragments in the structure of chitosan, will provide a
long-time efficiency of the subsequently prepared drug forms.

Based on the evaluation of a two-dimensional section in Figure 5b, the typical pore size was
20–60 μm. Thicker parallel pore walls of the 3D scaffold are also visible in a two-dimensional section.
Most likely, the walls were formed by the freeze drying of more tightly crosslinked contact regions of
the previous laser-crosslinked layer with the subsequent layer.

2.3. Implantation of Films and Porous 3D Scaffolds based on Allylchitosans

On day 30 after the implantation, there were no signs of biodegradation of any of the film types
or 3D scaffolds. There were no significant differences in the tissue reaction to them. Tinctorial and
optical properties of these scaffolds were close (Figure 6a,b; Supplementary Figures S1–S3; Figure S4a,b;
Table S1).

Figure 6. Tissue reaction to the films and the porous 3D scaffolds based on allylchitosans: the connective
tissue formed the capsule (CAP) with blood vessels (V) around the implanted chitosan films (CHF)
and the chitosan sponges (CHS); CAP consisted of two layers: the inner layer (IL) was an immature
connective tissue (granulation tissue) with macrophages (MPH) and giant cells (GC), while the outer
layer (OL) consisted of a more mature connective tissue; IL grew into the film fractures (F) and CHS
pores forming connective tissue septa (S); some MPH and GC adhered to the surface of scaffolds,
hematoxylin and eosin staining, simple microscopy (a) CHF (AC2) implantation (30 days): the CHF
material was oxyphilic, 100×; (b–d)—3D scaffold implantation: (b) 30 days: the CHS material was
oxyphilic, 100×; (c) a basophilic foci (yellow arrows) in the surface septa of the CHS material, 60 days,
200×; and (d) deep CHS sections: most of the scaffold septa were moderately basophilic, 90 days, 400×.

Connective tissue capsules surrounded all implanted scaffolds. Additionally, connective tissue
carried of varying thickness and maturity. It grew into the pores of 3D scaffolds and the chitosan films
fracture sites together with blood vessels. There were moderate macrophage and foreign-body giant
cell reactions without any necrosis or dystrophy in surrounding tissues.
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Since the film material was brittle (see Figure 6a; Supplementary Figure S1; Figure S2a,b,d,f),
for the subsequent studies of the long-term stability of samples from solid-phase modified chitosan we
only used porous 3D scaffolds.

On days 60 and 90 after the implantation, there were no macroscopic signs of scaffold
biodegradation. On day 60 after implantation, focal changes in the tinctorial properties of the scaffolds
became noticeable (Figure 6c; Supplementary Figure S5; Table S1). We clearly observed these changes
in the scaffold septa (mainly near macrophages and giant cells), which had small foci of lysis of scaffold
material. These changes slightly increased on day 90 (Figure 6d; Supplementary Figure S6; Tables S1
and S2). The tissue reaction to scaffolds did not significantly differ during all the post-implantation
periods, except for a decrease in the maximum capsule thickness (Supplementary Figure S4c).
Additionally, we observed the intensification of connective tissue ingrowth and vascularization and
a giant cell reaction, the connective tissue around and inside the 3D scaffolds became more mature,
grew deeper, but it did not fill the scaffold pores completely (Supplementary Tables S1 and S2).

In summary, the implanted films and 3D scaffolds caused the foreign body reaction with the
development of fibrosis without any necrosis or dystrophy in surrounding tissues, which was generally
similar to the morphological results in other experiments [53–59].

The resorption of chitosan-based materials was also confirmed by basophilicity in other
studies [54,56]. Kim et al. [56] used hematoxylin and eosin staining combined with Luxol fast blue.
They suggested that, when chitosan degrades with lysozyme, the hydrolyzed β1–4 glycosidic bond
results in the formation of a free anomeric hydroxyl group on the cleaved residue. Together with
the C2-amino group, it is capable of forming a complex with aluminum-containing hematoxylin dye.
Apparently, introduction of allyl groups does not block the access of enzymes (lysozyme, chitinase,
chitosanase, glucosaminidase) capable of breaking glycosidic bonds in chitosan [60]. There is no
detailed study of the relationship between the tinctorial and physicochemical characteristics of chitosan
with respect to other dyes.

It should be added that in our study, there were no necrotic tissue changes or acute inflammatory
reactions, reported in a number of other studies on chitosan implantation [53,55,57,58]. Most likely,
we suppressed the neutrophil infiltration by introducing allyl groups in the chitosan structure, which
led to an increase in the basic properties of a chitosan molecule’s fragments. This result, in turn,
was similar to the proposals [57,59,61–63] to increase the amino group concentration (or decrease
N-acetylation of chitosan) to reduce the chemotactic effect of chitosan on neutrophils.

Internal Structure of Film Samples

We used the wavelet analysis to characterize the microstructure of a chitosan film stained with
picrosirius red. In principle, the wavelet analysis has already been suggested for applying in the
clinical interpretation of histological images. For example, in the study by Haar and Daubechies [64],
transform wavelets were tested as a diagnostic tool for the detection and classification of breast tumors.
However, there are no studies in the field of materials science which use a wavelet transform to reveal
the internal structure of scaffolds which biodegrade in vivo.

In Figure 7, we present an example of the wavelet analysis applied in our study.

Figure 7. A histological section of chitosan film (a), a waveletgram (b), and the integral spatial spectrum
of the structural optical inhomogeneities along the film section in the direction of its surface (c).
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In Figure 7a, a chitosan film histological section is shown. Its structural optical inhomogeneities,
yellow (picrinophilic) fragments and brown-red strips, were investigated with a constructed
waveletgram. Figure 7b shows the corresponding waveletgram with vertical strips in the period
range of 5 μm to 100 μm. Some of these strips join together forming a “tree structure”, while the other
strips are separated from the others forming a “grass structure”. There is also a large “tree structure”
in the range from 5 μm to 500 μm in the center of the waveletgram. The “tree structures” indicate that
the periodicities of different scales are interrelated [65] (so-called cascade process where multiscale
structures are genetically related). Using waveletgrams, an integral spatial spectrum may be plotted
(Figure 7c), which characterizes the strongest periodicities for the entire processed image. For this
procedure, we averaged the waveletgram along the abscissa (the distance). In the integral spatial
spectrum three pronounced maxima are seen with a spatial periodicity of 10 μm, 80 μm and 420 μm.
Thus, the transverse striation visualized by picrosirius red staining, depicting the areas of allylchitosan
degradation, demonstrates that such areas are located periodically rather than chaotically.

When stained with picrosirius red, chitosan was colored dark-red [53–55], while in the study by
Park et al. [66] it was picrinophilic. Most likely, the different chitosan coloration can be explained by
its varying degree of degradation as well as by the diversity of chitosan crystalline forms. It is known
that chitosan can exist in two distinct crystal forms, and its XR diffractogram depends on the ratio of
these forms [36]. Comparing the integral spatial spectrum of the structural optical inhomogeneities
along the film section (Figure 7c) and the XR diffractogram of modified chitosan films in the range of
7 < 2θ < 30 deg (see Section 2.1.3, Figure 3), one can note the "reverse" similarity of the obtained spectra.
This effect indicates that crystallites are distributed throughout the entire film volume (long-range
order) that apparently causes the observed structural optical inhomogeneities (the brown-red strips
in picrosirius red staining). In other words, at the first stage, the degradation of film samples occurs
within less ordered amorphous regions, following the increase in the chitosan degree of deacetylation
due to β-1,4-glycosidic bond cleavage (depolymerization) with the subsequent N-acetyl linkage [8].
The newly released basic groups react with sulfide groups of picrosirius red. This leads to the formation
of brown-red strips on day 30 after the film implantation and to the expansion of red-stained areas on
day 60 after the 3D scaffold implantation.

3. Materials and Methods

3.1. Synthesis of Allylchitosans

The synthesis of unsaturated chitosan derivatives (Figure 8) was carried out by treating chitosan
powders with AB in the absence of solvents under shear strain in a pilot-industrial twin-screw extruder
(“Berstorff ZE 40”, Munich, Germany).

Figure 8. The structure of the synthesized allylchitosans.

Chitosan was prepared by mechanochemical alkaline deacetylation of crab chitin (Xiamen Fine
Chemical Import and Export Co., Ltd., Xiamen, China) with a three-fold molar excess of sodium
hydroxide, according to the published procedure [67], and had the following characteristics: degree
of acylation (DA) = 15 mol% (evaluated by potentiometric titration of a hydrochloric solution of a
sample and by NMR spectroscopy (Bruker, Billerica, MA, USA), and molecular weight (MW) = 80 kDa
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(evaluated by viscosimetry). The working chambers of extruder were cooled to −5 ◦C before adding
AB to the reactive mixture. The relative number of AB molecules per elementary unit of chitosan in
the mixtures was 0.5 (sample AC2), 1.0 (sample AC3), 1.5 (sample AC4), and 2.0 (sample AC5). In the
case of AC3–AC5 samples, the reactive mixture contained also sodium hydroxide (2 molecules per
elementary unit of chitosan), while AC2 sample was prepared using neat chitosan powder. The reaction
products were purified by extraction of unreacted allyl bromide with isopropanol. The removal of
alkaline impurities was performed by dialysis against distilled water until the rinsing water became
neutral. The purified products were freeze-dried.

The 1H NMR spectra were recorded with a Bruker-Avance II-300 instrument operating at 300 MHz
in D2O solutions at a temperature of 90 ◦C. A deuterated DMSO signal (δ = 2.5 ppm) was used to
calibrate the chemical shift scale (Supplementary Figure S7).

The content of allyl groups in the modified chitosan was determined by measuring and comparing
the integrated intensities of proton signals in the following structural fragments: >CH-NH2 (at
3.0–3.2 ppm); H3C-CONH- (Figure 8a; 1.9 ppm); H2C=CH-CH2-NH- (Figure 8b,c; 5.3–5.5 ppm);
H2C=CH-CH2-O- (Figure 8d,e; 5.1–5.2 ppm).

3.2. Preparation of Films and 3D Scaffolds

The films were prepared by casting solutions of polymers (2%) in acetic acid (2%) onto a plastic
substrate with subsequent drying at the temperature of 20 ◦C for 48 h in a laminar flow cabinet.
The solutions were preliminarily filtered through a membrane with a pore size of 0.45 μm, the volume
was calculated based on the amount of the polymer necessary to form homogeneous films with a
thickness of 100 μm. Before carrying out the mechanical tests, the films were stored in a vacuum
desiccator above KOH for a week to remove the excess acid. For the biological studies, the films were
immersed for 2 h in an aqueous ammonia solution (25%) for the polymer transfer from the salt to the
basic form and washed with distilled water to neutral pH.

For each type of allylchitosan, photocrosslinked films were prepared as follows: 0.5 wt% of a
photoinitiator (Irgacure 2959; Ciba Specialty Chemicals, Switzerland) was added into the molding
solutions of allylchitosan, and the films were illuminated for 30 min by a DRSH-500 mercury
lamp. The radiation intensity at the surface of the films was 3.1 mW/cm2. The detailed studies
of the crosslinking process of the films are given in [68].A photosensitive composition (PSC) for the
preparation of 3D scaffolds by single-photon laser stereolithography was prepared as follows: an
acetic acid solution (4.7 wt%) of sample AC5 was mixed with polyethylene glycol diacrylate (8 wt%;
Sigma-Aldrich, MO, USA), and the mixture was stirred for 24 h at 35 ◦C until a homogeneous solution
was achieved. Subsequently, 1 wt% of the Irgacure 2959 photoinitiator was added, and the mixture
was again stirred at 35 ◦C for 24 h. The shelf life of PSC is three days.

The three-dimensional scaffolds were structured by laser stereolithography (LS 120, IPT RAS,
Russia) according to the previous study [26]. HeCd laser (with the wavelength of 325 nm, laser power
of 15 mW) was used to initiate the three-dimensional cross-linking process in the PSC. The laser beam
movement along the surface of the PSC and its focusing were performed with a scanner. Then, a single
scaffold layer was formed, the stage was lowered with a Z-axis motor stage to a predetermined layer
thickness (200 μm), and the next scaffold layer was formed.

A 20 mm × 20 mm plate with a thickness of 1 mm or 2 mm with reach-through oval holes
measuring 1 mm by 2 mm was used as a computer-aided design (CAD) blueprint. The distance
between the centers of the holes was 4 mm or 6 mm (changed alternately). After the laser structuring,
the samples were washed from unreacted PSC with distilled water and additionally photocured for
20 s under UV-LED light (λ = 365 nm, Epileds, Taiwan) at an intensity of 3.9 mW/cm2. The scaffolds
were stored at +5 ◦C at constant humidity.

At the next stage, the obtained allylchitosan 3D scaffolds were freeze-dried using a FreeZone
freeze-dryer by Labconco. When the temperature of the 3D scaffolds reached −83 ◦C, the pressure in
the chamber was reduced to 6 μBar, and the scaffolds were left inside for one more day.
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3.3. Characterization of Film Samples and 3D Scaffolds

3.3.1. Hydrodynamic Diameter of Samples in Aqueous Solutions

The dynamic light scattering method was applied to determine the sizes of aggregates formed
by dissolving the synthesized derivatives (0.02 wt%) in acetic acid (2%). The measurements were
performed with a Zetatrac (Microtrac, Inc., Montgomeryville, PA, USA) instrument using Microtrac V
10.5.3 software.

3.3.2. Mechanical Properties of Film Samples

Mechanical studies were carried out using an AG-E universal testing machine (Shimadzu, Japan)
at a speed of 1 mm/min. Before testing, the films were kept in a desiccator at a constant humidity of
81% above a (NH4)2SO4 saturated solution for a week.

3.3.3. XRD Analysis

X-ray diffraction analysis was carried out with a D8 Advance diffractometer (Bruker AXS GmbH,
Karlsruhe, Germany) using CuKα radiation and a "Vantec-1" detector. An allylchitosan film was fixed
to a silicon single crystal substrate with liquid paraffin. The scanning step was 0.021 deg.

3.3.4. SEM and the Pore Surface Area Estimation

The surface and internal structure of 3D scaffolds were characterized using a Phenom ProX
scanning electron microscope (15 nm resolution; Phenom-World, Eindhoven, the Netherlands).
The pore surface area was quantified with ImageJ software (National Institutes of Health, Bethesda,
MD, USA [69]).

3.4. Implantation

All animal experiments were performed according to the national regulations of the usage and
welfare of laboratory animals and approved by the Institutional Animal Care and Use Committee in
Sechenov University (Moscow, Russia) (protocol SU2018-052, approval date 12.03.2018). The laboratory
rats (Wistar, average weight 450 ± 20 g) were divided into two groups. Each animal in group 1 (n = 5)
received four film samples of different types (AC2–AC5). Animals in group 2 (n = 15) received 3D
scaffolds (2 mm thick) and were subdivided into 3 subgroups: day 30 (n = 5), day 60 (n = 5), and day 90
(n = 5). The film samples and 3D scaffolds were implanted subcutaneously in the interscapular region of
white rats. All manipulations were performed under anesthesia. For the premedication, a combination
of 0.03 mL of Atropine solution (0.1%), 0.02 mL of diphenhydramine (10 mg/mL), and 0.05 mL of
droperidol (2.5 mg/mL) was injected intramuscularly into the right thigh. General anesthesia was
induced with an intramuscular injection of 0.06 mL of Zoletil (100 mg/mL) combined with 0.04 mL of
Xyla (20 mg/mL) into the left thigh. The samples (0.8 cm × 0.8 cm) were implanted subcutaneously and
fixed with non-absorbable sutures at the four corners of the sample to the muscles in the interscapular
area. After the experiment completion, the animals were sacrificed via an intracardiac injection of
10 mL of novocaine solution (2.5%) on day 30 in group 1; on days 30, 60 and 90 in group 2. For the
histological analysis, excision of a 2.0 cm × 2.0 cm interscapular area was performed.

3.5. Histological Analysis

Tissue fragments with implanted scaffolds (n = 35) were fixed in a 10% neutral phosphate-buffered
formalin solution then paraffin blocks were prepared by a standard procedure. For all the samples,
transverse serial sections with a thickness of 4–5 μm were stained with hematoxylin and eosin
and picrosirius red for collagen fibers. We investigated the samples by light, phase-contrast, and
polarization microscopies using a LEICA DM4000 B LED microscope equipped with a LEICA DFC7000
T digital video camera and LAS V4.8 software (Leica Microsystems, Wetzlar, Germany).

84



Mar. Drugs 2019, 17, 48

The connective tissue capsule thickness was measured by morphometric studies (see below).
We assessed the change in tinctorial properties and material resorption, maturity of the connective
tissue capsule, intensity of macrophage and giant foreign-body cell infiltration by a morphological
semi-quantitative evaluation. This method was used in other similar studies [70,71]. For porous 3D
scaffolds, the connective tissue ingrowth into pores and their vascularization were also assessed by a
semi-quantitative evaluation.

The connective tissue capsule thickness was measured by examination of 10 selected fields of
view located at an equal distance from each other at a 100× magnification. In each field the sections
with the maximum, mean and minimum capsule thickness in the sample were taken into account.

In a semi-quantitative evaluation, a four-point system was used: 0 points corresponded to the
absence of changes, 1 to minimal changes, 2 to moderate changes, and 3 to the maximum changes.
A histological semi-quantitative scoring system for the evaluation of macrophage and foreign-body
giant cell reaction to the scaffolds was based on an algorithm for semi-quantitative evaluation of
inflammatory infiltration around the implantation of nanocomposites (Supplementary Table S3) [70].
Other original histological semi-quantitative scoring systems for the evaluation of chitosan scaffold’s
changes and tissue reaction were original (Supplementary Tables S4–S6).

The statistical data were analyzed in GraphPad Prism 7.00 software. For each parameter, the data
were tested for a normal distribution using Shapiro-Wilk test or D’Agostino and Pearson normality
test. If the data fitted a normal distribution, the statistical comparison in groups was performed
by the two-way ANOVA followed by Tukey’s or Sidak’s test for the comparison between groups.
The correlation between different parameters was estimated with Pearson’s correlation coefficient.
A difference was considered statistically significant when p-value < 0.05.

Identification of the Internal Film Structure (Wavelet Analysis)

Sections of allylchitosan films were analyzed for periodic structures by the wavelet method [65].
In contrast to Fourier transform, wavelets allow an optimal analysis of spatial fields with a
complex multiscale structure [65]. To isolate the patterns of the spatial structure at different scales,
the MHAT-wavelet (Mexican HAT) was set as the basic one [72]. Moreover, such an approach could
explain the mechanisms for the destruction of implanted samples. Initially, from the obtained image
fragment, two one-dimensional rows were formed representing the spatial distributions of the averaged
(along and across the visible surface of the chitosan film) pixel intensities. Subsequently, for each such
row, a waveletgram and a spatial spectrum of structural non-uniformities were calculated [65,72].

4. Conclusions

Chitin and chitosan, its deacetylated product, have unique properties for use in the pharmaceutical
industry and biomedicine. In the present study, we used the method of mechanochemical synthesis
in a pilot setup to obtain chitosan and its derivatives with a different content of hydrophobic allyl
substituents. Mechanochemical synthesis provides a high yield of products in a shorter time and at
a lower temperature than a similar synthesis carried out in an organic solvent. We have shown that
aggregation of chitosan derivatives becomes more pronounced with an increase in the number of
hydrophobic substituents. The introduction of hydrophobic unsaturated fragments into the structure
of chitosan also allows for the obtaining a photosensitive polymer, which crosslinks and forms stable
three-dimensional networks under UV photocuring and laser exposure. Although photocured film
samples from the obtained derivatives demonstrated no increase in the tensile strength compared to
the initial chitosan, their plasticity increased.

We have demonstrated a principal possibility of structuring the synthesized derivatives by laser
stereolithography to obtain three-dimensional porous structures. Of note, the selected structuring
technique allows obtaining biopolymer matrices at a centimeter scale with a high productivity, which
is important for restoring large tissue defects (from 1 cm).
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The long-term stability of the films and 3D scaffolds based on allylchitosan has been investigated.
The histological study has shown that additional allyl fragments cause no significant changes in the
tissue response for the chitosan derivatives with different degrees of substitution. No dystrophic
and necrobiotic changes were detected in the surrounding tissues, which proves the biocompatibility
of allylchitosan materials. We have also shown the ability of 3D scaffolds to biodegrade, with their
biodegradation starting on day 60 after implantation, with its rate increased by day 90. This should
be taken into consideration when producing tissue engineered scaffolds. Moreover, for the first
time, we used the wavelet analysis to show that the areas of allylchitosan film degradation were
periodic rather than chaotic. Comparing the results of the wavelet analysis and the XRD data, we have
concluded that the degradation of the film samples occurs within less ordered amorphous regions in
the polymer bulk.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/1/48/s1,
Figure S1–S2: Tissue reaction to the films based on allylchitosan (day 30); Figure S3: Tissue reaction to the
3D scaffolds based on allylchitosan (day 30); Figure S4: The data of connective tissue capsule thickness
around the implanted films and 3D scaffolds based on allylchitosan; Figure S5: Tissue reaction to the 3D
scaffolds based on allylchitosan (day 60); Figure S6: Tissue reaction to the 3D scaffolds based on allylchitosan
(day 90); Figure S7: 1H NMR spectra of chitosan (1), AC2 (2) and AC5 (3); Table S1: Summary table of
histological semi-quantitative analysis results; Table S2: Correlation analysis: correlations between the time
after implantation and the histological findings in samples of 3D-scaffold implantations; Table S3: A histological
semi-quantitative scoring system for the evaluation of macrophage and foreign-body giant cell reactions to the
scaffolds; Table S4: A histological semi-quantitative scoring system for the evaluation of changes in tinctorial
properties of scaffolds and scaffolds’ lysis; Table S5: A histological semi-quantitative scoring system for the
evaluation of a maturity of connective tissue capsules around scaffolds; Table S6: A histological semi-quantitative
scoring system for the evaluation of a connective tissue ingrowth and vascularization in pores of 3D scaffolds.
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Abstract: Marine chitins (MC) have been utilized for the production of vast array of bioactive products,
including chitooligomers, chitinase, chitosanase, antioxidants, anti-NO, and antidiabetic compounds.
The aim of this study is the bioprocessing of MC into a potent anticancer compound, prodigiosin (PG),
via microbial fermentation. This bioactive compound was produced by Serratia marcescens TKU011
with the highest yield of 4.62 mg/mL at the optimal conditions of liquid medium with initial pH of
5.65–6.15 containing 1% α-chitin, 0.6% casein, 0.05% K2HPO4, and 0.1% CaSO4. Fermentation was
kept at 25 ◦C for 2 d. Notably, α-chitin was newly investigated as the major potential material for PG
production via fermentation; the salt CaSO4 was also found to play the key role in the enhancement of
PG yield of Serratia marcescens fermentation for the first time. PG was qualified and identified based
on specific UV, MALDI-TOF MS analysis. In the biological activity tests, purified PG demonstrated
potent anticancer activities against A549, Hep G2, MCF-7, and WiDr with the IC50 values of 0.06,
0.04, 0.04, and 0.2 μg/mL, respectively. Mytomycin C, a commercial anti-cancer compound was also
tested for comparison purpose, showing weaker activity with the IC50 values of 0.11, 0.1, 0.14, and
0.15 μg/mL, respectively. As such, purified PG displayed higher 2.75-fold, 1.67-fold, and 3.25-fold
efficacy than Mytomycin C against MCF-7, A549, and Hep G2, respectively. The results suggest
that marine chitins are valuable sources for production of prodigiosin, a potential candidate for
cancer drugs.

Keywords: α-Chitin; prodigiosin; anti-tumors; Serratia marcescens; bioprocessing

1. Introduction

Chitin, an abundant material, has been widely produced from fishery processing byproducts.
Of the natural chitin-containing materials, shrimp shells, squid pens, and crab shells have the
highest chitin content [1], and as such, are used for chitin production. Chitin and its derivatives
display great economic value thanks to their versatile activities and potential biotechnological
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applications, and chitin-containing materials have been reported to be used for the production of a vast
array of bioactive products, such as exopolysaccharides [2–4], chitooligomers [5], antioxidants [6,7],
biofertilizers [8] insecticidal materials [9,10], and biosorbents [11,12]. Recently, these chitin-containing
materials were extensively used for the production of antidiabetic drugs [13–18]. In this study,
chitinous materials were utilized for the production of prodigiosin, an active anticancer compound,
via microbial fermentation.

Prodigiosin (PG), a red pigment is a typical alkaloid constituent produced by several bacterial genus,
Serratia marcescens and some other Gram-negative bacterial strains [19]. PGs have been recognized as
bioactive bacterial metabolites with vast reported valuable bioactivities, including antibacterial,
cytotoxic, antifungal, algicidal, antiprotozoal, antimalarial, antiproliferative, anticancer [19–22],
antioxidant, and immunosuppressant [23] activities. PG also has been uniquely used as a natural
based dye for textiles and olefins [24].

Due to the wild range of unique applications of PG, the production studies on this bioactive
compound have been received with great interest [13,24], and many types and selective media have
been investigated for PG production via microbial fermentation, such as a medium containing 2%
sodium oleate [25], maltose broth, nutrient broth containing sesame seeds, peptone glycerol broth [26],
nutrient broth, nutrient broth with 0.5% maltose or 0.5% glucose, powdered peanut seed broth [27],
corn steep mannitol medium, mannitol medium, corn steep medium, Cassava waste mannitol medium,
cassava waste medium, and luria bertani glucose medium [23]. For low cost production of PG, we
established the PG production from marine chitinous wastes [9–11]. In these studies, various marine
chitinous materials, including crab shells, shrimp shells, shrimp heads and squid pens were used
as the sole carbon/nitrogen source; squid pens were found to be the most effective material for PG
production by S. marcescens. However, numerous scientific parameters were not investigated in our
previous studies, such as the kind of marine chitin (α or β), protein sources, chitin/protein ratio,
and supplementary minerals for the best PG productivity production by S. marcescens. All those
previously unknown items were newly investigated in this study, and the PG produce from the medium
containing marine chitin was also evaluated for its effect on four cancerous cell lines—A549, Hep G2,
MCF-7, and WIDR—in this report.

2. Results and Discussion

2.1. New Records of Marine α-Chitin as the Potential Carbon Source for Prodigiosin Synthesis by Serratia
marcescens

Carbon source has been proven to play an important role in PG production via microbial
fermentation [19]. In previous studies, squid pens powder (SPP) was found to be cost-effective material
for the production of PG by Serratia marcescens TKU011, compared to other materials; SPP was reported
to contain approximately 60% chitin and 40% protein [13]. Thus, chitin contained in SPP may prove a
significant factor in PG production. To investigate the role of chitin as well as its combination with
free protein in different ratios on the PG production by S. marcescens, the chitins obtained from SPP
(β-chitin) and shrimp shells (α-chitin) by using the method reported by Wang et al., 2006 [28] were
mixed with free protein (casein) with the ratio (chitin/casein) of 7/1, 6/2, 5/3, 4/4, 2/6, and 1/7 (w/w)
and used as the sole carbon and nitrogen source for fermentation by S. marcescens TKU011; SPP was
also used as the control for comparison purpose. The results in Figure 1 show that β-chitin mixed
with casein with the ratio of 2/6 (w/w) give higher PG yield production (2.73 mg/mL) than that of SPP
(2.45 mg/mL) fermented by S. marcescens TKU011, while α-chitin mixed with free protein at the ratio
of 5/3 (w/w) reach the greatest PG yield production of 3.23 mg/mL. In addition to the use of α-chitin
providing higher PG yield, and α-chitin could be more abundantly obtained from vast resources
(crab shells, shrimp shells, etc.) than β-chitin (mainly obtained from squid pens); thus, α-chitin was
chosen for our further investigation. Based on the recent literature review, PG has been produced
by S. marcescens with various types of carbon/nitrogen sources [9–11,13,14,25–33]; however, very few
studies report on the use of chitinous materials (squid pens) [19] as the carbon/nitrogen source for PG
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production; for the first time in this study, α-chitin obtained from marine resources were investigated
as a potent carbon source for high scale PG production via microbial fermentation.

B
a

Figure 1. The effect of chitin/protein ratio. The chitin including two forms of α-chitin and β-chitin were
mixed with free protein (casein) with six ratios of 1/7, 2/6, 4/4, 5/3, 6/2, and 7/1 (w/w) and used as the
sole carbon and nitrogen source with the concentration of 1.5% (w/v). The fermentation was performed
at the conditions at 30 ◦C in 1 d, and then at 25 ◦C in next 2 d, shaking speed of 150 rpm, and a ratio
volume of medium: flask of 1:2.5 (v/v).

For the comparison of the PG producing by different S. marcescens strains, a total four strains
including S. marcescens TKU011, S. marcescens CC17, S. marcescens TNU01, and S. marcescens TNU02 were
conducted for fermentation. As shown in the Table 1, S. marcescens TKU01, S. marcescens TNU01, and S.
marcescens TNU02 showed their same level in PG production with the PG yield of 325–335 mg/100mL,
and 236–243 mg/100mL when the medium contained newly designed C/N source (0.94% α-chitin
and 0.56% Casein), and 1.5% squid pens, respectively. S. marcescens CC17 demonstrated the lowest
production of PG yield.

Table 1. Comparison of the prodigiosin yield (mg/100mL) produced by different Serratia
marcescens strains.

PG – Producing Strains C/N Source

0.94% α-Chitin + 0.56% Casein 1.5% Squid Pens

S. marcescens TKU011 335 ± 14.4 a 243 ± 24.8 b

S. marcescens CC17 227 ± 2.93 b 150 ± 5.77 c

S. marcescens TNU01 329 ± 16.7 a 240 ± 17.3 b

S. marcescens TNU02 325 ± 14.4 a 236 ± 20.8 b

No bacteria - -

Means of prodigiosin yield (mg/100mL) values with the same letter are not significantly different based on Duncan’s
multiple range test (alpha = 0.01). CV% = 4.271394. (-): no prodigiosin was detected.

To date, PG has been produced from many carbon sources with multiple designed media [9–11,13,
14,25–33]. As summarized in Table 2, the designed medium gave the PG productivity in the scale of 0 up
to around 200 (mg/100mL). With the medium containing 0.94% α-chitin + 0.56% Casein, PG produced
by S. marcescens TKU011 strain reached 335 (mg/100mL). However, two previous studies reported
that with 2.0% sesame seed [26] and the medium containing 6.97 g/L of peanut powder, 11.29 mL/L of
olive oil and 16.02 g/L of beef extract [33] even reached the PG yield of 1668 and 1362.2 mg/100mL,
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respectively. These are cases with 4.979-fold and 4.066-fold higher yield than PG yield produced by
S. marcescens TKU011 in this study. In these above cited reports [26,33], the PG-producing bacteria may
be unique strains and the qualification of PG in these studies were not described in detail.

Table 2. Comparison of the prodigiosin yield produced by S. marcescens in different reports.

PG – Producing Strains C/N Source Prodigiosin (mg/100mL) Reference

S. marcescens TKU011 0.94% α-chitin + 0.56% Casein 335 This study

S. marcescens TKU011 1.5% squid pens 97.8 [9]

S. marcescens TKU011 1.5% peanut powder 116.8 [9]

S. marcescens TKU011 1.0% shrimp shells powders 19 [9]

S. marcescens TKU011 1.0% crab shells powders 11 [9]

S. marcescens TKU011 1.0% shrimp heads powders 3 [9]

S. marcescens TKU011 1.5% squid pens 248 [28]

S. marcescens 2.0% peanut seed 387.5 [26]

S. marcescens 2.0% peanut oil 289 [26]

S. marcescens 2.0% sesame seed 1668 [26]

S. marcescens 2.0% sesame oil 100.6 [26]

S. marcescens 2.0% copra seed 194 [26]

S. marcescens 2.0% coconut oil 142 [26]

S. marcescens SMΔR Modified Luria-Bertani broth, 6.0%
sunflower oil 79 [29]

S. marcescens SS-1 5 g/L yeast extract as sole N/C source 69 [30]

S. marcescens Nima 2% tryptone/glycerol (1/1) 12.5 [31]

S. marcescens Nima 100 mM 3-[N-morpholino]-
ethanesulphonic acid 47.5 [32]

S. marcescens FZSF02
6.97 g/L of peanut powder, 11.29 mL/L

of olive oil and 16.02 g/L of beef
extract

1362.2 [33]

S. marcescens FZSF02 1% Soya peptone 117.4 [33]

S. marcescens FZSF02 1% Tryptone 35.3 [33]

S. marcescens FZSF02 1% Yeast extract 38.02 [33]

S. marcescens FZSF02 1% Fish meal 0 [33]

S. marcescens FZSF02 1% Soybean powder 0 [33]

S. marcescens FZSF02 1% Corn steep liquor 0 [33]

2.2. Optimization of Culture Conditions for Enhancement of Prodigiosin Production by Serratia marcescens

To investigate the effect of C/N sources on PG production by S. marcescens TKU011, some chitinous
materials, including chitosan (a derivative of chitin), N-acetyl-glucosamine (monomer of chitin),
glucosamine (mono of chitosan), and some other carbon sources, such as cellulose and starch, were
used for fermentation. As shown in Figure 2a, among various tested carbon sources, α-chitin displayed
the most suitable substrate for PG production by S. marcescens with the greatest yield of 3.21 mg/mL,
followed by its monomer N-acetyl-glucosamine with the PG yield production of 1.81 mg/mL, and
all other tested carbon source give low yield PG production (≤ 0.96 mg/mL). Thus, α-chitin was
chosen as an excellent substrate for further investigation. To further investigate the effect of the
combination of α-chitin and free protein source, a total of five protein sources—beef extract, casein,
nutrient broth, yeast extract, and peptone—were combined with α-chitin used as sole C/N source for
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fermentation by Serratia marcescens to produce PG. The experimental results in Figure 2b showed that
the combination of casein and α-chitin gave a significantly higher yield of PG (3.31 ± 0.142 mg/mL)
than other combinations (≤ 1.73 ± 0.166 mg/mL); casein was chosen for combination with α-chitin and
used as the sole C/N source in our nest experiments. Casein was also found to be a suitable nitrogen
source for producing PG with high level yield in several previous studies, such as maltose/casein and
sucrose/casein with ratio 1/1 leading to PG yield production of 2.354 and 3.12 mg/ml, respectively [34];
2% oral casein was mixed with some salts and used as the medium for fermentation to produce a
high yield of PG with 4.28 mg/mL [23]. Differing from previous studies, we established the novel
medium with the combination of abundant chitinous material (α-chitin) and casein with the ratio of
5/3 (w/w). This designed medium also reached the high PGs yield of 3.21 mg/mL, and as such used for
next investigation.

Figure 2. The effect of carbohydrate (a) and protein (b) sources on the prodigiosin production by
S. marcescens TKU11. Carbohydrate and protein were mixed at the ratio of 5/3 and used as the C/N
source. The culture medium contains 1.5% C/N source, 0.1% K2HPO4 and 0.1% FeSO4(NH4)2SO4. The
fermentation was performed at the conditions at 30 ◦C in 1 d, and then at 25 ◦C over the next 2 d,
shaking speed of 150 rpm, and a ratio volume of medium:flask of 1:2.5 (v/v). Means of prodigiosin yield
(mg/100mL) values with the same letter in each figure are not significantly different based on Duncan’s
multiple range test (alpha = 0.01).

Some previous studies indicated that salt ingredients in medium, especially phosphate and
sulfate salts, played a vital role in enhancing the yield of PG [9,19,35]. As shown in Figure 3a, among
various tested salts, K2HPO4 was found to be the most suitable phosphate salt for PG biosynthesis by
S. marcescens. Further experiments investigated the optimal added K2HPO4 was 0.05% (Figure 3b).
This result is in agreement with the previous reports [19,36]. This added concentration of K2HPO4 was
used to mix with various kinds of sulfate salts, including FeSO4(NH4)2SO4, MgSO4, CaSO4, CuSO4,
(NH4)2SO4 as the basal salt solution. CaSO4 demonstrated good effect on PG production with the
highest yield of 4.32 mg/mL (Figure 3c). The final experiment (Figure 3d) found that CaSO4 added at
its of 0.1% to medium is the optimal concentration. Notably, CaSO4 was newly investigated as potent
salt added to significantly enhance PG production by S. marcescens.
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Figure 3. The effect of phosphate salts (a,b), sulfate salts (c,d), cultivation temperature (e), pH of culture
medium (f), and cultivation time (g) on the prodigiosin production by S. marcescens TKU011. Medium
with the combination of α-chitin and casein with the ratio of 5/3 (w/w). The culture medium containing
1.5% C/N source, 0.1% FeSO4(NH4)2SO4 (a,b), 0.05% K2HPO4 (c,d). The fermentation was performed
at 30 ◦C in 1 d, and then at 25 ◦C in the next 2 d, shaking speed of 150 rpm, and a ratio volume of
medium: flask of 1:2.5 (v/v). Means of prodigiosin yield (mg/100mL) values with the same letter in each
figure are not significantly different based on Duncan’s multiple range test (alpha = 0.01).
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To achieve maximum production of prodigiosin, some parameters, including cultivation
temperature (Figure 3e), initial pH of medium (Figure 3f), and period of cultivation time (Figure 3g),
were also investigated for their effect on PG yield produced by S. marcescens. Overall, S. marcescens
TKU011 produce highest PG (4.62 mg/mL) in liquid medium with initial pH of 5.65–6.15 containing 1%
α-chitin, 0.6% casein, 0.05% K2HPO4, and 0.1% CaSO4, fermentation was kept at 25 ◦C for 2 d.

2.3. Purification and Qualification of Prodigiosin from Fermented Medium Containing α-Chitin

α-chitin was mixed with casein with the ratio of 5/3 (w/w) and used as the sole C/N source at the
concentration of 1.5% (w/v) for fermentation by S. marcescens TKU011. PG was primary extracted from
the cultured broth by ethyl acetate. The PG from the cell pellet extracted with acetone was mixed with
the ethyl acetate layer. After evaporation to dry crude PG, this compound was further purified via silica
gel column, and then finally isolated by thin layer chromatography. The procedure is summarized in
Figure 4.

(a) (b) (c) (d) 

Figure 4. The purification and isolation process of prodigiosin. The culture broth containing prodigiosin
(a) was extract by ethyl acetate (b). The crude prodigiosin was further separated by silica gel column
(c) and then isolated by thin layer chromatography (TLC) (d).

In our previous report [9], the S. marcescens TKU011 prodigiosin was identified via its UV
absorption, molecular, and 1H-NMR spectrum. Due to the prodigiosin produced by the same strain,
in this study, we reconfirm this purified compound by some rapid method including UV spectra and
MALDI-TOF MS analysis. The purified compound demonstrated significant absorption spectroscopy
at 535 nm (Figure 5) and the MALDI-TOF MS revealed a molecular weight of 324 Da for the purified PG
(Figure 6), which are the specific absorption weight length and molecular weight of prodigiosin [9,33].
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Figure 5. UV spectrum of purified prodigiosin newly biosynthesized from the novel designed substrate
(α-chitin/casein = 5/3) by S. marcescens TKU011.

 

Figure 6. MALDI-TOF MS (Matrix-Assisted Laser Desorption Ionization - Time of Flight Mass
Spectrometry) spectra of purified prodigiosin. 2,5-dihydroxybenzoic acid was used as a matrix in
CAN-TFA-H2O solution (50/0.1/50%, v/v/v) to separate the sample in the MALDI-TOF instrument
(Bruker Daltonics, Bremen, Germany) with a nitrogen laser emitting at 337 nm, operating in linear
mode. Each spectrum of mass was calculated based on the data of around 30–50 laser shots, and
external calibration with three points was used for assignment of mass [36].

2.4. Evaluation of Inhibitory Effect of Prodigiosin against Cancerous Cell Lines Models

Prodigiosin has been investigated for its vast biological activities, including insecticidal,
antioxidant, algicidal, antimicrobial, anti-inflammatory, antimalarial, anticancer, immunomodulatory,
and anti-diabetic activities [19,37]. With the aim of evaluating the prodigiosin newly synthesized
in this study for potential use in anticancer drugs, prodigiosin was tested for its inhibition against
some cancerous cell lines, including A549, Hep G2, MCF-7, and WiDr. As presented in Table 3,
prodigiosin produced from the novel medium with the combination of α-chitin and casein used as
the C/N source demonstrated its highly effective inhibition against all tested cancerous cell lines with
great inhibition values (%) in the range of 90.2–93.9% at the tested concentration at 10 μg/mL. These
anticancer inhibition values of prodigiosin were comparable to those of Mitomycin C, a commercial
anticancer compound (91.7–94.1%). The crude sample also showed potent activity with max inhibition
values in the range of 79.4–93.2% at the concentration of at 10 μg/mL.

The samples were tested at their concentration of 10 μg/mL for their anticancer activity
against MCF-7 (Human breast adenocarcinoma), A549 (Human lung carcinoma), Hep G2 (Human
hepatocellular carcinoma), and WiDr (Human colon adenocarcinoma). The means of inhibition (%)
with the same letter are not significantly different based on Duncan’s multiple range test (alpha = 0.01).
CV (%) = 1.979533.
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Table 3. Max inhibition against cancerous cell lines of prodigiosin.

Max Inhibition Against Cancerous Cell Lines (%)

MCF-7 A549 Hep G2 WiDr

Crude sample 91.6 ± 1.76 a,b 89.2 ± 1.43 b 93.2 ± 2.12 a,b 79.4 ± 1.72 c

Purified Prodigiosin 92.5 ± 1.4 a,b 92.6 ± 1.9 a,b 93.9 ± 2.0 a 90.2 ± 1.12 a,b

Mitomycin C 94.1 ± 1.61a 93.3 ± 1.54 a,b 91.7 ± 1.01 a,b 92.6 ± 1.02 a,b

The samples were tested at their concentration of 10 μg/mL for their anticancer activity against MCF-7 (Human
breast adenocarcinoma), A549 (Human lung carcinoma), Hep G2 (Human hepatocellular carcinoma), and WiDr
(Human colon adenocarcinoma). The means of inhibition (%) with the same letter are not significantly different
based on Duncan’s multiple range test (alpha = 0.01). CV (%) = 1.979533.

To clarify the potential effect of prodigiosin against these tested cancerous cells, the samples were
diluted and tested in various concentrations; the result of anticancer activity was then calculated and
presented as IC50 value. IC50 value is a concentration of sample that may reduce 50% of cancerous
cells; therefore, the smallest this value of the sample, the strongest anticancer activity it displayed.
As shown in Table 3, prodigiosin strongly inhibited all 4 tested cancerous cells with very low IC50

values of 0.04, 0.06, 0.04, and 0.20 against A549, Hep G2, MCF-7, and WiDr, respectively (Table 4).
The anticancer activity of the purified prodigiosin is clearly higher than that of the crude sample with
IC50 values in the range of 0.38–0.88 μg/mL. Mitomycin C was also tested in comparison and showed
its inhibition against A549, Hep G2, MCF-7 and WiDr with IC50 values of 0.11, 0.10, 0.13, and 0.10
μg/mL, respectively. In comparison, prodigiosin displayed significantly higher inhibition against A549,
Hep G2, and MCF-7 but weaker inhibition against WiDr than Mitomycin C.

Table 4. Anticancer activities of prodigiosin.

Inhibition Against Cancerous Cell Lines (IC50, μg/mL)

MCF-7 A549 Hep G2 WiDr

Crude sample 0.44 ± 0.09 c,b 0.46 ± 0.01 b 0.38 ± 0.01 c,b 0.88 ± 0.05 a

Purified Prodigiosin 0.04 ± 0.01 e 0.06 ± 0.01 e 0.04 ± 0.01 e 0.20 ± 0.03 d

Mitomycin C 0.11 ± 0.01 e 0.10 ± 0.01 e 0.13 ± 0.01 e 0.10 ± 0.01 e

The samples were tested at their concentration range of 0.01–10 μg/mL for their anticancer activity against MCF-7
(Human breast adenocarcinoma), A549 (Human lung carcinoma), Hep G2 (Human hepatocellular carcinoma), and
WiDr (Human colon adenocarcinoma). Means of IC50 (μg/mL) values with the same letter are not significantly
different based on Duncan’s multiple range test (alpha = 0.01). CV% = 12.9069.

To date, various prodigiosin compounds produced via fermentation reported anticancer activity
against MCF-7 and A549. Prodigiosin was also reported showing inhibition against Hep G2 in several
reports [38,39]. However, no available data report the potent inhibition of prodigiosin against human
colon adenocarcinoma WiDr cell line. Specifically, the purified prodigiosin produced from marine
chitin materials in the current study demonstrated high level anticancer activity. It displayed higher
2.75-, 1.67-, and 3.25-fold efficacy than commercial anticancer compounds against MCF-7, A549, and
Hep G2, respectively.

Anticancer drugs have been extensively investigated for years. Commercially available anticancer
drugs obtained from chemical synthesis show strong activity but result in various side effects [40].
Thus, the investigation of natural anticancer drugs has received much interest. Prodigiosin was
investigated as a potent natural anticancer agent since it showed strong inhibition against a wide range
of human cancer cell lines but lower toxicity toward normal cells [41]. The mechanisms of anticancer
activity of prodigiosin were reported in previous studies [41–43]. Prodigiosin induces apoptosis
in various human cancer cells [42], and some possible mechanisms were prosed that prodigiosin
as mitogen-activated protein kinase regulators, cell cycle inhibitors, DNA cleavage agents, and pH
modulators [43]. The results in this study contributed to announce the novel anticancer activity of
prodigiosin against WiDr cell line and also reconfirmed that prodigiosin as effective anticancer agents.
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3. Materials and Methods

3.1. Materials

Serratia marcescens TKU011 was obtained from our previous study [9]. S. marcescens CC17 obtained
from the previous study [44], S. marcescens TNU01 and S. marcescens TNU02 were newly isolated
from the soils of Buon Ma Thuot City, Vietnam, and identified based on 16S gene sequence in this
study. Shrimp shell and squid pens were purchased from Fwu-Sow Industry (Taichung, Taiwan). Four
cancerous cell lines—MCF-7 (Human breast adenocarcinoma), A549 (Human lung carcinoma), Hep
G2 (Human hepatocellular carcinoma), and WiDr (Human colon adenocarcinoma)—were purchased
from the Bioresources Collection and Research Centre (Hsinchu, Taiwan). Mitomycin C and Silicagel
(Geduran® Si 60 for column chromatography, size: 0.040–0.063 mm) were obtained from Sigma
Chemical Co. (St. Louis City, MO, USA) and Mitsubishi Chemical Co. (Tokyo, Japan), respectively.
Reagents, solvents and common chemicals were used at the highest grade available.

16S gene sequence of Serratia marcescens TNU01:
TGGCTCAGATTGAACGCTGGCGGCAGGCTTAACACATGCAAGTCGAGCGGTAGCACAGGG

GAGCTTGCTCCCTGGGTGACGAGCGGCGGACGGGTGAGTAATGTCTGGGAAACTGCCTGAT
GGAGGGGGATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAAAGAGG
GGGACCTTCGGGCCTCTTGCCATCAGATGTGCCCAGATGGGATTAGCTAGTAGGTGGGGTAA
TGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGATGACCAGCCACACTGGAACTG
AGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGC
CTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTAAAGCACTTTCAGCGAG
GAGGAAGGTGGTGAACTTAATACGTTCATCAATTGACGTTACTCGCAGAAGAAGCACCGGC
TAACTCCGTGC.

16S gene sequence of Serratia marcescens TNU02:
CTGGCTCAGATTGAACGCTGGCGGCAGGCTTAACACATGCAAGTCGAGCGGTAGCACAGG

GGAGCTTGCTCCCCTGGGTGACGAGCGGCGGACGGGTGAGTAATGTCTGGGAAACTGCCTGA
TGGAGGGGGATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAAAGAG
GGGGACCTTCGGGCCTCTTGCCATCAGATGTGCCCAGATGGGATTAGCTAGTAGGTGGGGTA
ATGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGATGACCAGCCACACTGGAACT
GAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAA
GCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTAAAGCACTTTCAGCG
AGGAGGAAGGTGGTGAACTTAATACGTTCATCAATTGACGTTACTCGCAGAAGAAGCACCG
GCTAACTCCGTG C.

3.2. Fermentation for Prodigiosin Biosynthesis by S. marcescens TKU011

α-chitin and β-chitin obtained from shrimp shells and squid pens were mixed with casein with
6 ratios of 1/7, 2/6, 4/4, 5/3, 6/2, and 7/1 (w/w) and used as the sole carbon and nitrogen source with the
concentration of 1.5% (w/v) for fermentation. The medium containing 1.5% carbon and nitrogen source,
0.1% K2HPO4 and 0.1% FeSO4(NH4)2SO4 was fermented by S. marcescens TKU011 at 30 ◦C in 1 d, and
then 25 ◦C over the next 2 d, shaking speed of 150 rpm, and a ratio volume of medium:flask of 1:2.5 (v/v).
α-chitin mixed with casein at the ratio of 5/3 (w/w) reached the greatest PG yield production; as such,
α-chitin/casein was used for comparison in the following experiments evaluating other carbohydrate
sources (chitosan, N-acetyl-glucosamine, glucosamine, cellulose and starch) and proteinous sources.
α-chitin/casein at the ratio of 5/3 (w/w) finally proved best and was used for fermentation in the
subsequent investigation, including the effect of added salts and some parameters.

The effect of phosphate salts and its optimal concentration added to culture medium on PG
production: four kinds of phosphate salts—KH2PO4, K2HPO4, NaH2PO4, and Na2HPO4—were used.
The medium containing 0.1% FeSO4(NH4)2SO4, 0.1% phosphate salt, and 1.5% C/N source were
fermented at 30 ◦C in 1 d, and then at 25 ◦C over the next 2 d, shaking speed of 150 rpm, and a ratio
volume of medium:flask of 1:2.5 (v/v). KH2PO4 was found to be the most suitable phosphate salt; as
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such, it was used to investigate its optimal concentration added to the medium. 0.025, 0.05, 0.1, 0.125,
0.15, 0.175, and 0.2% K2HPO4 and combined with 0.1% FeSO4(NH4)2SO4; the fermentation procedure
was conducted at 30 ◦C in 1 d, and then 25 ◦C over the next 2 d, shaking speed of 150 rpm, and a ratio
volume of medium:flask of 1:2.5 (v/v).

The effect of sulfate salts and its optimal concentration added to culture medium on PG production:
FeSO4(NH4)2SO4, MgSO4, CaSO4, CuSO4, and (NH4)2SO4 were used as sulfate salts. The medium
containing 0.05% K2HPO4 and 0.1% sulfate salt, 1.5% C/N source were fermented at 30 ◦C in 1 d, and
then 25 ◦C over the next 2 d, shaking speed of 150 rpm, and a ratio volume of medium:flask of 1:2.5
(v/v). CaSO4 was found to be the most suitable sulfate salt; as such, it was used to investigate its
optimal concentration added to the medium. 0.025, 0.05, 0.1, 0.125, 0.15, 0.175, and 0.2% CaSO4 and
combined with 0.1% K2HPO4; the fermentation was conducted at 30 ◦C in 1 d, and then 25 ◦C over the
next 2 d, shaking speed of 150 rpm, and a ratio volume of medium:flask of 1:2.5 (v/v).

The effect of some parameters on PG production: some parameters including temperature
programs (activated at 20, 23, 25, 27, 30, and 34 ◦C, and then fermented at 25 ◦C over the next 2 d),
initial pH (5.15, 5.65, 6.15, 6.65, 7.15, 7.65, 8.15, 8.65, 9.15, 9.65) and period of cultivation time (0, 1, 2, 3,
and 4 d).

3.3. Prodigiosin Quilification and Purification

PG concentration was determined according to the method previously described by Wang et al.,
2012 [36]. A mixture including 0.5 mL of fermented medium broth and 4 mL of methanol was
vortexed. 2% (w/v) hydrated potassium aluminum sulfate was added into this mixture, mixed, and
then centrifuged at 1400 g for 5 min. The harvested supernatant was then mixed with a solution of
methanol/0.5 N HCl at the ratio of 1/9, v/v. The final solution optical density was measured at 535 nm.
PG purified from the culture broth was used as the standard to convert OD535 nm measurement
to mass concentration via an appropriate calibration. PG was purified by the method previously
described [36] with modification. The culture broth was centrifugated at 10000× g for 15 min. The
supernatant was collected and mixed with ethyl acetate with the ratio 1/1. The mixture was kept in
a funnel for 3 h and immediately shaken every 30 min. The PG dissolved in ethyl acetate layer was
collected. The PG from the cell pellet was extracted with acetone, and centrifugated at 10000× g for
15 min. The ethyl acetate layer and acetone containing PG were mixed, concentrated by evaporation of
the solvent and then dissolved in ethyl acetate for further air oven drying at 55 ◦C to get dry crude PG
powder. The crude PG was further purified by loading onto a silica open column (Geduran® Si 60
(Merck KGaA, Darmstadt, Germany) for column chromatography, size: 0.040–0.063 mm) and eluted
with methanol in chloroform with a ratio of 0/10–2/8 (v/v). The PG was finally isolated by thin layer
chromatography (TLC) with the mobile phase system using methanol in chloroform with a ratio of 2/8
(v/v). After TLC separation, the lane contained PG was cut into small pieces, and methanol was used to
dissolve PG. Then PG was concentrated in a rotary evaporator (IKA, Staufen, Germany) at 60 ◦C under
vacuum. Finally, all the residue solvent was removed by keeping the sample in the oil pump in 12 h at
60 ◦C. The isolated PG was used to detect UV, MALDI-TOF MS and biological activities.

3.4. Biological Activity Assays

Four cancerous cell lines: A549, Hep G2, MCF-7, and WIDR were conducted to evaluate the
anticancer activities. The bioassay was done according to the methods described in detail in our
previous report [6]. The significant differences of anticancer activity, including inhibition (%) and IC50

values, were analyzed with the use of Statistical Analysis Software (SAS-9.4) provided by the SAS
Institute Taiwan Ltd. (Taipei City, Taiwan).

4. Conclusions

The current study established the novel designed medium containing 1% α-chitin, 0.6% casein,
0.05% K2HPO4, and 0.1% CaSO4 for efficient biosynthesis of bioactive prodigiosin. The fermentation
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was maintained at 25 ◦C for 2 d. The prodigiosin was purified, qualified via UV and Mass. The purified
prodigiosin was also evaluated for its anticancer properties. Notably, the purified PG displayed high
inhibition on four cancerous cell lines. The results in this study suggest that the purified prodigiosin
newly biosynthesized may be a potential candidate for cancer drugs.
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Abstract: Chondrosia reniformis is a common marine demosponge showing many peculiarities,
lacking silica spicules and with a body entirely formed by a dense collagenous matrix. In this
paper, we have described the identification of a new cytotoxic protein (chondrosin) with selective
activity against specific tumor cell lines, from C. reniformis, collected from the Liguria Sea.
Chondrosin was extracted and purified using a salting out approach and molecular weight size
exclusion chromatography. The cytotoxic fractions were then characterized by two-dimensional
gel electrophoresis and mass spectrometry analysis and matched the results with C. reniformis
transcriptome database. The procedure allowed for identifying a full-length cDNA encoding for a
199-amino acids (aa) polypeptide, with a signal peptide of 21 amino acids. The mature protein has a
theoretical molecular weight of 19611.12 and an IP of 5.11. Cell toxicity assays showed a selective
action against some tumor cell lines (RAW 264.7 murine leukemia cells in particular). Cell death
was determined by extracellular calcium intake, followed by cytoplasmic reactive oxygen species
overproduction. The in silico modelling of chondrosin showed a high structural homology with the
N-terminal region of the ryanodine receptor/channel and a short identity with defensin. The results
are discussed suggesting a possible specific interaction of chondrosin with the Cav 1.3 ion voltage
calcium channel expressed on the target cell membranes.

Keywords: Chondrosin; Chondrosia reniformis; marine toxin; cytotoxic protein; Porifera

1. Introduction

The marine sponge Chondrosia reniformis Nardo 1847 is a common marine demosponge,
widely distributed along all the Mediterranean Sea and East Atlantic Ocean, where it inhabits
both shallow and deep-water environments [1]. This demosponge lacks siliceous spicules and its
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body is entirely formed by a dense collagenous matrix with peculiar molecular features [2–4] with
finely-regulated production [5]. This sponge is also characterized by good regenerative properties [6]
whose molecular mechanisms have recently been described [7]. C. reniformis collagens pose remarkable
biotechnology potential: their successful use has been demonstrated in cosmetic preparations [8],
in drug delivery [9,10], in biomembrane production [11] and in the production of active peptides with
biomedical targets [12]. The well-known industrial value of this marine resource has pushed scientists
to find sustainable methods of exploitation, whether through the production of sponge collagen by
recombinant approaches [13,14] or by aquaculture attempts [15]. In particular, the current attempts at
C. reniformis farming are promising, even if not yet optimised for a sustainable production of sponge
biomass on a large scale, but in the next future relevant improvements in this field are expected. Some
sporadic observations on this peculiar animal also document the release of unknown toxic compound(s)
in the water hosting the specimens after collection, able to kill other animals in the same tank and to
cause skin irritation in humans. On the other hand, it is also known that C. reniformis in some areas
of the Adriatic Sea was usually eaten, after cooking, possibly implying a thermolability of this toxic
compound(s) [16].

The aim of this study was to fill in the gap of knowledge on the toxic compounds produced by this
common sponge, and to investigate their possible applicability in biomedicine, specifically in the field
of anticancer therapy. Based on the above-mentioned evidences, a chemical purification procedure
from a crude extract of C. reniformis specimens, collected in the Ligurian Sea was performed, and a
cell cytotoxicity assay was set up to verify its activity and its possible anti-tumour effect on different
cancer cell lines. Various experimental strategies were used to assess the compounds chemical nature,
and to define the range of molecular weight (MW) of these toxic component(s). Chromatographic
fractionation of the crude extract, mass spectrometry (MS) analysis and C. reniformis transcriptome data
mining, were then performed to identify the active compound and its three-dimensional (3D) structure.
Finally, the mechanism of toxicity on four cancer cell lines, representatives of different typologies of
tumours, was also investigated, to define its mode of action that causes cell death preferentially in
cancer cells.

2. Results and Discussion

2.1. The Cytotoxicity of a Crude Extract (CE) of C. reniformis is Due to a Protein Fraction

Preliminary experiments were performed on the crude hydrophilic extract (CE) of C. reniformis
obtained by squeezing sponge specimens, collected in the Ligurian Sea. As shown in Figure 1A
the RE exhibited a significant cytotoxic activity on L929 murine fibroblast cell line, where a
100-fold dilution of the CE caused 74.9 ± 4.5% cell death at 24 h incubation, analysed by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide dye test (MTT) (CE-100 bar, p < 0.0001
compared to C). To determine if the cytotoxic activity of the CE was due to a small-molecule metabolite or
to a protein, three different approaches were performed: a thermal sensitivity experiment, a 10,000 kDa
cut-off dialysis of the CE (DE), and a trypsin digestion. Indeed, the CE cytotoxic component was sensitive
to thermal treatment, as shown in Figure 1A (CE-therm bar), being completely inactivated after 10 min
incubation at 100 ◦C. Conversely, the DE showed that the cytotoxic component was totally retained in the
10 kDa cut-off fraction (Figure 1A, DE-100 bar, 70.1 ± 9.7% cytotoxic activity compared to C, p < 0.0001).
Finally, the trypsin digestion demonstrated a high degree of fragmentation into smaller peptides in
the DE as shown in the gel electrophoresis analysis (Figure 1C lanes 3 and 4 compared to control
lane 2) and L929 cells challenged with the trypsin-digested DE (Figure 1B, DE-Tryp20 and DE-Tryp50
bars) for 24 h showed a significant loss of the cytotoxic effect after the protease treatment compared
to the untreated DE (Figure 1B, 57% loss of cytotoxic activity for DE-Tryp20 and 71% for DE-Tryp50,
respectively, compared to DE-100, p < 0.0001 for both bars). These results clearly demonstrated that a
significant cytotoxic activity on a mammalian cell viability of the DE fraction was due to one or more
proteins. The production of toxic proteins is well known in marine sponges [17,18]. For biomedical
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applications, smaller molecules demonstrate a better exploitability than the larger ones [19], due to
their easiness for in vitro and in vivo biological and pharmacological assays, even if there is not a true
“dimensional” cut-off in the evaluation criteria for the pharmaceutical applicability of a polypeptide.
Bioactivity, specificity of action, and low immunogenicity are the main keys for the successful use of a
bioactive protein in therapy. The pharmacological target also plays a role, and like toxins of other marine
and terrestrial organisms, the biomolecule’s action could have different levels of specificity. Proteins and
peptides with selective action against bacteria and viruses are topics of increasing interest, whereas the
research for new proteins and peptides with anti-tumour activity is the most promising.

 

Figure 1. Cell toxicity evaluation. (A) L929 fibroblast cell growth quantitative evaluation, by the cell
viability MTT test at 24 h, in the presence or absence of a 100-fold diluted crude extract (CE-100),
of a 100-fold diluted dialysed extract (DE-100) and of a thermally-inactivated 100-fold diluted crude
extract (CE-therm). Results are expressed as cell percentages relative to control cells (C) and are the
mean ± Standard deviation (S.D). of three experiments performed in quadruplicate. Asterisks indicate
significance in paired Tukey test (Analysis of Variance-ANOVA, p < 0.000001; Tukey vs. C: * p < 0.0001).
(B) L929 fibroblast cell growth quantitative evaluation, by the cell viability MTT test at 24 h, in the
presence or absence of a 100-fold diluted DE (DE-100) or of the same DE previously digested with two
different concentrations of trypsin (DE-Tryp50 and DE-Tryp20, respectively). Results are expressed as
cell percentages relative to control cells (C) and are the mean ± S.D. of three experiments performed in
quadruplicate. Asterisks indicate significance in paired Tukey test (ANOVA, p < 0.000001; Tukey vs.
C: * p < 0.0001; Tukey vs. DE-100: # p < 0.0001). (C) Sodium Dodecyl Sulphate-PolyAcrylamide Gel
Electrophoresis (SDS-PAGE) of 20 μg of undiluted DE fraction after trypsin digestion for 24 h. Lane 1
molecular weight standards, Lane 2 untreated DE, lane 3 DE digested with tryspin 1:50 (w:w), lane 4
DE digested with trypsin 1:20 (w:w).
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2.2. Identification and Characterization of Chondrosin

In initial results (Figure 1), the main cytotoxic activity was confined to the protein fraction of
the C. reniformis crude extract, therefore a biochemical protocol of protein fractionation was designed
and tested to purify and identify the active protein(s) (Scheme 1). Thus, the RE was subjected to the
following step-by-step purification procedure: (i) a 10 kDa-cut-off dialysis to get rid of small molecules
and metabolites, and to obtain a dialysed extract fraction (DE); (ii) an ammonium sulphate (AS)
biochemical protein fractionation (salting out), giving active proteins in the precipitate fraction (ASP);
(iii) a high-performance liquid chromatography (HPLC) separation by size-exclusion gel filtration to
obtain a limited number of protein peaks (P1-P5). This procedure allowed us to obtain five different
C. reniformis protein fractions, shown in the chromatogram of Figure 2A, with decreasing molecular
weight, named P1 to P5, and in the range of: P1 480–250 kDa, P2 250–130 kDa, P3 130–75 kDa,
P4 75–35 kDa and P5 35–15 kDa. As shown in the MTT tests in Figure 3, only P4 and P5 HPLC
fractions retained a significant cytotoxic effect, thus, these two peaks were processed for the proteomic
analysis. Both HPLC fractions were therefore dried and subsequently subjected to two-dimensional
(2D) electrophoretic analysis. The results are summarized in Figure 2B, C where a very similar and
well-defined row of spots in the same position in the 2D gels is evident (spots from 1 to 4), suggesting
the presence of the same protein in both peaks. More specifically, peak 5 showed a purer composition,
whereas peak 4 contained traces of other proteins together with the protein showing a cytotoxic
activity. The HPLC analysis is coherent with the MS result, where the chromatogram obtained clearly
suggests that peaks 4 and 5 are not completely resolved and the proteins eluted in peak 5 are also
present in peak 4 (Figure 2A). The MS analysis of the proteins extracted from the four spots of the
2D gels of peaks 4 and 5 corresponds to a protein that we named chondrosin (see Tables 1 and 2).
The row of spots is considered typical of post-translational modifications like that of different patterns
of phosphorylation or glycosylation [20,21]. In all four spots, the same peptides were identified.
Matches between the MS data and C. reniformis transcriptome database allowed us to identify a putative
sequence corresponding to the one showed in Figure 2D. The MS analysis clearly identified the primary
sequence of the protein, and the data mining of C. reniformis transcriptome database allowed to identify
a full-length cDNA encoding for a 199-aa polypeptide, with a signal peptide of 21 aa (Figure 2D,
underlined in red). The cleavage site of the signal peptide is positioned between amino acids (aa) AEA
and SK, with 0.963% of probability (see methods). The mature protein consists of 178 aa (Figure 2C
in black), with a theoretical Molecular weight (MW) of 19611.12 and an Isoelectric point (IP) of 5.11.
MS analysis confirmed the primary sequence of chondrosin with a 65.17% of coverage (Figure 2D,
MS-identified peptides highlighted in yellow). The uncovered part of the sequence is probably the site
of post-translational modifications. The in silico predicted structure analysis (Figure 2E) evidenced
a clear homology with the N-terminal region of the ryanodine receptor/channel and with a small
region found in the defensin beta sheet domain (Supplementary Materials, File S1). Many toxins
contain defensin-like domains conjugated with different types of protein domains. The genetic toxin
evolution, in these cases, starts from a gene encoding a non-toxic protein subjected to mutation by
duplication and/or exon shuffling phenomena, and/or specific point mutations, to give rise to the
final toxic protein [22,23]. The absence of C. reniformis genome database does not allow more specific
considerations about the genetic origin of chondrosin, but the presence of this short defensin domain
might be explained by a related evolutionary process. More intriguing and peculiar is the presence
of a larger domain with high structural homology with the ryanodine receptor. To the best of our
knowledge, there has been no previous report for protein toxins, and the hypothesis of action discussed
in the following sections is challenging.
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Figure 2. Identification by proteomic analysis. (A) Chromatogram at 220 nm absorbance obtained by
HPLC (high-performance liquid chromatography) separation of the ammonium sulphate precipitate
(ASP) fraction through a molecular weight size-exclusion column. The obtained peaks, from P1 to P5,
were separately collected for further biological and chemical characterization. (B,C) Two-dimensional
gel electrophoresis of C. reniformis HPLC purified P4 and P5 peaks, respectively. Samples were loaded
in precast, 7-cm long, IPG strips with isoelectric focusing (IEF) pH 3–10. Spot protein identification
(from spots 1 to 6) relative to peak 4 (B) and (from spot 1 to 4) relative to peak 5 (C), by MS analysis,
are reported, respectively, in Tables 1 and 2. Spots (1–4) are present in the same position in both
gels corresponding to the same protein. (D) Chondrosin protein primary amino acid sequence. The
identified signal peptide is in red, while the protein peptide coverage identified by MS analysis is
highlighted in yellow. (E) Chondrosin predicted 3D structure using the Phyre2 web portal for protein
modelling, prediction and analysis (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index ©
Structural Bioinformatics Group, Imperial College, London)
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Scheme 1. Procedure flowchart for the step-by-step purification and characterization of the
cytotoxic/anti-tumour protein chondrosin from the marine sponge C. reniformis.
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Table 1. The proteins identified from 2D (two-dimensional) gel spots of peaks 4 and 5 by Q Exactive™
nano- electrospray ionization coupled with tandem mass spectrometry (ESI-MS/MS) and SEQUEST
search engine. For each protein (isotig) the following details are reported: Score (Sequest), coverage
(% of the protein sequence covered by identified peptides), unique peptides (unique peptides in the
protein group), peptides (distinct peptides in the protein group).

P4

Spot C. R. Database Id Score Coverage Proteins Unique Peptides Peptides

1 isotig13644 207.90 58.29 1 10 11

2 isotig13644 133.15 58.29 1 8 11

3 isotig13644 137.50 58.29 1 8 11

4 isotig13644 237.20 58.29 1 11 11

5 isotig11703 66.86 37.37 1 4 10

6 isotig13644 19.68 45.23 1 7 8

6 isotig02770 74.19 45.81 2 2 6

6 isotig02771 47.81 45.81 2 2 6

P5

Spot C. R. Database Id Score Coverage Proteins Unique peptides Peptides

1 isotig13644 379.61 58.29 1 12 12

2 isotig13644 340.54 58.29 1 10 12

3 isotig13644 181.69 58.29 1 11 11

4 isotig13644 309.34 58.29 1 12 12

Table 2. Identified proteins. For each identified protein total amino acid number, theoretical MW and IP
are given. Moreover, the table indicates the accession number, the protein description and the organism
in which the proteins displaying the maximum alignment score (sorted by E-value), obtained by the
National Center for Biotechnology Information (NCBI) Protein Blast analysis, are identified.

C. R.
Database Id

aa
MW

(kDa)
IP Accession Number Description Organism E Value

isotig13644 199 21.9 5.27 WP_142038611.1 DNA-binding
response regulator Arthrobacter sp. 5.9

isotig11703 281 31.9 5.76 ABR53885.1 Astrosclerin-1 Astrosclera willeyana 7.30 × 10−61

isotig02770 203 23.3 4.59 XP_016993171.1
PREDICTED:

ubiquitin-conjugating
enzyme E2 H

Drosophila takahashii 4.4

isotig02771 203 23.3 4.55 XP_016993171.1
PREDICTED:

ubiquitin-conjugating
enzyme E2 H

Drosophila takahashii 4.4

2.3. Anti-Tumour Activity of Protein Purified Fractions Derived from C. reniformis CE

The cytotoxic action of CE was better characterized by purification of the active compounds
responsible of the observed effects. At each purification step, the total protein content of each fraction
was quantified (see Section 4), and the increasing concentration of the active protein(s) was monitored
by testing its(their) cytotoxic/anti-tumour activity using the MTT test (Figure 3) on normal human
dermal fibroblasts (NHDF) and on four cancer cell lines at 24 h incubation at various dilutions (1 to
100 μg/mL total protein content). The cytotoxicity test on NHDF at 24 h incubation showed no effect
on the cell viability with respect to control cells in the presence of the DE fraction, at all concentrations
tested (Figure 3A). At the same time the ASP fraction showed a weak cytotoxicity only at the highest
concentrations (18.5 ± 7.5 and 14.7 ± 7.1% cell death at 100 and 10 μg/mL compared to the control,
respectively, p > 0.05 for both). Finally, whereas P1 to P3 HPLC purified fractions exhibited no sign of
toxicity in all cell lines tested from normal fibroblasts to cancer cell lines (data not shown), P4 and P5
fractions showed a significant cytotoxicity in all types of cells. In particular, in NHDF cells, both P4 and

111



Mar. Drugs 2020, 18, 409

P5 fractions manifested a significant cytotoxicity at the highest and the middle concentrations tested
(100 and 10 μg/mL, respectively), namely 73.1 ± 3.7 and 42.1 ± 6.9% cell death were observed for P4
(p< 0.0001 vs. C for both bars, respectively), while 81.1± 6.3 and 44.2± 8.2% cell death were recorded for
P5 (p < 0.0001 vs. C for both bars, respectively). Finally, at the lowest concentration (1 μg/mL) both P4
and P5 showed no sign of cytotoxicity on NHDF cells. Subsequently, the cytotoxic test was performed
on four different cancer cell lines: L929 murine fibroblasts (tumorigenic in immunocompromised
mice), RAW 264.7 (murine leukemic macrophages), MDA-MB-468 (human breast carcinoma) and
HeLa (human cervical carcinoma). L929 and RAW 264.7 cells showed the highest sensitivity to the
cytotoxic effects of the C. reniformis protein fractions, whereas the MDA and HeLa cells were the less
sensitive, although also in these cell lines a significant effect was observed. Concerning L929 cells,
all C. reniformis protein fractions i.e., from DE to ASP and from P4 and P5 showed a relevant cytotoxic
effect (Figure 3B). DE fraction was dramatically effective both at 100 and 10 μg/mL concentrations
while at 1 μg/mL concentration cell death percentage reached 82.8 ± 3.3% compared to control cells
(p < 0.0001). A similar pattern was observed also for ASP toxicity test where the highest concentrations
tested (100 and 10 μg/mL) showed a 94.9 ± 0.5 and 84.7 ± 2.3% cell death while the lowest (1 μg/mL) a
30 ± 4.2% mortality compared to the control (p < 0.01). Finally, the cytotoxicity of P4 and P5 HPLC
fractions was very high at the highest and middle concentrations tested (87.7 ± 4.2 and 74.6 ± 1.2%
for P4 and 80.2 ± 3.1 and 74 ± 2.5% for P5, respectively, p < 0.0001 vs. C for both concentrations
and both purified peaks) but completely ineffective at the lowest concentration. RAW 264.7 murine
leukemic macrophages revealed the highest sensitivity to the C. reniformis protein fractions cytotoxic
effect. In fact, all fractions from DE to ASP and to P4 and P5, at the highest and middle concentrations
tested, showed a cell mortality close to 100% (Figure 3C) and the lowest concentration was still able
to significantly affect cell viability vs. control, with a mortality of 76.7 ± 4.4% for DE 1(p < 0.0001),
53.9 ± 10.5% for ASP 1 (p < 0.0001), 18 ± 9.5% for P4 1 (p < 0.05) and 36.7 ± 9.3% for P5 1 (p < 0.0005).
In MDA-MB-468 breast carcinoma cell line, a different behaviour was observed (Figure 3D). The
C. reniformis protein fractions never reached a very high rate of mortality, except maybe for DE, ASP
and P4 at 100 μg/mL where 79.7 ± 2.5%, 44.5 ± 6.1% and 54 ± 5.9% cell death were reached, respectively
(p < 0.0001 vs. C for all conditions). Conversely, all the other tested concentrations showed a lower cell
death varying from 30–35% yet significantly higher than the control (P5 all concentrations, P4 10 μg/mL,
p < 0.005) to only 20% (DE 10 and 1 μg/mL, P4 1 μg/mL, p < 0.005). Similarly, HeLa cells (Figure 3E)
showed a higher rate of mortality only at the highest concentration tested, with a percentage of cell
death of 59.4 ± 3.8% for DE, 36.7 ± 1.8% for ASP, 65.7 ± 4.3% for P4 and 51.9 ± 8.1% for P5 compared
to C (p < 0.005, for all bars), while at the middle and the lowest concentrations cell death rates were
around 47.6 ± 2.1% and 29.7 ± 10.7% for DE, 45.6 ± 3.3% and 34.7 ± 10.4% for ASP, 30% for P4 and
35.7 ± 1.3% and 41.8 ± 8.1% for P5, respectively (p < 0.05 vs. C for all bars).

Overall, these data indicate that there is a higher cytotoxicity of the C. reniformis protein fractions
to the cancer cell lines compared to the primary normal cells (Figure 2B–E vs. 2A) with a respective
EC50 calculated for the P4 and P5 purified fractions of 17.8 and 14.6 μg/mL for NHDF, 3.56 and
4.9 μg/mL for L929, 1.99 and 1.12 μg/mL for RAW 264.7, 59.88 μg/mL for P4 in MDA-MB-468 and
17.7 μg/mL for P4 in HeLa cells. The EC50 of the P5 fraction for MDA and HeLa cells was not possible to
calculate. Thus, we can conclude that the identified protein chondrosin, present in P4 and P5 fractions,
seems to exert an anti-tumour effect on two of the four cancer cell lines (L929 and RAW 264.7) and a
cytotoxic/anti-proliferative effect on the other two cell lines (MDA-MB-468 and HeLa). Furthermore,
a different sensitivity to the C. reniformis anti-tumour protein chondrosin in the four cancer cell lines
can be envisaged, probably due to some differences in the chondrosin specific interaction with these
cells, as further discussed in Section 2.4. In particular, the two murine tumorigenic cell lines (panels B
and C) showed the highest sensitivity to C. reniformis protein fractions, with the hematologic cancer cell
line being the most affected of all, while the two human carcinomas (panels D and E) demonstrated a
higher resilience to the cytotoxic effect, even at the lowest protein fraction concentration (1 μg/mL),
cell viability was always significantly lower than the untreated control (in MDA between 20 and 30%
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less cells, in HeLa between 30 and 40% less cells). These numbers could indicate that while a strong
cell death mechanism could operate in L929 and RAW 264.7 murine cells, the effect in the human
carcinoma cell lines could be more cytostatic, resulting in a lower cell death rate and a slow-down of
cell growth whose cell death never reached the values of the untreated controls.

Figure 3. Cont.
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Figure 3. Cytotoxic/anti-tumour activity evaluation. (A) Normal human dermal fibroblast cell growth
quantitative evaluation, by the cell viability MTT test at 24 h, in the presence or absence of various
dilutions of C. reniformis purified fractions: dialysed extract (DE) from 1 to 100 μg/mL, ammonium
sulfate precipitate extract (ASP) from 1 to 100 μg/mL, HPLC purified peak 4 (P4) and peak 5 (P5) from 1
to 100 μg/mL. Results are expressed as living cell percentages with respect to control cells (C) and are the
mean ± S.D. of three experiments performed in quadruplicate. Asterisks indicate significance in paired
Tukey test (ANOVA, p < 0.000001; Tukey vs. C: * p < 0.0001). (B) L929 murine tumorigenic fibroblasts
cell growth quantitative evaluation in the same conditions as (A). Asterisks indicate significance in
paired Tukey test (ANOVA, p < 0.000001; Tukey vs. C: ** p < 0.0001, * p < 0.01, respectively). (C) RAW
264.7 murine leukemia cell growth quantitative evaluation in the same conditions as (A). Asterisks
indicate significance in paired Tukey test (ANOVA, p< 0.000001; Tukey vs. C: *** p< 0.0001, ** p< 0.0005,
* p < 0.05, respectively). (D) MDA-MB-468 human breast carcinoma cell growth quantitative evaluation
in the same conditions as (A). Asterisks indicate significance in paired Tukey test (ANOVA, p < 0.000001;
Tukey vs. C: *** p < 0.0001, ** p < 0.005, * p < 0.05, respectively). (E) HeLa human cervical carcinoma
cell growth quantitative evaluation in the same conditions as (A). Asterisks indicate significance in
paired Tukey test (ANOVA, p < 0.000001; Tukey vs. C: ** p < 0.005, * p < 0.05, respectively).

2.4. Mechanisms of Toxicity of Chondrosin on Tumour Cells

2.4.1. Necrosis and Apoptosis Assessment

To investigate which type of cell death the four cancer cell lines were undergoing, two types of
analyses were performed: the Lactate Dehydrogenase (LDH) assay, quantifying the enzyme leakage
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in the cell medium, in order to evaluate the level of cell death by necrosis in the cultures, and the
annexin/propidium iodide positivity assay, analysed both by cytofluorimetry (FACS analysis), and by
confocal microscopy in order to establish the level of apoptosis of the cancer cells. The LDH assay
performed after 24 h of incubation revealed a certain rate of necrosis in the four cancer cell lines
(Figure 4), but mainly in the presence of the DE fraction and not in the further purified fractions, and
especially in the two murine cancer cell lines (L929 and RAW 264.7, panels A and B, respectively).
In detail, L929 cells showed a significant cell necrosis in the DE fraction at both concentrations tested
compared to control cells (44.6 ± 3.1% and 13.3 ± 1.4% at 100 and 10 μg/mL, p < 0.001 and p < 0.05,
respectively), and also in the ASP fraction at the highest concentration (23.5 ± 3.8%, p <0.05), while
in the P4 fraction the percentage of necrosis was always below 10% and comparable to the control.
RAW 264.7 cells showed a comparable behaviour with a significant necrosis with respect to that of the
control, observable only in the DE fraction (36.2 ± 3.4% and 26.6 ± 4%, at 100 and 10 μg/mL, p < 0.001
and p < 0.05, respectively), while the ASP and P4 fractions always showed a necrosis percentage below
10% and comparable to that of the control. In MDA cells (Figure 4C) necrosis was only observable
at the highest concentration of DE and P4 fractions in the range of 15% for both, compared to the
control (p < 0.05), and finally in HeLa cells, the only protein fraction causing a slight but measurable
rate of necrosis was the DE at both concentrations tested (13 ± 1.6% and 8.1 ± 0.6%, at 100 and
10 μg/mL, respectively, p < 0.05). Overall, the two human cell lines showed a very low level of necrosis,
although still measurable, in their cultures. These data indicate that: (i) in the DE protein fraction there
is a multifactorial cytotoxic activity provoking cell death partly by necrosis, as documented in Figure 4,
but not only, and this is especially visible at 100 μg/mL DE protein fraction concentration where the rate
of cell death measured by the MTT test (Figure 3) is significantly higher compared to the percentage of
necrosis at the same time point (24 h) in all cancer cell lines; (ii) in the further purified C. reniformis
protein fractions, namely the ASP and the P4, the necrotic component of the protein extract has been
eliminated by the purification steps, and the still high rate of cytotoxicity measured in these fractions
in all cancer cell lines at 24 h (MTT test in Figure 3) is probably due to an apoptotic mechanism. To test
this hypothesis, the annexin/propidium iodide staining was used to evaluate the apoptotic state in
all cancer cell lines and the cultures were analysed by both Fluorescence-activated cell sorting flow
cytometry (FACS) and confocal microscopy for a quantitative and qualitative assessment, respectively.
In particular, the FACS analysis was performed at 6 and 24h on the four tumour cell lines on the
cells recovered after trypsin detachment from the wells where the treatment with the DE or P4 was
performed. Thus, the results refer to the percentage of apoptotic cells observed in the population of
cells still attached to the plate and, therefore, still alive in the plate. Results are shown in Figure 5 and
exemplify one of the three experiments performed on the four cell lines. Concerning L929 (panel A)
and RAW 264.7 cells (panel B) only the 6 h endpoint is shown since at 24h it was not possible to retrieve
a sufficient number of manageable cells from the plates to perform the analysis, and for the same
reason the concentrations of protein fractions used for these cells were of 10 and 1 μg/mL for both
DE and P4 fractions. In both cell lines it was possible to observe, at the only time point analysed, a
significant number of apoptotic cells (the percentage is the sum of early + late apoptotic) with respect
to all the cells retrieved from the plates. The highest percentage of apoptotic cells in L929 cell line was
observed in the sample treated with 10 μg/mL P4 (14.3%) and in the RAW 264.7 cell line treated with
1 μg/mL DE (26.4%), although in these cells also the P4 treatment, both at 10 and 1 μg/mL, showed
a significant percentage of apoptosis relative to the total number of cells retrieved from the plate
(18.8% and 18.1%, respectively). Interestingly, also in MDA (panel C) and HeLa cells (panel D–E),
although the C. reniformis protein fractions were less cytotoxic (see Figure 3), it was possible to observe
a significant number of apoptotic cells both at 6 and 24 h at 100 and 10 μg/mL concentrations for the DE
and P4 treatments. In particular, in both MDA and HeLa cells, the highest percentage of apoptotic cells
was observed in the P4 treatment at the highest concentration after 6 h incubation (23.3% and 39.3%,
respectively), while at 24 h the percentage of apoptosis in the same sample was lower in both cell
lines (12.6% and 31.8%, respectively). Furthermore, in the same cell lines the second highest apoptotic
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percentage was obtained by treatment with the DE at 100 μg/mL for 24 h, where in both cell lines the
level of apoptosis was around 20% with respect to all cells retrieved from the plates (panels C, D and E).
These data were also confirmed by a confocal microscopy analysis of the four cell lines, after treatment
with P4, by annexin/propidium iodide staining of cells (Figure 6). In particular, L929 (panels A) and
RAW 264.7 cells (panels B) images were acquired after 6 h treatment with 10 μg/mL P4. In both cell
lines it was possible to observe numerous groups of cells showing signs of both early (only green
positivity) and late (concomitant green/red positivity) apoptosis (panels A-III and B-III, respectively),
being the second more prevalent than the first (i.e., more green/red cells than only green in both cell
lines). Conversely, both in MDA (panels C) and HeLa cells (panels D) treated with 100 μg/mL P4 for
6 h, early apoptotic cells (only green positivity) were more prevalent than late apoptotic (concomitant
green/red positivity) cells at this time point (panels C-III and D-III, respectively). Altogether, these data
indicate that a significant phenomenon of apoptosis is observable in the four tumor cell lines treated
with the C. reniformis protein fractions. Thus, we can infer that the cytotoxicity of chondrosin, a new
protein identified as the main component of the P4 and P5 fractions, is likely due to a mechanism
promoting apoptosis in the affected cells.

 

Figure 4. Cell necrosis assessment. (A) The percentage of necrotic cells measured by quantification
of LDH release in the cell medium at 24 h in L929 murine tumorigenic fibroblasts after incubation in
the presence or absence (Control, C) of DE, ASP and P4 (100 and 10 μg/mL, respectively). Results are
expressed as percentage of dead cells with respect to the number of seeded cells at time = 0 and are
the mean ± S.D. of three experiments performed in quadruplicate. Asterisks indicate significance in
paired Tukey test (ANOVA, p < 0.00001; Tukey vs. C: ** p < 0.001, * p < 0.05, respectively). (B) The
percentage of necrotic cells measured in the same conditions as (A) in RAW 264.7 murine leukemia cells.
Asterisks indicate significance in a paired Tukey test (ANOVA, p < 0.00001; Tukey vs. C: ** p < 0.001,
* p < 0.05, respectively). (C) The percentage of necrotic cells measured in the same conditions as (A)
in MDA-MB-468 human breast carcinoma cells. Asterisks indicate significance in paired Tukey test
(ANOVA, p < 0.001; Tukey vs. C: * p < 0.05). (D) The percentage of necrotic cells measured in the same
conditions as (A) in HeLa human cervical carcinoma cells. Asterisks indicate significance in a paired
Tukey test (ANOVA, p < 0.001; Tukey vs. C: * p < 0.05).
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Figure 5. Cell apoptosis assessment by FACS analysis. (A) The percentage of annexin-positive,
apoptotic cells measured by FACS analysis in trypsin-detached L929 murine tumorigenic fibroblasts
after 6 h incubation in the presence or absence (C) of DE and P4 (10 and 1 μg/mL, respectively).
Results are expressed as percentage of positive apoptotic cells compared to the total number of still
living cells retrieved from the plate by trypsin detachment and are representatives of one of the
two FACS acquisition experiments performed in duplicate. (B) The percentage of annexin-positive,
apoptotic cells measured in the same conditions as cells in panel (A) in RAW 264.7 murine leukemia cells.
(C) The percentage of annexin-positive, apoptotic cells measured by FACS analysis in trypsin-detached
MDA-MB-468 cells after 6 (black bars) or 24 h (grey bars) incubation in the presence or absence (C) of DE
and P4 (100 and 10 μg/mL, respectively). Results are expressed as percentage of positive apoptotic cells
compared to the total number of still living cells retrieved from the plate by trypsin detachment and
are representatives of one of the two FACS acquisition experiments performed in duplicate. (D) The
percentage of annexin-positive, apoptotic cells measured in the same conditions as cells in panel (C) in
HeLa human cervical carcinoma cells. (E) Representative image of FACS analysis raw data obtained in
annexin/PI detection on HeLa cells at 6 h incubation in the absence (control) or presence of 10 μg/mL DE.
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Figure 6. Cell apoptosis assessment by confocal microscopy analysis. (A) Visualization by confocal
microscopy analysis (HCX PL APO CS 63.0 × 1.40 oil objective, 2 × digital zoom) of annexin-positive
(green fluorescence) and/or propidium iodide-positive (red fluorescence) cells in L929 murine
tumorigenic fibroblasts after 6 h incubation in the presence of 100 μg/mL P4. Panel I: green channel,
panel II, red channel, panel III: superimposed green/red channels, panel IV: phase contrast. The white
bar spans 20 μm. (B) Visualization of RAW 264.7 murine leukemia cells measured in the same conditions
as cells in panel (A). (C) Visualization of MDA-MB-468 human breast carcinoma cells measured in
the same conditions as cells in panel (A). (D) Visualization of HeLa human cervical carcinoma cells
measured in the same conditions as cells in panel (A).

2.4.2. Cytosolic Calcium Rise and Reactive Oxygen Species (ROS) Production in Challenged Cells

Two main signalling stress mediators, and eventual inducers of cell death and apoptosis,
are represented by a sustained cytosolic Ca2+ rise and reactive oxygen species (ROS) production [24].
The duration and intensity of these well-known stress signals are the key factors for an adequate
cell response to dangers the cells are facing or, if too prolonged in time and/or too severe in its
intensity, are the means to induce cell death, indicating the inability of the cells to overcome the
challenge they are facing. Due to the similarity shown by the new identified protein chondrosin to the
ryanodine receptor/channel (see Figure 2D,E), we decided to investigate the effect of chondrosin on the
intracellular Ca2+ concentration rise by using a calcium-sensitive dye (Fluo3-AM) and fluorometric
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analysis (Figure 7A–D). Both fluo3-AM-loaded L929 and RAW 264.7 cells (panels A,B and C,D,
respectively) were challenged with different P4 and DE concentrations (50 and 100 μg/mL and
100 μg/mL, respectively) and intracellular fluorescence was then monitored for 1 h total acquisition.
Panels A and C show representative intracellular Ca2+ rise curves in single wells challenged with the
two different P4 concentrations in the two cell lines (L929 and RAW 264.7, respectively) in the presence
or absence of extracellular Ca2+ in the cell culture medium; conversely panels B and D show the
slope/min ± SD for each stimulus calculated from the curves shown in panels A and B, respectively. In
the presence of extracellular Ca2+ in the culture medium, both P4 and DE were able to induce a slow but
unrelenting cytosolic Ca2+ rise in L929 and RAW 264.7 cells with respect to unchallenged control cells
(“w Ca” lines in panels A and C, and black bars in panels B and D, respectively, ANOVA p < 0.000001 for
both cell lines). Conversely, in the absence of extracellular Ca2+, the intracellular rise of this important
mediator was completely abolished over time after stimulation with both P4 and DE in both L929 and
RAW 264.7 cell lines (“wo Ca” lines in A and C, and white bars in B and D, respectively). These data
clearly indicate that chondrosin, in the P4 enriched fraction, is able to induce a significant intracellular
Ca2+ rise by extracellular Ca2+ entry into the cytoplasm from the cell membrane probably by activating
a plasma membrane Ca2+-receptor/channel. Our hypothesis is focused on the possible activation,
by direct interaction with chondrosin, of Cav 1.3 calcium channel, a L-type voltage-dependent ion
channel, also recently described on the plasma membrane of RAW 264.7 cells [25]. The opening of this
channel allows the extracellular Ca2+ entrance. Recently, in hippocampus neurons it has been indeed
demonstrated the activation of this channel via physical interaction with the ryanodine receptor, which
chondrosin closely resembles, with the consequent entrance of Ca2+ from the synaptic area [26].

Figure 7. Cont.
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Figure 7. Intracellular Ca2+ and ROS quantification by fluorometric analysis. (A) Intracellular Ca2+

concentration increase evaluation over time in Fluo3-AM-loaded L929 murine tumorigenic fibroblasts
challenged without (C w Ca) or with P4 at 100 and 50μg/mL immediately before starting the fluorometric
acquisition at 480/520 ex/em. The experiments were performed in the presence (w Ca) or absence
(wo Ca) of Ca2+ in the extracellular medium. Each coloured line represents the recording at every
minute of a single well of a 96-well plate for 1 h. Every line is representative of two experiments
performed in triplicate. (B) Calculated slope/min of each intracellular Ca2+ increase in 1 h time interval
(from experiment in A) for each condition of analysis performed in triplicate (control: C, P4 50 and
100 μg/mL, DE 100 μg/mL) in L929 murine tumorigenic fibroblasts. Slope/min was calculated from
acquisitions either in the presence (black bars) or absence (white bars) of Ca2+ in the extracellular
medium. Asterisks indicate significance in Tukey test (ANOVA for black bars p < 0.000001; Tukey vs. C,
* p < 0.0001). (C) Intracellular Ca2+ concentration increase evaluation over time in RAW 264.7 murine
leukemia cells measured under the same conditions as cells in panel (A). (D) Calculated slope/min
of intracellular Ca2+ increase in RAW 264.7 murine leukemia cells was measured under the same
conditions as cells in panel (B). Asterisks indicate significance in Tukey test (ANOVA for black bars
p < 0.000001; Tukey vs. C, * p < 0.0001). (E) Intracellular ROS production measured by DCF fluorometric
analysis in L929 murine tumorigenic fibroblasts incubated for 2 h with 200 μM H2O2 (positive control)
or with 50 or 100 μg/mL P4 or 100 μg/mL DE, in the presence (black bars) or absence (white bars) of
Ca2+ in the extracellular medium. Results are expressed as percentages of ROS production respect to
the control (C) and are the mean ± SD of three experiments performed in quadruplicate. Asterisks
indicate significance in Tukey test (ANOVA for black bars p < 0.000001; Tukey vs. C, ** p < 0.0001,
* p < 0.01, respectively; ANOVA for white bars p < 0.000001, Tukey vs. C, * p < 0.01). (F) Intracellular
ROS production measured by DCF fluorometric analysis in RAW 264.7 murine leukemia cells measured
in the same conditions as cells in panel (E). Asterisks indicate significance in the Tukey test (ANOVA for
black bars p < 0.000001; Tukey vs. C, ** p < 0.0001, * p < 0.01, respectively; ANOVA for white bars
p < 0.00005, Tukey vs. C, ** p < 0.0001, * p < 0.01, respectively).

Since another important stress signal activating cell death pathways is intracellular ROS production,
directly or indirectly stimulated by the extracellular stimulus/danger or by the Ca2+ second messenger
rise, respectively [24,27], also this parameter was investigated in L929 and RAW 264.7 cells by using
the ROS sensitive dye 2′,7′-dichlorodihydrofluorescein diacetate (DCF) and fluorometric analysis
(Figure 7E,F). The analysis was performed either in the presence or absence of extracellular Ca2+ in the
cell medium. In both cell lines (L929 panel E and RAW 264.7 panel F, respectively) it was possible
to observe a significant intracellular ROS production compared to the control, in the presence of
extracellular Ca2+ (black bars, ANOVA p < 0.000001 for both cell lines), after 2 h incubation with
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P4 (50 and 100 μg/mL) and DE (100 μg/mL), similar to (P4) or significantly higher than (DE) the
200 μM H2O2 positive control stimulus. Conversely, in the absence of extracellular Ca2+ (white bars),
a significant inhibition of ROS production after P4 and DE challenge was observed in both cell
lines. In contrast, the positive H2O2 control remained essentially unaffected by the absence of the
extracellular Ca2+. These data indicate that while cytosolic ROS production in H2O2-challenged
L929 and RAW 264.7 cells is not influenced by the extracellular Ca2+ concentration, in the case of
P4 and DE challenged cells and, thus, in the presence of chondrosin, extracellular Ca2+ entry in the
cells is totally (L929, panel E) or partially, but significantly (RAW 264.7, panel F), responsible for the
consequent ROS production, depending on the cell line. This also indicates that cell type-specific
responses and a different sensitivity to the stimulus can be observed in chondrosin-challenged cells.
From these data we can fairly conclude that extracellular Ca2+ entry is a triggering signal for ROS
production in chondrosin-challenged cells and that the significant cytosolic rise of these two important
mediators is likely the main reason for the subsequent cytotoxic-apoptotic outcome in the tumour cells.
Furthermore, from the analysis of Ca2+ and ROS data in DE-challenged cells, some other conclusions
can be drawn on the cytotoxic activity of the C. reniformis protein-containing fractions. In particular it
is to note that, in terms of signal intensity: (i) the intracellular Ca2+ rise in DE-challenged cells is of the
same order of magnitude as the P4 stimulus (Figure 7 panels A–D), an effect likely due in both fractions
to the chondrosin; and (ii) in the case of ROS intracellular production DE-challenged cells showed
more than a two-fold increase compared to the P4 stimulus. This last result suggests the presence of
a multifactorial component in the DE fraction, where the ROS increase is generated by the sum of
a protein component causing the extracellular Ca2+ entry (very likely chondrosin) and of the action
of another protein component probably directly stimulating a ROS production independent from
extracellular Ca2+ entry. This is especially visible in the RAW 264.7 cell line (panel F). This significant
difference in ROS production observed in the DE fraction compared to the P4 fraction, could also
help to explain the higher rate of necrosis observed in DE-treated cells with respect to P4 (Figure 4),
probably due to a more direct cytotoxic effect of the ROS overproduction in the first case relative to the
second. The DE component responsible for the ROS overproduction and the higher rate of necrosis is
lost in the P4 purified fraction enriched in chondrosin, where the ROS production is significantly lower
and probably mainly due to the chondrosin action, through the stimulation of the extracellular Ca2+

entry. This allows to infer that, in the P4-treated cells, chondrosin exerts its action mainly by promoting
apoptosis and in lesser extent, by a direct cytotoxic effect, contrary to what likely happens in the cells
treated with the less purified DE fraction.

3. Conclusions

In this work we identified a new type of cytotoxic protein from the marine sponge C. reniformis,
with unique features. Chondrosin is likely secreted to the surrounding environment when the sponge
is subjected to a strong stress or after wounding. The structure of this toxin shows a domain with
intriguing structural homology with the N-terminal region of the ryanodine receptor/Ca2+ channel.
Furthermore, in this toxin, a short domain with high homology to defensins is also present. The presence
of defensins regions and domains is known in many toxins of protein origin from arthropods to reptiles,
while the toxic action of the N-terminal region of the ryanodine receptor/channel domain is observed
for the first time. We demonstrated that the toxic action is mediated by an extracellular calcium
intake followed by a cytoplasmic ROS overproduction, occurring mainly in some tumour cell lines
(i.e., RAW 264.7 and L929). We suggest that this selective action could be related to the expression of
Cav 1.3 ion voltage-dependent channel on the cell membranes of the affected cells. Recent publications
have shown a physical interaction of the ryanodine receptor with the Cav 1.3 membrane receptor, with
consequent extracellular calcium entrance. Due to the high similarity of chondrosin to the ryanodine
receptor, this could also be the mechanism of action of the newly identified toxic protein from the
marine sponge C. reniformis.
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4. Materials and Methods

Chemicals: All reagents were acquired from Sigma-Aldrich (Milan, Italy), unless otherwise stated.

4.1. Preparation of Crude Extracts (CE) of C. reniformis

Specimens of C. reniformis were collected in the area of the Portofino Promontory (Liguria, Italy)
at depths of 10–20 m and transferred to the laboratory in a thermic bag. During the transport,
the temperature was maintained at 14–15 ◦C. A short-term animal housing, of no more than 24–48 h,
was performed as described previously [28]. In particular, the sponges were stored at 14 ◦C in 200-L
aquaria containing natural sea water collected in the same area of the Portofino Promontory with a
salinity of 3.7% and equipped with an aeration system.

The sponge samples (20–40 g wet weight) were washed with sterile artificial sea water (ASW)
and then were cut into very small pieces using a sterile scalpel and kept in a small volume of sterile
TRIS-HCl 50 mM pH 8.0 containing an anti-protease mix (pepstatin and leupeptin 1mM) to protect
the proteins from the action of eventual proteases released during squeezing. The fragments were
vigorously squeezed with both a sterile gauze and a garlic squeezer in order to collect the liquid
constituting a crude extract (CE). The procedure was performed at 0 ◦C on ice, to avoid the possible
degradation of the CE components. The CE, with a final volume in the range of 30–50 mL depending
on the dimensions of the sponge, was then centrifuged at 8000× g for 10 min at 4 ◦C to eliminate
sponge debris and to obtain a clear CE.

4.1.1. Chemical Nature Assessment of CE Cytotoxic Activity

In order to investigate the chemical nature of the sponge cytotoxic activity, the CE was subjected
to various treatments to assess the thermal stability, the molecular weight range and the sensitivity
to trypsin digestion of the unknown compound(s). Following these steps, the cytotoxic activity was
evaluated on the L929 cell line via the MTT test as described in Section 4.3.1. To assess the thermal
stability of the cytotoxic component of the clear CE, the extract was heated for 10 min in a heat block
at 100 ◦C and its activity was compared with an untreated sample. To establish the molecular range
of the compound(s) involved in the cytotoxic activity, the clear CE was subjected to a dialysis step
for 24 h, at 4 ◦C, against 100 volumes of 50 mM Tris-HCl buffer at pH 8.0, the cut-off of the dialysis
membrane was 10,000 kDa to get rid of low-molecular weight sponge metabolites and mainly retaining
the protein fraction obtaining a dialysed extract (DE). After that, in order to confirm the protein nature
of the sponge cytotoxic activity, the DE was digested with porcine trypsin (Sigma-Aldrich, Milan)
at 1:20 (w:w) or 1:50 (w:w) for 24 h at 37 ◦C. To confirm the trypsin digestion activity 20 μg of the
undigested DE sample and 20 μg of the digested, samples were subjected to SDS-Page analysis on a
12% acrylamide gel. At the end of the run the gel was fixed in 40% ethanol, 10% acetic acid for 60 min
and finally stained with colloidal Coomassie blue [29]. The cytotoxic activity of the trypsin-digested
and undigested DE was then assessed by MTT test on the L929 cell line as described in Section 4.3.1.

4.1.2. Salting out of DE Proteins

The dialysed extract (DE) was concentrated to a final volume of 10–15 mL by centrifugation
at 3500× g, at 4 ◦C, on “Macrosep®Advance Centrifugal Devices With Omega™ Membrane 10K”
(PALL Corporation, NY, USA) with a 10,000 kDa cut-off. Protein concentration was then quantified by
the Bradford method [30].

The following purification step was based on the salting out method by ammonium sulphate (AS)
precipitation of protein fractions. In particular, a solution of 70% saturated AS was used to separate
two protein fractions: a precipitated fraction (ASP) and a soluble fraction (ASS). The DE was diluted to
a final protein concentration of 5 mg/mL in TRIS-HCl 50 mM pH 8.0, and was precipitated by putting
the tube containing the solution in ice and slowly adding (drop by drop) a solution of concentrated
ice-cold AS to finally reach a 70% of salt saturation of the entire solution. The slow addition was
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completed in 1 h and, afterwards, the 70% AS saturated solution was left to slowly stir maintaining the
tube containing the solution in ice for further 2 h to let proteins precipitate. The suspension was then
centrifuged at 5000× g, at 4 ◦C, for 30 min to recover a soluble protein fraction from the supernatant
(ASS) and a precipitated protein fraction from the pellet (ASP). The ASS was again concentrated to
a few mL by centrifugation at 4 ◦C as already described (Macrosep®Advance Centrifugal Devices
cut-off 10,000 kDa), while the ASP was resuspended in a small volume (2 mL for each 5 mg of initial
protein used for the salting out) of TRIS-HCl 50 mM, pH 8.0, and both ASS and ASP were dialysed
against 100 volumes of TRIS-HCl 50 mM, pH 8.0, at 4 ◦C, to get rid of AS salt excess (cut-off 10,000 kDa).
The protein quantification by Bradford assay was again performed on both fractions to calculate
protein recovery.

4.1.3. HPLC Protein Purification

The protein separation by molecular weight gel filtration of the ASP purification step was carried
out in a HPLC Agilent 1260 system (Agilent Technologies, Palo Alto, CA, USA). The separation was
performed on an Agilent SEC-5 column (30 cm × 7.8 mm I.D., 5 μm) equipped with an Agilent SEC-5
guard column (5 cm × 7.8 mm I.D.) at 1 mL/min for 25 min in isocratic mode. Absorbance of the eluted
fractions was monitored at 220 nm. The eluent was 0.1 M phosphate buffer, pH 6.0, with 0.1 M sodium
sulphate buffer. Five fractions were collected from the column elution corresponded to five main peaks:

P1: from min 6 to min 8;
P2: 8 to 9.5 min;
P3: 9.5 to 10.5 min;
P4: 10.5 to 11.5 min; and
P5: 11.5 to 13.5 min.
Multiple runs were performed, and the five fractions collected were again concentrated by amicon

filter centrifugation at 4 ◦C (cut-off 10,000 kDa, as already described in the previous paragraph) and
the protein concentration of each purified fraction (P1 to P5) was then estimated by Bradford assay.

4.2. Proteomic Analysis

4.2.1. Protein Precipitation

A total of 50 μg of proteins were transferred into a Slide-A-Lyzer mini dialysis device
(ThermoFischer Scientific, Milan, Italy) at 3500 kDa molecular weight cut-off (MWCO) and
dialysed against 1L of deionized water at 4 ◦C, overnight. Proteins were then precipitated with
five volumes of ice-cold acetone (80%) and centrifuged at 14,000× g for 30 min. The pellets
were washed twice with ice-cold acetone (80%) and resuspended in 5 M urea, 2 M thiourea,
4% 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate,(CHAPS), 1% immobilized pH
gradient (IPG) buffer, 20 mM 1,4-dithiothreitol (DTT), and traces of Bromophenol blue (BPB).

4.2.2. D Gel Electrophoresis

For the first dimension, 7-cm IPG strips (Bio-Rad Laboratories S.r.l., Segrate, MI, Italy), pH 3–10,
were pre-hydrated at 50 V for 12 h in 5 M urea, 2 M thiourea, 4% CHAPS, 1% IPG buffer, 20 mM DTT,
and traces of BBF. Isoelectric focusing (IEF) was performed at 300 V for 4 h, followed by a gradient of
300–1000 V in 30 min, 1000–5000 V in 90 min, and then kept at 5000 V for 4h.

The proteins in the strips were reduced for 10 min in 1% DTT in equilibration buffer (50 mM
Tris–HCl with pH 8.8; 5 M urea; 2 M thiourea; 30% glycerol; 2% Sodium dodecyl sulfate (SDS); traces of
BPB), and then alkylated for 10 min in 2.5% iodoacetamide in the same buffer. The proteins were then
separated in a second dimension according to their apparent molecular mass on a 12% acrylamide
gel, pH 8.8. After electrophoresis, the gels were fixed in 40% ethanol, 10% acetic acid for 60 min and
stained with colloidal Coomassie blue [29].
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4.2.3. In-Gel Digestion

The gel protein bands were excised and trypsin digested at 37 ◦C, overnight according to
Shevchenko et al. [31]. Briefly, the gel pieces were de-stained in acetonitrile, reduced using 10 mM DTT
in 100 mM ammonium bicarbonate for 30 min at room temperature (RT), and alkylated with 100 mM
iodoacetamide in 100 mM ammonium bicarbonate for 30 min at RT in the dark. The tryptic peptide
samples were extracted after digestion by sonicating for 10 min at RT, then vacuum dried and stored at
−20 ◦C until MS/MS analysis.

4.2.4. Nano-LC Mass Spectrometry

Tryptic peptides were analysed by nano-HPLC-MS/MS using an Ultimate 3000 nano-HPLC
system (managed by CHROMELEON software connected to a Hybrid Quadrupole-Orbitrap mass
spectrometer (Q Exactive, Thermo Scientific, Waltham, MA, USA).

The pellets containing the tryptic peptides were resuspended immediately before analysis.
The obtained solutions were firstly loaded from the sample loop onto a trapping column
(Acclaim PepMap C18; 2 cm × 100 μm × 5 μm, 100 Å-ThermoScientific, Waltham, MA, USA)
using the loading eluent (95–5% ACN/H2O + 0.05% trifluoroacetic acid) at a flow rate of 5 μL/min for
5 min. The trapping column was then switched in-line with the separation column and the peptides
were eluted increasing the organic solvent percentage at a flow rate of 300 nL/min. The separations
were carried out at 35 ◦C using an Easy spray column (15 cm × 75 μm PepMap C18 3 μm Thermo
Scientific) and applying a linear gradient from 4% to 95% of solution B (95–5% ACN/H2O + 0.08%
formic acid) for 55 min.

All the analyses were carried out in the 395–2000 m/z range, using a maximal ion injection time of
100 milliseconds. The resolution was set to 70,000 and the automatic gain control was set to 3 × 106 ions.
The experiments were performed in data-dependent acquisition mode with alternating MS and MS/MS
experiments. The minimum MS signal to obtain MS/MS was set to 500 ions and the most prominent
ion signal was selected for MS/MS using an isolation window of 2 Da. The m/z values of signals
already selected for MS/MS were put on an exclusion list for 5 s using dynamic exclusion. In all cases,
one micro-scan was recorded. Collision-induced dissociation (CID) was done with a target value of
5000 ions, a maximal ion injection time of 50 ms, normalized collision energy of 35%. A maximum
of 10 MS/MS experiments/MS scans were performed. Raw MS files were processed with the Thermo
Scientific Proteome Discoverer software, version 1.4. Peak list files were obtained by the SEQUEST
search engine against the C. reniformis protein database.

The deduced amino acid sequences database was obtained as described in [4] from C. reniformis
transcriptome sequencing. This analysis allowed to obtain a series of putative proteins named
isotig# (isotigs: contig combinations representing the full mRNAs) where # is a five-digit unique
numeric identifier).

The resulting peptide hits were filtered for a maximum 1% FDR (false discovery rate) using the
percolator tool. The peptide mass deviation was set to 10 ppm, and a minimum of six amino acids to
identify peptides was required. The database search parameters were: mass tolerance precursor 20 ppm,
mass tolerance fragment CID 0.8 Da, dynamic modification of deamidation (N, Q), oxidation (M) and
static modification of alkylation with 2-Iodoacetamide (IAM) (C). In any case, the option “trypsin with
two missed cleavages” was selected.

4.2.5. Protein Sequence Analysis and 3D Modelling

The amino acid sequences of identified proteins were first analysed using the Basic local alignment
search tool (BLAST) algorithm at the National Centre for Biotechnology Information (http://blast.ncbi.
nlm.nih.gov/Blast.cgi) in order to find identity with previously described proteins. Successively the
sequences were analysed using the simple Modular Architecture Research Tool (SMART) program
(http://smart.embl-heidelberg.de/) for the identification of conserved domains. The presence of signal
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peptides was detected using SignalP 4.1 server (http://www.cbs.dtu.dk/services/SignalP/), whereas the
theoretical molecular weight and isoelectric point value of the mature protein were obtained using the
Expasy tool: https://web.expasy.org/compute_pi/.

Finally, an in silico 3D-structure reconstruction of C. reniformis condrosin was performed with
Phyre2 free software http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index using the normal
modelling mode. [32].

4.3. Cell Cultures

The mouse macrophage leukemia cell line RAW 264.7, the mouse fibroblast tumorigenic L929,
the MDA-MB-468 human breast carcinoma, the HeLa human cervical carcinoma and normal human
primary dermal fibroblasts from adult foreskin (NHDF) were obtained from the American Type
Culture Collection (LGC Standards srl, Milan, Italy) and cultured as described in the manufacturer’s
instructions. All cell lines, except NHDF cells, were cultured in high glucose Dulbecco’s modified
Eagle’s medium (D-MEM) with glutamine (Microtech srl, Naples, Italy), supplemented with 10%
foetal bovine serum (Microtech) with penicillin/streptomycin as antibiotics. NHDF primary cells were
cultured in D-MEM supplemented with 15% FBS and penicillin/streptomycin. All cells were cultured
at 37 ◦C in a humidified, 5% CO2 atmosphere. Experiments were performed in quadruplicate on
96-well plates.

4.3.1. Cell Toxicity by MTT and LDH Tests

Experiments were performed in quadruplicate on 96-well plates as already described [33]. Briefly,
RAW 264.7 macrophages were seeded at 25,000 cells/well, while all other cell lines were seeded at
10,000 cells/well and allowed to adhere overnight. Then the various dilutions of the different purification
steps of the RE (final dilutions from 1 to 100 μg/mL of protein concentration) were added to each well
and the plates incubated for 24 h at 37 ◦C. At the end of the experiments cell viability was assayed
by MTT test (0.5 mg/mL final concentration) as already reported [34]. For the LDH test, cells were
seeded and treated in the same manner as described above in 96-well plates in triplicate and after 24 h
incubation the LDH release in the cell media was quantified in each well by the Cytotoxicity LDH
Assay Kit-WST (Dojindo EU GmbH, Munich, Germany) following the manufacturer’s instructions.
Data are the means ± S.D. of three independent experiments performed in quadruplicate.

4.3.2. Apoptosis Detection by FACS Analysis and Confocal Microscopy

To measure the level of apoptosis in the four tumor cell lines (RAW 264.7, L929, MDA-MB-468
and HeLa) annexin-positive cell membrane staining and propidium iodide nuclear staining were
measured in cells treated with DE and P4 dilutions after 6 and/or 24 h by both FACS analysis and
confocal microscopy imaging.

To perform the FACS analysis the four cell lines were all seeded in 6-well tissue culture plates,
in complete medium, at a density of 400,000 cells/well, except for RAW 264.7 cells that were seeded
at a density of 800,000 cells/well. The day after cells were incubated in the presence or absence of
different dilutions of DE and P4 (100 and 10 μg/mL) for 6 h or 24 h. At the end of the incubation,
the cell media were removed from each wells and cells washed once with phosphate buffer saline (PBS)
and treated with a trypsin- Ethylenediaminetetraacetic acid (EDTA) solution in PBS to detach cells
still adherent to the plate and then centrifuged at 600× g for 5 min at RT. The pelleted cells were then
stained using the Annexin V, Fluorescein isothiocyanate (FITC) Apoptosis Detection Kit (Dojindo EU,
GmbH) following the manufacturer’s instructions. FACS analysis was then performed on BD FACS
Canto II flow cytometer (Becton Dickinson BD Italia spa, Milan, Italy) by FACS DIVA software 6.1.3
version with acquisition criteria of 10,000 events for each tube. The analysis strategy included the
following plots and gates for untreated and treated samples: (a) FSC-A vs. SSC-A with a gate for live
cells by light scatter properties; (b) FSC-A vs. FSC-H to exclude doublets; and (c) Annexin V FITC-A vs.
Propidium Iodide-A (PI-A) to evaluate annexin V-/PI- live cells, annexin V+/PI− early apoptotic cells,
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annexin V+/PI+ dead cells or apoptotic. The results were expressed as the percentage of apoptotic cells
in the live population.

Confocal microscopy images were obtained using a Leica TCS SL confocal microscope equipped
with argon/He-Ne laser sources and a HCX PL APO CS 63.0 × 1.40 oil objective (Leica Microsystems,
Wetzlar, Germany). For imaging cell apoptosis, the four tumor cell lines (RAW 264.7, L929, MDA-MB-468
and HeLa) were seeded in eight-well Lab-Teck chambered slides (Nalge Nunc Int., Naperville, IL, USA)
at 50,000 cells/well, the day after cells were treated with 100 μg/mL P4 for 6 h. Subsequently, live cells
were stained using the Annexin V, FITC Apoptosis Detection Kit (Dojindo EU, GmbH) following the
manufacturer’s instructions. Images of living cells (2 × digital zoom) were then acquired, in single
stacks, both in the phase contrast mode as well as in fluorescence mode by applying a laser energy of
50% to the 488 nm line and acquiring in the emission range of 500–550 nm for the green fluorescence of
annexin-positive cells and in the emission range of 600–670 nm for the red fluorescence of propidium
iodide-positive cells.

4.3.3. Intracellular Calcium Detection

Experiments were performed in 96-well plates as already described [35]. Briefly, RAW 264.7 cells
were plated at a density of 25,000 cells/well, while L929 cells were plated at a density of 10,000 cells/well
and allowed to adhere overnight. Cells were then incubated for 45 min at 37 ◦C with 10 μM Fluo3-AM
calcium sensitive dye in complete medium (Life Technologies, Milan, Italy). Subsequently, the wells
were washed twice with Hank’s Balanced Salt Solution (HBSS) to remove excess of dye from the
medium and afterwards the experiment of intracellular calcium rise detection was performed in
extracellular HBSS medium with or without Ca2+, the latter also in the presence of 50 μM EDTA
calcium chelator. Cells were treated or untreated with 50 or 100 μg/mL of P4 or 50 μg/mL of DE in the
presence or absence of Ca2+ in the extracellular medium and the plates were immediately read on a
Fluostar Optima BMG using 485/520 excitation/emission wavelengths for an interval of 1 h, recording
each well fluorescence value every 15 s. Data are the means ± S.D. of two independent experiments
performed in triplicate.

4.3.4. Intracellular ROS Detection

Experiments were performed in 96-well plates as already described [36]. Briefly, RAW 264.7 cells
were plated at a density of 25,000 cells/well, while L929 cells were plated at a density of 10,000 cells/well
and allowed to adhere overnight. Cells were then washed once with HBSS and incubated for 45 min at
37 ◦C with 10 μM 2′,7′-dichlorodihydrofluorescein diacetate dye in HBSS (Life Technologies, Milan,
Italy). Subsequently, cells were washed with HBSS to remove excess of dye from the medium and then
stimulation of ROS production was performed in extracellular HBSS medium with or without Ca2+,
the latter also in the presence of 50 μM EDTA calcium chelator. ROS production was evaluated after
2 h incubation at 37 ◦C either with 200 μM H2O2 (positive control), or with 50 or 100 μg/mL of P4 or
50 μg/mL of DE in the presence or absence of Ca2+ in the extracellular medium. The plates were finally
read on a FLUOstar®Omega multi-mode microplate reader (BMG Labtech, Ortenberg, Germany) using
485/520 excitation/emission wavelengths. Data are the means ± S.D. of two independent experiments
performed in which each condition was tested eight times.

4.4. Statistical Analysis

Statistical analysis was performed using one-way ANOVA plus Tukey’s post-test (GraphPad Software,
Inc., San Diego, CA, USA). p values < 0.05 were considered significant.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/8/409/s1,
Supplementary File S1. Chondrosin alignment using Phyre2 (see methods). Particularly relevant the high
confidence with ryanodine receptor and the short identity with a region of beta chain of defensins.
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Abstract: Here, we investigated the effects of sex hormones on extracellular matrix (ECM)-related gene
expression in the vocal fold lamina propria of ovariectomized (after ovary removal) rats and verified
whether echinochrome A (ECH) exerts any therapeutic effects on ECM reconstitution after estrogen
deficiency in ovariectomized rats. Sprague–Dawley female rats (9 weeks old) were acclimatized for
a week and randomly divided into three groups (n= 15 each group) as follows: group I (sham-operated
rats, SHAM), group II (ovariectomized rats, OVX), group III (ovariectomized rats treated with ECH,
OVX + ECH). Rats from the OVX + ECH group were intraperitoneally injected with ECH at 10 mg/kg
thrice a week after surgery for 6 weeks. And rats were sacrificed 6 weeks after ovariectomy. Estradiol
levels decreased in OVX group compared with the SHAM group. ECH treatment had no effect on the
levels of estradiol and expression of estrogen receptor β (ERβ). The evaluation of ECM components
showed no significant changes in elastin and hyaluronic acid levels between the different groups.
Collagen I and III levels were lower in OVX group than in SHAM group but increased in OVX +
ECH group. The mRNA levels of matrix metalloproteinase (MMP)-1, -2, -8, and -9 were significantly
higher in the OVX group than in the SHAM group, but decreased in the OVX + ECH group. Thus,
changes were observed in ECM-related genes in the OVX group upon estradiol deficiency that were
ameliorated by ECH administration. Thus, the vocal fold is an estradiol-sensitive target organ and
ECH may have protective effects on the ECM of vocal folds in ovariectomized rats.

Keywords: echinochrome A; estradiol; extracellular matrix; vocal fold; ovariectomy
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1. Introduction

Sex hormones are major factors that influence the activity of the vocal fold and voice production.
Voice, a secondary sex characteristic, varies between males and females and changes with sexual
maturation. Female voice is closely related to changes in female sex hormones. Laryngeal changes are
evident and systematically fluctuate during the reproductive years with the menstrual cycle and affect
voice changes throughout life [1,2].

In general, voice production relies on the extracellular matrix (ECM) of the connective tissue in the
vocal fold. The ECM of the vocal fold lamina propria comprises interstitial proteins, such as collagen,
elastin, and fibronectin, and glycosaminoglycans, such as hyaluronic acid. These ECM components
have important biochemical functions and contribute to vocal fold function. These molecules play
an important role in determining vocal fold viscoelasticity and affect clinical voice functions, such as
phonation threshold pressure and vocal fundamental frequency [3–5].

During menopause, the decrease in the amount of estrogen causes dysfunctions of the connective
tissues via ECM degradation. Previous studies have shown that the vocal fold is an estradiol-sensitive
target organ and any decrease in estradiol levels may affect the expression of several ECM-related
molecules in the vocal fold [6]. Hormone therapy is commonly used for the treatment of several
menopausal symptoms and for the alleviation of menopausal voice complaints, but adverse-effects of
hormone therapy have been reported [7–9]. Thus, here we investigated the mechanism underlying
improvement in voice quality after menopause using a natural component of marine products.

Echinochrome A (ECH, 6-ethyl-2,3,5,7,8-pentahydroxy-1,4-naphthoquinone) is extracted from
sea urchins (Saphechinus mirabilis) (Figure 1). Its chemical structure is appropriate for free-radical
scavenging and includes 2,3,7-hydroxl groups, which are known for their antioxidant properties
via regulation of mitochondrial biosynthesis [10]. Studies have shown that antioxidants improve
ECM composition, suppress vocal fold wounds, and prevent inflammatory responses [11,12]. Thus,
the antioxidant effects of ECH may be expected to play a role in improving the function of vocal fold
ECM. Moreover, ECH also contains a 1,4-naphthoquinone ring, which is similar to that observed in
vitamin K [13]. In postmenopausal women, vitamin K is reported to reduce menopausal symptoms;
however, these studies are limited to bone metabolism or cardiovascular dysfunction [14]. Therefore,
ECH may possibly alleviate menopausal symptoms owing to its structural similarity with vitamin K.

Figure 1. Chemical structure of echinochrome A.

To date, studies on vocal folds have focused on vocal fold aging and mechanisms of wound healing.
However, reports on sex hormone-specific female vocal aging are scarce. Moreover, the existing reports
on female vocal fold aging are mainly morphological studies of the vocal fold of elderly women and
the underlying cellular mechanisms of sex hormone-induced vocal fold changes are yet unknown.
Thus, the purpose of the present study was to investigate the effects of sex hormones on the alteration
of the expression of ECM-related genes in the vocal fold lamina propria of ovariectomized female
rats (after surgical ovary removal) and to verify whether ECH exerts any preventive effects on ECM
reconstitution following estradiol deficiency in ovariectomized female rats.
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2. Results

2.1. Effect of ECH on Serum Estradiol Level and Expression of Estrogen Receptor β

Figure 2A shows the changes in the serum level of estradiol. The level of serum estradiol decreased
in the OVX group (10.82 ± 4.35 ng/mL, p < 0.001 vs. SHAM) compared with that reported in the SHAM
group (10.82 ± 4.25 ng/mL); however, estradiol concentration in the OVX group was similar to that
reported in the OVX + ECH group (11.34 ± 5.56 ng/mL). To evaluate the effect of sex hormone on sex
hormone receptors, we performed immunohistochemistry and quantitative polymerase chain reaction
(qPCR) analyses to determine the expression levels of two isoforms, Esr2a and Esr2b, in vocal fold
lamina propria. ERβ expression was similar between all groups (Figure 2B). According to our previous
research, Esr1 expression was undetected on the lamina propria of female vocal fold with qPCR [6].
Hence, we evaluated the expression levels of Esr2a and Esr2b using qPCR. The expression level of
Esr2a and Esr2b showed no significant differences between all groups (Figure 2C). Ovariectomy led to
a significant decrease in the amount of estradiol and ECH had no effect on both serum estradiol level
and ERβ expression.

Figure 2. Serum estradiol levels and expression of estrogen receptor β. The level of serum estradiol
decreased in the ovariectomized rat, OVX group compared with the SHAM group. ECH treatment did
not affect serum estradiol level (A). Immunohistochemistry (IHC) staining analyses of representative
estrogen receptor β (ERβ) in the lamina propria of vocal folds. The immune-positive area for ERβ was
not changed between groups (B). Quantitative polymerase chain reaction (qPCR) analyses of genes
encoding representative Esr2a and Esr2b in the lamina propria of vocal folds. The expression of Esr2a
and Esr2b was not changed between groups. The scale bar in each panel is equal to 100 μm (40×
magnification). One-way ANOVA test; NS not significant and *** p < 0.001 vs. SHAM.

2.2. Effect of ECH on Hyaluronic Acid and Hyaluronic Acid Synthase (Has1, Has2, Has3)

We determined the concentration of hyaluronic acid with Alcian blue staining. The blue stain was
decolorized following hyaluronidase digestion. Hyaluronic acid appeared to be evenly distributed
throughout the vocal fold and no significant difference was observed between all groups (Figure 3A,B).
The OVX and OVX + ECH groups showed no significant changes in the expression levels of the
hyaluronic acid synthase 1 (Has1) gene in qPCR. Hyaluronic acid synthase 2 (Has2) and 3 (Has3)
gene levels decreased in the OVX group but failed to change in the OVX + ECH group (Figure 3C).
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The results confirmed no statistical difference in the total density of hyaluronic acid between different
groups. Six weeks after ovariectomy, the expression levels of Has2 and Has3 were affected; however,
no significant difference was observed in the expression level of Has1. ECH treatment had no effect on
hyaluronic acid level at 6 weeks after ovariectomy.

Figure 3. Hyaluronic acid of vocal fold lamina propria. (A) Alcian blue stained staining analyses and
(B) the densities of hyaluronic acid in the lamina propria of vocal folds. The concentration of hyaluronic
acid was not changed between groups. Quantitative polymerase chain reaction (qPCR) analyses of
genes encoding representative hyaluronic acid synthase (Has) 1, 2, and 3 in the lamina propria of vocal
folds. The expression of Has1 was not changed between groups. The expression of Has2 and Has3
decreased significantly in the OVX group compare with the SHAM group, but ECH treatment had no
effect. The scale bar in each panel is equal to 100 μm (40×magnification). One-way ANOVA test; NS
not significant and * p < 0.05, ** p < 0.01 vs. SHAM.

2.3. Effect of ECH on Collagen and Procollagen (Col1a1, Col1a2, Col3a1)

Collagen I and III are the major types of collagen in the vocal fold lamina propria of rats.
The density of collagen I, as evident from immunohistochemical staining, was lower in the OVX
group (27.6%, p < 0.05 vs. SHAM) than in SHAM group (Figure 4A,B). The decrease in collagen I
expression in the OVX group was restored to the level detected in the SHAM group after ECH treatment.
The mRNA expression level of procollagen was confirmed with qPCR and no significant difference was
observed in the expression levels of Col1a1 and Col1a2 between the OVX and SHAM groups. However,
the expression levels of Col1a1 and Col1a2 increased in the OVX + ECH treatment group compared
with those in the OVX group, which were higher than the levels observed in SHAM group (Figure 4C).
Collagen III deposition showed a pattern similar to that of collagen I. The density of collagen III in
the stained areas from the OVX group was lower than that in the stained areas of the SHAM group.
The expression of collagen III in the OVX + ECH group increased compared with that in the OVX
group (Figure 4D,E). The expression level of Col3a1 was confirmed with qPCR. Col3a1 gene expression
was significantly upregulated in the OVX group compared to that in SHAM group, but its expression in
the OVX + ECH group was similar to that reported in the OVX group (Figure 4F). These results reveal
that ECH treatment increases the protein expression of collagen I via upregulation in the expression
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levels of Col1a1 and Col1a2. However, mRNA and protein levels of collagen I and III in the OVX group
were partially inconsistent. Hence, we confirmed the expression of matrix metalloproteinases (MMPs).

Figure 4. Collagens I and III of the vocal fold lamina propria. Immunohistochemistry (IHC) staining
analyses of representative (A) collagen I and (B) the densities of collagen I in the lamina propria of
vocal folds. The immune-positive area for collagen I was decreased in the OVX group and increased in
the OVX + ECH group. (C) Quantitative polymerase chain reaction (qPCR) analyses of genes encoding
representative procollagen Col1a1 and Col1a2 in the lamina propria of vocal folds. The expression
of Col1a1 and Col1a2 did not change in the OVX group compared with the SHAM group, but was
significantly elevated in the OVX + ECH group. IHC staining analyses of representative (D) collagen III
and (E) the densities of collagen III in the lamina propria of vocal folds. The immune-positive area for
Col3a1 was decreased in the OVX group and increased in the OVX + ECH group. (F) qPCR analyses of
genes encoding representative procollagen Col3a1 in the lamina propria of vocal folds. The expression
of Col3a1 increased in the OVX group compared with the SHAM group, but there was no change in
the OVX + ECH group. The scale bar in each panel is equal to 100 μm (40×magnification). One-way
ANOVA test; NS not significant, * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. SHAM; # p < 0.05, ## p< 0.01
and ### p < 0.001 vs. OVX.
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2.4. Effect of ECH on Two Elastin Genes (Eln and Cela1)

To investigate the expression level of elastin, Verhoeff’s elastin staining technique was used.
Immunohistochemical staining revealed slightly lower elastin intensity for the OVX group than for
the SHAM group, but no statistical significance was reported. The OVX + ECH group showed no
change in elastin expression (Figure 5A,B). We examined the expression levels of Eln and Cela1 with
qPCR. Eln tropoelastin is a precursor of elastin and assembles into elastic fibers. The expression of Eln
decreased in the OVX group compared with that in the SHAM group, but increased with ECH treatment
to the level reported in the SHAM group. The expression level of Cela1 elastase, an elastin-degrading
enzyme, also slightly increased in the OVX group without any statistical significance; ECH treatment
had no effect on Ela expression level (Figure 5C) but affected the expression level of Cela1; however,
no significant difference was observed in the expression levels of elastase and immunohistochemical
elasatin proteins in elastic fibers.

Figure 5. Elastin of vocal fold lamina propria. (A) Van Gieson stained staining analyses and (B) the
densities of elastin fibers in the lamina propria of vocal folds. The expression of elastin was not
changed in each group. Quantitative polymerase chain reaction (qPCR) analyses of genes encoding
representative Eln and Cela1 in the lamina propria of vocal folds (C). The expression of Eln decreased
significantly in the OVX group compared with the SHAM group, but ECH treatment increased Eln
level. The expression of Cela1 was not changed in each group. The scale bar in each panel is equal
to 100 μm (40×magnification). One-way ANOVA test; NS not significant; ** p < 0.01 vs. SHAM and
## p < 0.01 vs. OVX.

2.5. Effect of ECH on Matrix Metalloproteinases (MMPs)

We tested the expression levels of Mmp1, Mmp2, Mmp8, and Mmp9 to determine any inconsistencies
between the protein and mRNA levels of collagen (Figure 4). Some MMPs act as collagenase and are
involved in the pathological remodeling of tissues. We screened the expression of the genes encoding
interstitial MMPs (Mmp1, Mmp8) and gelatinase MMPs (Mmp2, Mmp9) in each group with qPCR.
The expression level of Mmp1 and Mmp8 significantly increased in the OVX group compared with that
in the SHAM group, but ECH treatment resulted in a decrease in Mmp1 and Mmp8 expression levels
(Figure 6). Moreover, the expression level of Mmp2 and Mmp9 was significantly higher in the OVX
group than in the SHAM group and ECH treatment ameliorated this effect (Figure 6). The expression
of MMPs in the OVX group was significantly higher than that in the SHAM group, but ECH treatment
reduced these upregulated levels. Thus, Mmp1, Mmp2, Mmp8, and Mmp9 expression levels increased
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at 6 weeks after ovariectomy, which resulted in collagen degradation and consequently decreased the
expression of collagen, while ECH treatment suppressed collagen degradation by reducing the levels
of MMPs.

Figure 6. Matrix metalloproteinases in vocal fold lamina propria. Quantitative polymerase chain
reaction (qPCR) analyses of genes encoding representative matrix metalloproteinases (Mmp1, Mmp2,
Mmp8, Mmp9) in the lamina propria of vocal folds. The expression of the matrix metalloproteinases
MMPs increased significantly in the OVX group compare with the SHAM group, but ECH treatment
decreased MMP levels. One-way ANOVA test; NS not significant; * p < 0.05, ** p < 0.01 and *** p < 0.001
vs. SHAM; # p < 0.05 and ## p < 0.01 vs. OVX.

3. Discussion

Changes in sex hormones with menopause affect the female voice. Female sex hormones affect the
larynx and vocal folds, thereby influencing voice production. The most drastic change in female voice
occurs during menopause. After menopause, women show restricted vocal frequency perturbation
range and lower habitual fundamental frequency [15]. These changes may affect social life, especially
for professional singers. According to previous reports, the decrease in estradiol levels may cause
changes in the connective layers of the vocal fold in postmenopausal women [16]. In addition, estradiol
deficiency may cause atrophy of laryngeal muscles and stiffening of laryngeal cartilage. Our previous
study evaluated voice changes induced by sex hormones [17]. We have previously reported the effects
of ECM production and degradation on vocal fold lamina propria in ovariectomized rats [6]. Population
surveys show that many women report voice deepening after menopause, but this observation was
not common among men of similar age [18]. This result is also consistent with our previous study.
We investigated the changes in the expression of ECM-related genes in orchiectomized (after testis
removal) male rats and detected no significant changes. These results suggest that the lamina propria
of the vocal fold is an estradiol-sensitive target organ.

Loss of ovarian function after menopause decreases the biological functions of several organs, usually
owing to estrogen deficiency. Physical changes caused by menopause include abdominal fat accumulation,
osteoporosis, cardiovascular disease, and dry mouth. Thus, estrogen replacement therapy, designed to
alleviate menopausal symptoms, may be helpful for menopausal voice therapy [19,20]. Hormone therapy
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has long been used for the treatment of several menopause-related complaints. Estrogen replacement
therapy may alleviate menopause-related voice complaints [21,22]. Vocal quality changes are common
in women after estrogen replacement therapy in response to the management of menopause-related
conditions. Estrogen replacement therapy has been used to forestall menopause-associated voice changes,
especially among professional singers. Cruso et al. showed that the larynx possesses receptors for
ovarian sex hormones and that estrogen plays an important role in laryngeal tropism [3]. These previous
evidences suggest that estrogen replacement therapy may provide prevention, and possibly treatment,
of pathophysiologies, such as vocal cord dystrophy, which are common among postmenopausal women.
However, the safety of estrogen replacement therapy is still controversial. Therefore, non-hormonal
alternatives, including mineral and vitamin supplements, phytoestrogens, natural hormones, and
phytochemicals, are being investigated [23]. In particular, the pharmacological mechanism underlying
the effects of isoflavones, the most studied flavonoids, is known. Isoflavones exert antioxidant effects
and alleviate menopause-related complications [24–26]. Therefore, ECH, a natural marine substance
with strong antioxidant properties, may be potentially useful to improve menopausal symptoms. In this
direction, we used ECH to verify any changes in vocal cord and voice caused by menopause.

Oxidative stress is related to voice changes caused by vocal scar and aging [27–29]. Antioxidants
have been used to prevent vocal fold scars by improving vocal fold wound healing [11,12]. A study was
conducted to improve voice after aging [30,31]. However, no studies have been directed to improve
voice quality and the cellular mechanisms underlying the effect of these antioxidants on vocal fold
lamina propria in menopause are unknown. Therefore, to better understand this menopause-related
vocal fold change, we analyzed the preventive effects of ECH on the distribution and production of
ECM within the lamina propria of the vocal fold in ovariectomized rats.

ECH is one of the several spinochromes in sea urchins. It has a naphthazarin fragment, which
makes it suitable for metal ion chelation. The chemical structure of ECH is appropriate for free-radical
scavenging, owing to the presence of 2,3,7-hydroxyl groups. Hence, the antioxidant properties of ECH
are related to the regulation of mitochondrial biosynthesis [32,33]. ECH exerts several biological effects.
In animal experimental models, ECH reduced glucose concentration, lipid peroxidation, and activities
of arginases, such as alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), and gammaglutamyl transpeptidase (γ-GT). Moreover, ECH increased levels of
insulin, nitric oxide, and endogenous antioxidant enzymes in the rat liver [34]. In addition, ECH
exhibited protective effects and reduced infarct size by up to 45% in a myocardial ischemia/reperfusion
injury model by enhancing mitochondrial functions [35]. It is effective against peptic ulcer-induced
oxidative stress in rats and this effect is mediated via alleviation of gastric acidity [36]. However, so far,
no study has explored the effects of strong antioxidant properties and biological activities of ECH on
the vocal fold. Thus, here we investigated the effects of sex hormones on the alteration in the expression
of ECM-related genes of vocal fold lamina propria in ovariectomized rats and verified whether ECH
exerts any preventive effects on ECM reconstitution following estradiol deficiency in ovariectomized
rats. Ovariectomized rats are widely used for the study of prevention and treatment strategies for
postmenopausal women because the rat ovariectomized state closely mimics the hormonal conditions
of postmenopausal women [37,38].

Analysis of ECM components at 6 weeks after ovariectomy revealed no changes in hyaluronic
acid concentration and elastin levels. Hyaluronic acid is one of important components of the ECM and
contributes to the viscoelastic properties of the vocal fold lamina propria [39]. Elastic fibers serve as
scaffolds for structural maintenance and provide tensile strength and resilience [40]. The expression
levels of Has 2, 3 and Eln were slightly different, but the changes in hyaluronic acid and elastin in vocal
fold lamina propria were insignificant. These findings differed in part from our previous findings at
12 weeks after ovariectomy [6]. The change in ECM owing to the reduction in estradiol seems to be
somewhat different over time.

Collagen level decreased in the OVX group, but the down-regulated collagen level was increased
by ECH treatment. Decreased collagen level in the lamina propria correlated with stiffness that
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disturbed the pliable mucosal wave. Collagen I is ubiquitous and mainly appears as fibrillary bundles.
It provides high-tensile strength [39,40]. Collagen III is present in most tissues that require flexibility
and elasticity [40,41]. The OVX group showed downregulated collagen I and III levels, which were
restored after ECH treatment. Contrary to the results of the histological analysis, the expression levels
of Col1a1, Col1a2, and Col3a1 increased in the OVX + ECH group; however, the downregulation in the
expression of these procollagen molecules was not observed in the OVX group.

To address these discrepancies, we evaluated MMP expression. MMPs belong to a family of
enzymes involved in the turnover of the ECM. The expression of MMPs is stable in normal resting tissues
but gets up-regulated during physiological and pathological stress and tissue repair. The expression
of MMPs is reflective of the amount of collagenase and was found to be increased in the OVX group
and suppressed in the OVX + ECH group. These findings may be related to the lower deposition of
collagen I and III in the vocal fold lamina propria, as higher levels of collagenase in the OVX group
resulted in the degradation of collagen. The results revealed that the most significant ECM component
among the SHAM, OVX, and OVX + ECH groups was collagen. Thus, the ECM component that
exerted maximum effects on the vocal fold in the OVX group was collagen and that ECH treatment
modulated collagen expression and remodeled the lamina propria of the vocal fold by increasing
collagen synthesis and decreasing collagen degradation. In contrast, hyaluronic acid concentration
and elastin levels were not significantly different in all groups and ECH treatment had no influence on
the expression level of hyaluronic acid and elastin until 6 weeks after ovariectomy. According to our
previous study, hyaluronic acid concentration and elastin levels significantly decreased at 12 weeks
after ovariectomy [6]. Thus, collagen synthesis and degradation seem to be the most important factors
controlling early voice change caused by menopause.

Thus, the expression levels of hyaluronic acid and elastin were unchanged in the lamina propria of
the vocal fold from the OVX group. Collagen I and III levels were significantly decreased in the lamina
propria of the vocal fold in ovariectomized rats. However, ECH treatment increased the synthesis of
collagen and decreased its degradation. We observed changes in several ECM-related genes in the
OVX group after estradiol deficiency and ECH was shown to improve the altered expression of these
genes in the OVX group (Figure 7). Thus, the vocal fold is an estradiol-sensitive target organ and ECH
may have protective effects on ECM of vocal folds in ovariectomized rats.

Figure 7. Summary of the current study. To summarize, hyaluronic acid and elastin were unchanged
in the lamina propria of the vocal fold from the OVX group. Collagen I and III levels were significantly
decreased in the lamina propria of the vocal fold in ovariectomized rats. However, ECH treatment
increased the synthesis of collagen and decreased its degradation. We observed changes in several
ECM-related genes in the OVX group after estradiol deficiency and ECH was shown to improve the
altered expression of ECM components in the OVX group. Thus, the vocal fold is an estradiol-sensitive
target organ and ECH may have protective effects on the ECM of vocal folds in ovariectomized rats.
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4. Material and Methods

4.1. Animals

Forty-five female Sprague–Dawley rats, aged nine weeks, were used in this study (Samtako, Osan,
Korea). Each group was weight-matched at the beginning of the study. After a week for acclimatization,
rats were randomly divided into three groups. Group I (n = 15, sham-operated rats, called\SHAM),
group II (n = 15, ovariectomized surgery rats, called OVX), and group III (n = 15, ovariectomized
surgery rats treated with ECH, called OVX + ECH). Rats were sacrificed 6 weeks after ovariectomy.
Six rats were used for histological study and nine rats were used for qPCR. All rats were maintained
on a light/dark cycle of 12 h and provided rat chow with water ad libitum in a pathogen-free room.
Animal care and research protocols were based on the principles and guidelines adopted by Guide
for the Care and Use of Laboratory Animals (National Institutes of Health publication). This study
was approved by the Review Board of Pusan National Hospital (IRB No.2018-04-017) and informed
consent was waived.

4.2. Echinochrome A

Echinochrome A is insoluble in water and, therefore, it is used for medical purposes in the form
of injection, registered in Russia as the drug Histochrome (P N002363/02). Histochrome, trade name
soluble echinochrome A sodium salt, does not contain other components. We used Histochrome,
containing 0.2 mg/mL echinochrome A, produced by Pacific Institute of Bioorganic Chemistry, Far East
Branch of the Russian Academy of Sciences.

4.3. Establishment of the Ovariectomized Rat Model

The rats were anesthetized using isoflurane inhalation (3% dissolved in oxygen). The ovariectomy
(OVX) was as follows: rats were anesthetized and an incision made at the midline of the abdomen with
the bilateral ovaries being revealed. In the OVX group, the ovaries were ligated and cut off bilaterally
followed by the closure of the abdominal cavity. In the Sham operations group (SHAM), OVX surgery
was performed by exposing the ovaries without the excision of ovaries. After ovariectomized surgery,
rats were intraperitoneally injected with ECH at 10 mg/kg three times a week during 6 weeks (OVX +
ECH).

4.4. Plasma Estradiol Analysis

Concentrations of estradiol in serum were measured by rat-specific estradiol enzyme-linked
immunosorbent (ELISA) assay plates coated with a biotin-conjugated binding protein kit purchased
from Calbiotech (Spring Valley, CA, USA). A cardiac puncture was performed and the blood spun
at 3000 rpm for 30 min. Plasma was separated from the blood collected during exsanguination,
immediately frozen in liquid nitrogen, and then stored at −80 ◦C.

4.5. Histology and Morphometric Analysis

The larynx was isolated from each rat and prepared for fixation overnight in 4% formalin.
We used an automatic tissue processor for paraffin embedding (Leica, Wetzlar, Germany), TP1020,
semi-enclosed benchtop tissue processor) and dispensing (Leica, Wetzlar, Germany) EG1150H, heated
paraffin embedding module). Cross-sections (8 μm thick) were placed on glass slides and sections were
prepared for immunohistochemistry, Verhoeff–Van Gieson elastin staining and Alcian blue staining.
For staining analyses, slides were de-paraffinized with xylene and then hydrated through a series of
washes in 100%, 85%, 75%, and 50% ethanol and finally water. We selected proper middle portions of
lamina propria tissue for representative figures use undertaken at 200X pictures by light microscope
(Leica, Wetzlar, Germany) DM4000/600M, versatile upright microscope for materials analysis). For
quantitative analyses of collagen I, collagen III, elastin, and hyaluronic acid expression, we measured
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positively stained areas through image analysis using a system composed of a light microscope.
Morphometric determination was undertaken at 40X pictures from the whole part of the lamina
propria using the morphometric method, that used an image analysis system program composed of
a light microscope (Leica, Wetzlar, Germany) Basic LAS V3.8 software). For the immunohistochemical
analysis of vocal fold lamina propria, three non-overlapping areas were analyzed at 400X and a total
of nine areas were analyzed in each section. Results were expressed as stained area per total area in
micrometers squared. Data were expressed as medians and ranges.

4.6. Verhoeff–Van Gieson Elastin Staining

The Verhoeff–Van Gieson elastin staining method was performed to identify atrophy of elastic
tissues. The sections were first placed in an iron hematoxylin solution for 10 min and then rinsed in
distilled water and differentiated in 2% ferric chloride. After rinsing in distilled water and placing in
95% alcohol, the samples were counterstained with Van Gieson solution (Sigma Aldrich; St. Louis,
MO, USA) for 5 min. The samples were then dehydrated in graded alcohol and then cleared in xylene
and mounted.

4.7. Alcian Blue Staining

Alcian blue staining and a hyaluronidase digestion technique were performed to identify
hyaluronic acid. Duplicate sections of the control samples were incubated in hyaluronidase (Sigma
Aldrich, St. Louis, MO, USA) at 37 ◦C for one hour. After the wash, sections with and without
hyaluronidase digestion were stained with Alcian blue stain (pH 2.5) for 30 min. Sections were washed
and counterstained with nuclear fast red stain. Areas containing hyaluronic acid remained unstained
in digested slides and stained blue in undigested slides.

4.8. Immunohistochemistry

De-paraffinized sections were washed with phosphate-buffered saline (PBS) and blocked for 1 h
at room temperature with 2% bovine serum albumin (BSA) containing 0.3% Triton X-100 in PBS. They
were then incubated for 24 h at 4 ◦C with the following primary antibodies: anti-estrogen receptor
β (200 ug/mL) (Santa Cruz Biotechnology, Dallas, TA, USA), anti-collagen I, and anti-collagen III
(1:400) (Abcam, Cambridge, UK). After the primary antibody was removed by rinsing, sections were
incubated with secondary antibodies for 1 h at room temperature. The following goat-anti rabbit
secondary antibodies (1:1000) (ENZO Biochem, NY, USA) were used for double-staining with DAB
(3,3-diaminobenzidine) staining. Incubation with phosphate-buffered saline supplemented with 1%
bovine serum albumin instead of the primary antibody served as a negative control.

4.9. Quantitative PCR

To confirm mRNA expression, we isolated whole lamina propria of the vocal fold with a syringe
needle under microscope and used the real time PCR method. Tissue RNA was extracted using the
TRIzol system (Life Technologies, Rockville, MD, USA). A reverse transcription kit (Applied Biosystems,
Foster City, CA, USA) was used to perform reverse transcription according to the manufacturer’s
protocol. Quantitative PCR was performed according to the SYBR®Green PCR protocol (Applied
Biosystems, Foster city, CA, USA). Each sample was tested in quintuplicate. Reaction conditions were:
10 min at 95 ◦C (one cycle); 10 s at 95 ◦C; and 30 s at 60 ◦C (40 cycles). Final primer concentration
was 0.1 μM and sequences can be found in Table 1. Gene-specific PCR products were continuously
measured by an ABI PRISM 7900 HT Sequence Detection System (PE Applied Biosystems, Waltham,
CT, USA). All the primers used for qPCR analysis had been designated using Primer Express software
1.5 (Applied Biosystems, Foster city, CA, USA) and synthesized by Invitrogen. (Invitrogen Life
Technologies, Carlsbad, CA, USA). Normalization consisted of using the differences between the cycle
thresholds (delta CT) and the expression level for Rn18s to calculate the delta CT/target gene delta CT
ratio. Delta/delta CT corresponds to the differences between the delta CT the internal control gene.
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Table 1. Sequence of primers.

Esr2a
(estrogen receptor βI)

Forward GCTTCGTGGAGCTCAGCCTG

Reverse AGGATCATGGCCTTGACACAGA

Esr2b
(estrogen receptor βII)

Forward GAAGCTGAACCACCCAATGT

Reverse CAGTCCCACCATTAGCACCT

Has1
(hyaluronic acid synthase 1)

Forward CCACTGCACATTTGGGGATG

Reverse GAATAGCATCTGGAGCGCGA

Has2
(hyaluronic acid synthase 2)

Forward ACTGGGCAGAAGCGTGGATTATGT

Reverse AACACCTCCAACCATCGGGTCTTCTT

Has3
(hyaluronic acid synthase 3)

Forward GCACCATTGAGATGCTTCGG

Reverse TACCTCACGCTGCTCAGGAA

Eln
(tropoelastin)

Forward TTCTGGGAGCGTTTGGAG

Reverse CCTTGAAGCATAGGAGAGACCT

Cela1
(chymotrypsin-like elastase family member 1)

Forward TCCTAGGAGCCAGGCCATT

Reverse GGGTAGATAGGAGAAAGTCCAAACC

Col1a1
(collagen, type I, alpha 1)

Forward AGTCCATCTTTGCCAGGAGAACCA

Reverse CGGCAGGACCAGGAAGACC

Col1a2
(collagen, type I, alpha 2)

Forward CCGAGGCAGAGATGGTGTT

Reverse GCAGCAAAGTTCCCAGTAAGA

Col3a1
(collagen, type III, alpha 1)

Forward ACTGACCAAGGTAGTTGCATCCCA

Reverse CCAGGGTCACCATTTCTCC

Mmp1
(matrix metallopeptidase 1)

Forward ATGAGACGTGGACCGACAAC

Reverse TGAGTGAGTCCAAGGGAGTG

Mmp2
(matrix metallopeptidase 2)

Forward GTC ACT CCG CTG CGC TTT TCT CG

Reverse GAC ACA TGG GGC ACC TTC TGA

Mmp8
(matrix metallopeptidase 8)

Forward CAGACAACCCTGTCCAACCT

Reverse GGATGCCGTCTCCAGAAGTA

Mmp9
(matrix metallopeptidase 9)

Forward CGGAGCACGGGGACGGGTATC

Reverse AAGACGAAGGGGAAGACGCACATC

Rn18s
(18s RNA)

Forward AACCCGTTGAACCCCATT

Reverse GGGCAGGGACTTAATCAACG

4.10. Statistical Analysis

Unless otherwise noted, all quantitative data were reported as the mean standard error of the mean
from at least three parallel repeats. One-way analysis of variance was used to determine significant
differences between groups in which p < 0.05 was considered statistically significant.

5. Conclusions

We observed changes in genes expression associated with ECM production and degradation in the
lamina propria of the vocal fold after the induction of menopause by ovariectomy in a rat experimental
model. The changes in the genes related to the generation and degradation of ECM were observed
after the administration of ECH. This study suggests that the antioxidant properties of ECH may have
protective effects on the vocal fold caused by lamina propria ECM deposition. These results indicate
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that the vocal fold is an estradiol-sensitive target organ and that ECH may have protective effects on
the ECM of vocal folds in ovariectomized rats.
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Abstract: Lipids play multiple roles in preserving neuronal function and synaptic plasticity, and
polyunsaturated fatty acids (PUFAs) have been of particular interest in optimizing synaptic membrane
organization and function. We developed a green-based methodology to prepare nanoliposomes (NL)
from lecithin that was extracted from fish head by-products. These NL range between 100–120 nm in
diameter, with an n-3/n-6 fatty acid ratio of 8.88. The high content of n-3 PUFA (46.3% of total fatty acid
content) and docosahexanoic acid (26%) in these NL represented a means for enrichment of neuronal
membranes that are potentially beneficial for neuronal growth and synaptogenesis. To test this, the
primary cultures of rat embryo cortical neurons were incubated with NL on day 3 post-culture for
24 h, followed by immunoblots or immunofluorescence to evaluate the NL effects on synaptogenesis,
axonal growth, and dendrite formation. The results revealed that NL-treated cells displayed a level
of neurite outgrowth and arborization on day 4 that was similar to those of untreated cells on day
5 and 6, suggesting accelerated synapse formation and neuronal development in the presence of
NL. We propose that fish-derived NL, by virtue of their n-3 PUFA profile and neurotrophic effects,
represent a new innovative bioactive vector for developing preventive or curative treatments for
neurodegenerative diseases.

Keywords: n-3 fatty acids; nanoparticles; brain

1. Introduction

Polyunsaturated fatty acids (PUFA) have been extensively studied for their effects in neuronal
development and growth, where investigations have particularly focused on n-3 PUFA for their
therapeutic effects on neurodegenerative diseases, such as Alzheimer’s disease. Both n-3 and n-6
PUFA have significant roles in membrane structure and function and in cell signaling. They also play
important roles as substrates for the synthesis of lipid mediators that are involved in inflammation.
Indeed, the consumption of n-3 PUFA docosahexanoic (DHA) and eicosapentaenoic (EPA) acids
has been shown to decrease the amounts of n-6 arachidonic acid (AA), which is a precursor of the
production of eicosanoids that are involved in inflammation [1]. DHA and EPA are precursors of the
anti-inflammatory resolvins, and they may also exert an anti-oxidative role by modulating the activity
of proteins that are involved in oxidative stress in the central nervous system [2]. PUFAs are also
known to be directly involved in the regulation of gene expression in the brain [3].

Numerous studies have focused particularly on n-3 PUFA’s role on membrane structure and
function. Indeed, DHA represents 60% of PUFA in neuronal membranes. Lipid rafts are needed for
axon guidance, allowing for cone growth and cell polarization of neurons for the formation of new
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synaptic connections [4]. The growth-associated protein 43 (GAP43) is an abundant raft-protein that is
involved in the development of axons and nerve growth, and its expression can be induced by fatty
acids, such as DHA and oleic acid, in immunofluorescence studies [5,6]. Both cell and animal studies
have also demonstrated increased neuronal differentiation and neurite outgrowth in the presence of
PUFA [7,8].

It is clear that n-3 PUFA provide beneficial effects in neuronal development and growth by
increasing membrane fluidity [9–11], or as activators of cell signaling functions [3,12]. Furthermore,
by improving synaptic plasticity and the formation of new synaptic connections, they are key in the
prevention of neuronal damage that can be associated with aging or neurodegenerative diseases, such
as Alzheimer’s disease.

These fatty acids must be obtained either directly from the diet, or are produced by synthesis in
the liver from precursors linoleic and α-linoleic acid before transport and delivery to the brain, since
neurons lack the enzymes for the de novo synthesis of DHA and arachidonic acid. Providing the means
for the efficient delivery of PUFA to the brain would thus be of interest towards maintaining brain
membrane integrity and synaptic function in the aging process for preventive purposes and also as
adjuvant for better response to therapeutics [13].

We have developed a green extraction technique to prepare nanoliposomes from natural resources
(patent n◦ FR 2.835.703, [14]). These soft nanoparticles contain multiple bilayers that are composed of
natural lecithin surrounding an aqueous compartment. Its unique physicochemical characteristics
allows the incorporation of hydrophilic, amphiphilic, or hydrophobic molecules, and, by virtue of the
lipid bilayer, these nanoliposomes can fuse with cell membranes, thereby delivering the liposome
contents to the target tissue. Nanoliposomes the offer advantages of low toxicity, of being modifiable
with respect to size and surface, biocompatibility, and biodegradability [15]. Nanoliposomes that
are prepared using lecithin derived from fish by-products, which represent a major source of n-3
PUFA, show positive effects on cell proliferation with a stimulation of cell activity in mesenchymal
stem cells [16], as well as in neuronal cells [17]. Here, we report the further characterization of
these nanoliposomes. Increased metabolic mitochondrial activity and neural network formation was
observed in the presence of nanoliposomes [17], suggesting the potential effects on synapse formation
and neurogenesis. It remained to be determined whether the nanoliposome-induced effects were
neuron-specific, since the cells used were shown to express the glial fibrillary acidic protein GFAP which
is found only in glial cells. Here, we investigate this further by examining the effect of nanoliposomes
on specific synaptic and neurogenesis markers in purified primary culture preparations of rat embryo
cortical neurons.

2. Results and Discussion

2.1. Lipid Classes

In salmon lecithin, phosphatidylcholine was the major class of phospholipids and it represented
42% of this fraction (Table 1). The triacylglycerol (TAG) content in lecithin was 31.20 ± 0.4% and the
amount of polar fraction was 67.65 ± 0.9%. A small amount of cholesterol was detected in the fraction,
at a level of 1.15 ± 0.1%.

2.2. Fatty Acid Analyses

Analyses by gas chromatography revealed that fatty acid composition of salmon lecithin consists
of a variety of polyunsaturated fatty acids (PUFA) (Table 2). A number of PUFAs of omega 3 and
omega 6 were identified in salmon lecithin, of which C22:6 n-3 (26.26%) and C20:5 n-3 (11.03%) were
the most significant. C18:1 n-9 (13.87%) and C16:0 (20.67%) were the two major monounsaturated and
saturated fatty acids, respectively. The n-3/n-6 ratio was 8.88 with a ratio of DHA/EPA of 2.38.
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Table 1. Lipid classes and fraction of polar lipids composition of salmon lecithin.

Name Salmon Lecithin

Total phospholipids (%) 67.7 ± 1.1
Phosphatidylcholine, PC (%) 42.4 ± 0.5

Phosphatidylethanolamine, PE (%) 7.7 ± 0.1
Phosphatidylserine, PS (%) 9.1 ± 0.1
Phosphatidylinositol, PI (%) 13.0 ± 0.3

Sphingomyelin, SPM (%) 1.5 ± 0.1
Lysophosphosphatidylcholine, LPC (%) 2.8 ± 0.1

Other phospholipids (%) 23.5 ± 0.2

Triglycerides, TAGs (%) 31.2 ± 0.8
Cholesterol, CHOL (%) 1.2 ± 0.1

Free fatty acids, FFA (%) ND

Table 2. Fatty acid composition of salmon lecithin.

Saturated Fatty Acids
(SFA)

Monounsaturated Fatty
Acids (MUFA)

Polyunsaturated Fatty
Acids (PUFA)

Fatty acid % (SD) * Fatty acid % (SD) Fatty acid % (SD)
C14:0 2.72 (0.04) C14:1n9 0.33 (0.02) C18:2n6 1.20 (0.04)
C15:0 1.13 (0.01) C16:1n7 3.23 (0.07) C18:3n3 0.35 (0.01)
C16:0 20.67 (0.15) C18:1n9 13.87 (0.13) C20:4n6 3.52 (0.02)
C17:0 0.88 (0.05) C20:1n9 2.11 (0.06) C20:5n3 1 11.03 (0.13)
C18:0 6.10 (0.05) C22:1n9 0.79 (0.08) C22:5n3 3.93 (0.33)
C20:0 0.35 (0.03) C22:6n3 2 26.26 (0.09)
C22:0 1.55 (0.06)

SFA 33.40 MUFA 20.32 PUFA 46.28

* Mean (SD) % of total fatty acid composition of nanoliposomes (mean and standard deviation of triplicate determinations).
1 EPA, 2 DHA.

2.3. Liposome Size and Electrophoretic Mobility Measurements and Morphological Properties

The particle sizes of different nanoliposome preparations were immediately measured after
sonication. The liposome size depends on the viscosity of the material and agitation parameters,
including sonication amplitude and time. The size of the nanoliposome also depends on fatty acid
composition (the presence of LC-PUFA), lipid profile, and the surface-active properties of the lecithin,
like as the percentage and type of polar head [16,18]. The hydrodynamic diameter of nanoliposomes for
salmon lecithin was 110 ± 0.32 nm, and the polydispersity index was 0.29 ± 0.00. The polar fraction of
lecithin (phosphate residues) has a negative charge. The electrophoretic mobility of nanoliposomes from
salmon lecithin was−3.5± 0.09μmcm/Vs with a relatively high stability, According to the electrophoretic
light scattering (ELS) results, according to the electrophoretic light scattering (ELS) results. Different
types of phospholipids, such as phosphatidylserine (PS), phosphatidic acid (PA), phosphatidylglycerol
(PG), phosphatidylinositol (PI), phosphatidylethanolamine (PE), and phosphatidylcholine (PC) were
present in salmon lecithin. Their charge is negative, except for PC and PE, which does not exhibit a
net charge at physiological pH. Therefore, these anionic fractions most likely account for the negative
electrophoretic mobility [19]. Nanoliposome stability measured by particle size at 4 ◦C and 37 ◦C over
a one-month period showed no significant variation between day 0 and day 30.

The images that were obtained by Transmission Electron Microscopy (TEM) showed that prepared
nanoliposomes were in the form of multilamellar vesicles (MLV). The bilayer nature of the vesicles was
visible in these micrographs (Figure 1). We also observed some droplets in each formulation, because
of the presence of small quantities of oil (10%). We used Atomic Force Microscopy (AFM) in order to
observe the morphological property in nanometric scale. The results showed that, despite the variety
of fatty acids in salmon lecithin, we did not observe phase segregation.
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Figure 1. Formation and characterization of nanoliposomes from natural lecithin. Schematic diagram
of the study, demonstrating the extraction of lecithin from marine source followed by generation of
nanoliposomes; the inset shows a representative Transmission Electron Microscopy (TEM) image of the
fabricated nanoliposomes and Atomic Force Microscopy (AFM) images of supported lipid bilayers
made of phospholipids from salmon lecithin.

2.4. Membrane Fluidity

Membrane fluidity of nanoliposome is one of the important parameters that affect the release of
active molecules and drugs from nanoliposomes, which reflects the order and dynamics of phospholipid
alkyl chains [20]. Membrane fluidity depends on the lipid composition of nanoliposomes. By increasing
the percentage of unsaturated FAs, the packing between the phospholipids decreases and keeps the
level of hydration, thus maintaining membrane fluidity [21].

Nanoliposomes that were prepared from salmon lecithin had a membrane fluidity of 3.20 ± 0.03
when they contained higher proportions of PUFA. The lipid fluidity was expected to increase the
permeant diffusion rate and partitioning tendency, which yields a possible squaring effect on the
enhancement factor.

2.5. Treatment of Primary Cultured Neurons with Nanoliposomes

We investigated the effect of these lipid particles on the maturation of primary cultures of rat
cortical neurons in view of the high amounts of n-3 fatty acids. Neurons were prepared and plated on
day 0 in vitro (D0). To assess potential cytotoxic effects of NL, a set of cultured cells were treated with
increasing concentrations of NL on D3, and incubated 24 h. MTT assay on D4 revealed a small decrease
in cell viability at 50 μg/mL NL, which became statistically significant at NL concentrations> 100 μg/mL
(Figure 2). Cell viability was not significantly changed in the presence of 10 μg/mL NL, which was
therefore selected as the concentration to be used for the study.
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Figure 2. Cytotoxicity of nanoliposomes. Primary cultures of rat embryo cortical neurons were
incubated in medium containing the indicated concentrations of nanoliposomes on day 3 in vitro. After
24 h, MTT assay was performed to assess cell viability. Mean and SD are shown for quadruplicate
determinations. Statistical significance is shown as compared to that obtained for cells incubated in
absence of nanoliposomes (* p < 0.05, ** p < 0.01).

The primary cultures of neurons were prepared and then incubated in the absence or presence of
NL. Since significant changes in the maturation process of the neuronal network are observed after
D3, cell culture media was replaced with the same media supplemented with 10 μg/mL NL on D3.
The cell lysates were then prepared on D4 for immunoblotting studies to assess the changes in protein
levels of different markers of neuronal functions. A similar set of cells that were treated in an identical
manner, but cultured in the absence of NL, were used as controls that allowed us to establish the
baseline; cell lysates were prepared on D4, D5, and D6. The results in Figure 3 revealed that there was
a general tendency of higher protein levels of markers of neuronal and cone growth (β-tubulin and
GAP43) in control cells without NL, as well as synaptic proteins (SNAP25, PSD95, synaptophysin),
when comparing the protein levels on lysates from D5 or D6 to those of D4, with the exception of the
post-synaptic PSD95 marker on D6. The two structural markers, β-tubulin and GAP43 protein levels,
also showed similar profiles when compared with D5 or D6 to D4. The latter protein is indicative of
cytoskeletal development that is conducive with axonal and dendritic growth. Interestingly, in cells
that were incubated in the presence of NL on D3, the protein profiles appeared to be similar to that
of D5 or D6, rather than D4 control cells in the absence of NL, with the exception of synaptophysin,
which suggests the accelerated maturation of these cells in the presence of the NL. Unfortunately, data
analysis did not reveal any statistically significant differences, with the exception of synaptophysin
levels between D4 and D5. This could be due, in part, to the variation of protein levels between
the different culture preparations, despite a similar trend in three separate cultures, as shown in the
representative immunoblot (Figure 3A). Immunofluorescence studies were performed on cells that
were labeled with the different markers to evaluate the morphology of the neurons during culture
since the maturation of a neuron involves several stages including growth cone, axon, and synaptic
button formation.
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Figure 3. Immunoblots of pre- and post-synaptic markers in primary cultures of cortical neurons
treated with fish nanoliposomes (NL). (A) Representative immunoblots of cell lysates prepared from
primary cultures of rat embryo cortical neurons at different times following preparation (D = days
in vitro) to detect GAP43, SNAP25, PSD95, synaptophysin, and β-tubulin, as indicated; D4 +NL are
cells incubated 24 h with 10 μg/mL NL between D3 and D4; D4, D5, and D6 are control cells incubated
in the absence of NL and recovered on D4, D5 and D6. (B) Protein levels following densitometric
analysis of immunoblots. Results are expressed as % of control (D4) (mean ± SD of 3 experiments using
three different NL preparations on three different cell culture preparations. (* p < 0.05).

Image analysis (Figure 4A) showed that GAP43 expression increased with neuronal extensions
and could be seen as being granular with spots in control cells on D5 as compared to those on D4. This
protein is transported along neurons from the cellular body to cone growth and therefore is a maker
for neuronal growth. On D6, GAP43 was present primarily as granular fluorescent spots that were
localized at growth cones and axons, most likely participating in the formation of new extensions. Cells
that were incubated with NL exhibited a GAP43 profile on D4 that was similar to that of control cells
on D5, with staining in both neuronal extensions and as granular with spots, indicating the accelerated
state of outgrowth in the presence of NL as compared to untreated cells.

With neuronal growth, the formation of synapses should be observed. Co-labeling of the pre- and
post-synaptic markers PSD95 (green) and SNAP25 (red) would normally indicate the formation of a
functional synapse with both pre- and post-synaptic button formations, which immunoblots could not
detect. Image analyses to count spots on ImageJ revealed a higher number of SNAP25 (granular red
puncta) as compared to that of PSD95 (granular green puncta) in untreated cells on D4 (Figure 4B).
The merging of images revealed as orange spots were indicative of colocalization of both markers,
and they were also detected in untreated cells on D4 and increased when compared to values that
were obtained for D5 and D6 combined. In cells that were treated with NL, statistically significant
increases in SNAP25 and PSD95 individually, as well as SNAP25 + PSD95 orange spots were observed,
as compared to untreated cells (D4), which is indicative of a higher number of synapse formations in
the presence of these lipid particles.
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Figure 4. Cell localization of synaptic markers in primary cultures of cortical neurons treated with
fish nanoliposomes (NL). (A). Immunofluorescence was used to detect different synaptic markers in
primary cultures of rat embryo cortical neurons at the indicated times (D = days in vitro); D4 + NL are
cells incubated 24 h with 10 μg/mL NL between D3 and D4; D4, D5, and D6 are control cells incubated
in the absence of NL and recovered on D4, D5, and D6. Representative images are shown here obtained
using the confocal microscope (120×magnification, Fluoview Fv10i, Olympus). (B). Image analysis of
SNAP24/PSD95 labeling. The number of labeled spots of SNAP25 (red), PSD95 (green) and SNAP25 +
PSD95 together (merge, orange), indicating colocalization are indicated for untreated cells on D4 (open
bar, n = 4), on D5 and D6 (combined data shown as gray bar, n = 3), and for NL-treated cells on D4
(solid bar, n = 8). Statistically significant differences are shown as compared to the untreated cells (D4)
for the corresponding label measured (* p < 0.05, *** p < 0.001).
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The presence of syntaxin, as part of the SNARE complex located at cell membrane synaptic terminals,
was detected in neurons, appearing to be transported along the neuronal extensions. Synaptophysin,
which is part of a complex with synaptobrevin and is important in neuronal development, is localized
around the cellular body and along the axons on D4. While syntaxin labeling was already granular
on D5, that of synaptophysin remained detectable along the axons, which may be due to the different
roles and functional localizations. On D6, syntaxin labeling was found around the cellular body, which
could indicate the continuous synthesis of this protein. Labeling of dynamin I, a GTPase that is involved
in synaptic vesicle recycling, was very similar to that of synaptophysin. In NL-treated cells, syntaxin,
synaptophysin and dynamin labeling profiles were very similar to those of D5 and D6, detected on both
axons and around the cellular bodies.

Embryonic cortical neuron development in vitro proceeds through several stages that are identified
by morphological changes that occur during maturation. Neurons establish distinct compartments
that initially form as neuritis as they grow and differentiate, which become axons, and finally lead
to the formation of synaptic contacts through dendritic spines and axon terminals to establish the
neural network [22]. Image analysis of labeled cells by immunofluorescence revealed the different
structural and morphological changes that occur between D4 and D6 of culture consistent with neuronal
development and differentiation, including neurite outgrowth and synaptogenesis, as suggested by
the tendencies that were observed in the immunoblots. Preliminary data indicate that the presence
of NL may also activate cell survival pathways (Poerio et al, unpublished data), which suggests the
potential neuroprotective properties of these NL. In summary, these results indicate that the presence
of NL accelerates the maturation processes of embryonic rat cortical neurons in primary culture.

3. Materials and Methods

Salmon lecithin was obtained by enzymatic hydrolysis in our laboratory, as described before [23].
Lipidic fractions were extracted by a low temperature enzymatic process that is solvent-free. The following
materials were used in the present study: acetonitrile and diethyl ether (Sigma-Aldrich, Lyon, France),
boron trifluoride-methanol (BF3) (Supelco, Bellfonte, PA, USA), chloroform (VWR-Prolabo, Milan, Italy),
hexane, methanol, and formic acid (Carlo-Erba, Peypin, France), and ammoniac (Merck KGaA, Darmstadt,
Germany). All of the organic solvents used were analytical grade reagents.

3.1. Fatty Acids Composition

Fatty acid methyl esters (FAMEs) from salmon lecithin were prepared as described by Ackman
(1998) [24]. Subsequently, FAMEs were analyzed while using a Shimadzu 2010 gas chromatography
(Shimadzu, Marne-la-Vallée, France) system that was equipped with a flame-ionization detector. FAME
was injected into a fused silica capillary column (60 m, 0.25 mm i.d. × 0.20 μm film thicknesses,
SPTM2380 Supelco, Bellfonte, PA, USA). Injector and detector temperatures were settled at 250 ◦C.
The column temperature was fixed initially at 120 ◦C for 3 min., then raised to 180 ◦C at a rate
of 2 ◦C min.−1, and maintained at 220 ◦C for 25 min. Individual fatty acids were identified while
using standard mixtures (PUFA1 from a marine source and PUFA2 from a vegetable source; Supelco,
Sigma-Aldrich, Bellefonte, PA, USA). The results are shown as mean ± SD of triplicate analyses.

3.2. Lipid Classes

The lipid classes of different lipid fractions from salmon lecithin were determined while using the
Iatroscan MK-5 TLC-FID (Iatron Laboratories Inc., Tokyo, Japan). The measurement was performed
according to the protocol that is described in detail in our previous paper [25]. Two migrations were
done to determine the proportion of neutral and polar lipid fractions. All of the standards were
purchased from Sigma (Sigma– Aldrich Chemie GmbH, Munich, Germany). Area percentages of each
pic are presented as the mean ± SD of three repetitions.
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3.3. Preparation of Nanoliposomes

Salmon lecithin was extracted by a controlled enzymatic procedure, according to the Linder et al.
Patent [14] that was slightly modified. The use of a protease, namely Alcalase 2.4L (Novo Nordisk,
Bagsvaerd, Denmark), lead to recovering most of the lipid fraction after a controlled hydrolysis degree
by the pH-stat method [26]. The protease was inactivated by heating at 90 ◦C during 15 min. before a
centrifugation step (85 ◦C, 15 min. 4000× g). A freeze-dried step of the substrate, containing the lipid
and protein fractions, was done, and acetone at −18 ◦C was added to separate the lecithin and neutral
lipids, according to Hasan et al. [27].

One gram of lecithin was dissolved in ethanol, and then a thin lipid film was formed on the wall
of the flask by means of a Rotavapor (Laborita 4000 Heidolph, UK) and by completely evaporating
the organic solvent under vacuum, followed by hydration with 49 mL of distilled water, and the
suspension was agitated for 5 h under nitrogen. The samples were then sonicated (sonicator probe,
Sonics & Materials Inc., CT, USA) at 40 KHz and 40% of full power for 360 s (1 s on, 1 s off) to obtain a
homogeneous solution. The liposome samples were stored in glass bottles in the dark at 4 ◦C.

3.4. Liposome Size and Electrophoretic Mobility Measurements

The mean size and electrophoretic mobility of liposomes were measured by dynamic light
scattering (DLS) while using a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd, UK). The samples
were diluted (1:200) with ultrapure distilled water prior to measuring size and electrophoretic mobility.
The size distribution of particle as well as the dispersed particles electrophoretic mobility was measured
to evaluate the surface net charge around droplets. Measurements were made at 25 ◦C with a fixed
scattering angle of 173◦, the refractive index (RI) at 1.471, and absorbance at 0.01. The presented
sizes are the z-average mean (dz) for the liposomal hydrodynamic diameter (nm). The measurements
of electrophoretic mobility were performed in standard capillary electrophoresis cells that were
equipped with gold electrodes at the same temperature. At least three independent measurements
were performed for each condition.

3.5. Stability of Nanoliposomes

The nanoliposomes were stored in a drying-cupboard at 37 ◦C for 30 days. Mean particle size,
electrophoretic mobility, and polydispersity index of all formulations were analyzed every three days.
The same protocol described previously was used for each analysis.

3.6. Transmission Electron Microscopy (TEM)

Nanoliposomes were negatively stained according to the protocol of Colas et al. (2007) [28] and
then visualized on TEM. Briefly, the samples were diluted 25-fold with distilled water to reduce the
concentration of the particles. The same volume of the diluted solution was mixed with an aqueous
solution of ammonium molybdate (2%) as a negative staining agent. The samples were examined
using a Philips CM20 Transmission Electron Microscope (Philips, Dresden, Germany) associated with
an Olympus TEM CCD camera after 3 min. incubation at room temperature and 5 min. incubation on
a copper mesh coated with carbon.

3.7. Atomic Force Microscopy Imaging

An Image of the supported lipid bilayers (SLBs) was acquired on a Bruker AFM Dimension
FastScan (Bruker, Billerica, MA, USA) with NPG tips (Bruker, Billerica, MA, USA) with a spring
constant of about 0.32 N/m (manufacturer data). An image was obtained at room temperature in
Peak Force QNM mode, shortly after SLB formation. An image of 5 μm size was acquired at least for
two different samples and two different areas per sample. Images were analyzed using Nanoscope
Analysis (v140r2, Bruker, Billerica, MA, USA).
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3.8. Membrane Fluidity of Nanoliposomes

The membrane fluidity of all samples was measured by fluorescence anisotropy. TMA–DPH
was used as fluorescent probe, which is a compound that contains a cationic trimethylammonium
(TMA) substitute that acts as a surface anchor to improve the localization of the fluorescent probe
of membrane interiors, DPH. This measurement was carried out according to the method that was
described by Maherani et al. [29]. Briefly, the solution of TMA–DPH (1 mM in ethanol) was added to the
liposome suspension to reach a final concentration of 4 μM and 0.2 mg/mL for the probe and the lipid,
respectively. The mixture was lightly stirred for at least 1 h at room temperature and protected from
light. Subsequently, 180 μL of the solution was distributed into each well of a 96-well black microplate.
The fluorescent probe was vertically and horizontally oriented in the lipid bilayer. The fluorescent
intensity of the samples was measured with Tescan INFINITE 200R PRO that was equipped with
fluorescent polarizers. The samples were excited at 360 nm and emission was recorded at 430 nm
under constant stirring at 25 ◦C. The Magellan 7 software was used for data analysis. The polarization
value (P) of TMA–DPH was calculated while using the following equation:

P =
I‖ −GI⊥

I‖ + 2GI⊥
(1)

where I‖ is the fluorescent intensity parallel to the excitation plane, I⊥ is the fluorescent intensity
perpendicular to the excitation plane, and G is the factor that accounts for transmission efficiency.
Membrane fluidity is defined as 1/P. The results were presented as mean ± SD of triplicate analyses.

3.9. Cell Culture

Cell culture studies were performed at the Bioavailability–Bioactivity (Bio-DA) platform.
The primary cultures of cortical neurons from rat fetuses (embryonic day 16–17) were prepared,
as described previously [30]. Cells were plated at 10 × 104 cells/cm2 onto plates or slides pre-coated
with poly-L-ornithine (15 μg/mL for plates, 150 μg/mL for slides, Sigma), and culture in neuronal
culture medium M2 composed of DMEM-F12 (Invitrogen, Illkirch, France) medium containing 0.5 μM
insulin, 60 μM putrescine, 30 nM sodium selenite, 100 μM transferrin, 10 nM progesterone, and 0.1%
(w/v) ovalbumin (Sigma). The cell cultures were maintained at 35 ◦C in 6% CO2. The absence of glial
fibrillary acidic protein (GFAP) following immunoblotting of cell lysates verified the purity of the
neurons (data not shown). Neurons were incubated for up to five days, where day (D) 0 is the day of
the preparation of the primary culture. The cells were incubated in the presence of NL on Day 3 for 24 h.
Cytotoxicity of NL on cells was determined while using the MTT assay, as described previously [30].

3.10. Immunoblotting

On D4, D5, and D6, the cells were washed with ice-cold PBS (Invitrogen). Cell lysates were
prepared using RIPA buffer, as previously described [30]. Equal volumes of cell lysates were
applied to SDS-PAGE, and transferred to PVDF for immunoblotting [30]. The following antibodies
were used at 1/1000 dilution: anti-synaptophysin (Cell Signaling 4329S), anti-SNAP25 (Santa Cruz
sc-7538), anti-PSD95 (Cell Signaling, 2507S), anti-GAP43 (Cell signaling, 8945S), and anti-β-tubulin
(Sigma T5201). Secondary antibodies, anti-mouse HRP-linked, and anti-rabbit HRP linked from Cell
Signaling and anti-goat HRP-linked from Santa Cruz were used to detect the bands with Supersignal
chemiluminescence ECL kit (Millipore, Molsheim, France). Gel images were obtained while using
the Fusion Imaging System (Fusion Fx5; Vilber Lourmat, France), and densitometric analysis was
performed using the freeware ImageJ.

3.11. Immunofluorescence Analyses

Cortical neurons cultured on slides were fixed in PBS containing 4% (w/v) paraformaldehyde
for 30 min. at room temperature, and then permeabilized by incubation with Dulbecco’s PBS (DPBS,
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Invitrogen) containing 30% Cas-Block and 0.2% (v/v) Triton X-100. The cells were incubated with
the primary antibody diluted in the same solution for 2 h at room temperature. After washing
with DPBS, the slides were incubated in the dark in the presence of secondary antibodies that were
conjugated to a fluorophore in DBPS. Cell nuclei were stained using 4,6-diamidino-2-phenylindole
(DAPI). Images were obtained while using a confocal microscope (Fluoview Fv10i, Olympus, Rungis,
France); analysis of SNAP25 and PSD95 spots was performed using ImageJ (particle analysis after
subtraction of background; spots counted were visually verified using the outline option).

3.12. Statistical Analyses

All of the results are shown as the mean ± SD, unless otherwise indicated. The values for each set
of cells that were treated with NL were calculated as % of control cells incubated in the absence of NL
from the same experiment before statistical analysis. Statistical analysis was performed while using
ANOVA followed by a Scheffe’s post hoc test; significance was considered as p < 0.05.

4. Conclusions

In conclusion, these results demonstrate that the supplementation of NL in the culture media
accelerate the development of neural networks in primary cultures of rat cortical neurons. Treatment
with NL appeared to accelerate neuronal development, neurite outgrowth, and synaptogenesis, thus
demonstrating a beneficial role of these pure NL on neuronal development by virtue of their intrinsic
properties, which may also include neuroprotective effects. We would propose that, as multilayer
vesicles with improved fusogenic properties, these PUFA-rich NL could represent a means towards
providing cells with PUFA in a synergistic and efficient way, rather than directly using PUFA as
fatty acids. Indeed, PUFA supplementation may be a necessary adjuvant for the aging brain to be
more responsive to the therapeutic treatment of age-related neurodegenerative diseases, such as
Alzheimer’s disease [13]. Furthermore, nanoliposomes can also serve as a carrier of active molecules,
thus serving a dual role in not only in providing the necessary lipid components for optimal membrane
organization, but also in the delivery of active molecules for preventive or curative treatments of
neurodegenerative diseases.
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Abstract: The emergence of antibiotic resistance in Pseudomonas aeruginosa due to biofilm formation
has transformed this opportunistic pathogen into a life-threatening one. Biosynthesized nanoparticles
are increasingly being recognized as an effective anti-biofilm strategy to counter P. aeruginosa
biofilms. In the present study, gold nanoparticles (AuNPs) were biologically synthesized
and stabilized using fucoidan, which is an active compound sourced from brown seaweed.
Biosynthesized fucoidan-stabilized AuNPs (F-AuNPs) were subjected to characterization using
UV-visible spectroscopy, Fourier transform infrared spectroscopy (FTIR), field emission transmission
electron microscopy (FE-TEM), dynamic light scattering (DLS), and energy dispersive X-ray
diffraction (EDX). The biosynthesized F-AuNPs were then evaluated for their inhibitory effects
on P. aeruginosa bacterial growth, biofilm formation, virulence factor production, and bacterial
motility. Overall, the activities of F-AuNPs towards P. aeruginosa were varied depending on their
concentration. At minimum inhibitory concentration (MIC) (512 μg/mL) and at concentrations
above MIC, F-AuNPs exerted antibacterial activity. In contrast, the sub-inhibitory concentration
(sub-MIC) levels of F-AuNPs inhibited biofilm formation without affecting bacterial growth,
and eradicated matured biofilm. The minimum biofilm inhibition concentration (MBIC) and
minimum biofilm eradication concentration (MBEC) were identified as 128 μg/mL. Furthermore,
sub-MICs of F-AuNPs also attenuated the production of several important virulence factors and
impaired bacterial swarming, swimming, and twitching motilities. Findings from the present study
provide important insights into the potential of F-AuNPs as an effective new drug for controlling
P. aeruginosa-biofilm-related infections.

Keywords: antibiofilm; fucoidan; motility; nanoparticles; Pseudomonas aeruginosa; virulence factors

1. Introduction

The formation of biofilm by Pseudomonas aeruginosa contributes to its survival in adverse
environmental conditions, defense against the host immune system, and resistance to antimicrobial
compounds such as conventional antibiotics, resulting in extreme complications in preventing and
eradicating this opportunistic pathogen from infected patients and medical facilities [1–4]. Apart
from the formation of the biofilm matrix, several virulence factors are also produced, which further
aid the bacteria in causing chronic infections [2,5]. With the rapid pace of emergence and spread of
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P. aeruginosa with biofilm-forming ability, current anti-biofilm and anti-virulence approaches have
mainly targeted the following: (1) attachment of planktonic cells, (2) cell-to-cell communication
networks and regulatory systems, and (3) eradication of pre-existing matured biofilm structures [6,7].
Furthermore, these modern anti-biofilm approaches highly favor treatments which are bioactive,
cost-effective, and less toxic [8–11].

Recently, nanomaterials have become popular, owing to their various physiochemical advantages
resulting from their nano-scale size, such as high surface area to volume ratio, low toxicity, and
high stability [12,13]. The gold nanoparticle (AuNP) possesses these properties, and is one of the
commonly-used nanoparticles, with several applications in catalysis, electronics, nonlinear optics, drug
delivery, and disease diagnosis in medical fields [14–18]. In comparison with chemical methods, which
employ surfactants in the synthesis of this nanoparticle (NP), biological methods employing ‘green’
materials such as biopolymers provide significant benefits in terms of reducing NP aggregation,
production costs, simple isolation, and environmental friendliness [19–22]. The morphology
regarding size, shape, and crystalline properties, as well as the biocompatibility and stability of
biosynthesized AuNP, are also significantly improved [23]. Although several biological systems are
currently used to synthesize NPs, edible marine algae are highly preferred due to their widespread
availability and richness in bioactive compounds, which could act as active stabilizing and reducing
agents [24]. The bioactive compound fucoidan used in the present study is a fucose-rich and
sulfated polysaccharide present in diverse brown seaweed species. Fucoidan has been extensively
utilized as an important antitumor, antibacterial, antiviral, anti-inflammatory, and antioxidant agent
owing to its biodegradable, biocompatible, non-toxic, and water-soluble characteristics [25,26].
In efforts to overcome antibiotic resistance in bacteria, previous studies have shown that both
biosynthesized AuNPs and fucoidan-synthesized-NPs exhibit high antibacterial activity towards
a variety of bacteria [27–29]. Therefore, the present study aimed to synthesize and characterize
fucoidan-stabilized gold nanoparticles (F-AuNPs), as well as to evaluate their application as a potential
anti-biofilm and anti-virulence drug against P. aeruginosa.

2. Materials and Methods

2.1. Bacterial Strains, Culture Media, Chemicals, and Growth Conditions

The study was performed using P. aeruginosa PAO1 KCTC 1637 obtained from Korean Collection
for Type Cultures, Daejeon, Korea as the reference strain. The liquid and solid media used for the
growth and cultivation of P. aeruginosa were tryptic soya broth (TSB; Difco Laboratory Inc., Detroit, MI,
USA) and tryptic soya agar (TSA) plate. The pH of the media was adjusted to 7.2. Fucoidan (≥95%)
sourced from Fucus vesiculosus) and hydrogen tetrachloroaurate (III) were obtained from Sigma-Aldrich
Co. (St. Louis, MO, USA). All the reagents and chemicals used in the present study were of analytical
grade. The growth condition of P. aeruginosa was aerobic and the growth temperature was maintained
at 35 ◦C throughout the experiment.

2.2. Synthesis and Characterization of F-AuNPs

The chemical synthesis and instrumental characterization of F-AuNPs were carried out according
to the procedure described previously [30]. The F-AuNPs were synthesized by mixing fucoidan
(5.0 mg) into a solution of HAuCl4.3H2O (1 × 10−4 M) at the temperature of 80 ◦C for 30 min
under continuous stirring. The color change of the solution into dark ruby red was considered
as an initial indicator of F-AuNP formation. Furthermore, F-AuNP formation was also monitored
by measuring absorbance spectra using DU-530 spectrophotometer (Beckman Coulter, Fullerton,
CA, USA). The resulting solution was centrifuged (12,000× g for 30 min), followed by washing
with deionized water. The unreacted gold was dispersed into water and dialyzed using a 12,000
Da molecular weight cut-off dialysis tube for 24 h at room temperature in order to remove it from
the mixture.
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Different physiochemical properties, including size, morphology, stability and composition, of newly
synthesized F-AuNPs were characterized using various instruments and methods. The morphology of
F-AuNPs was determined using field emission transmission electron microscopy (FETEM) JEM-2100F
(JEOL Ltd., Tokyo, Japan). The particle size of the F-AuNPs was measured using dynamic light scattering
(DLS) with the help of an electrophoretic light scattering spectrophotometer (ELS-800, OTSUKA Electronic
Co., Ltd., Osaka, Japan). The room temperature and fixed angle (90◦) in the spectrophotometer were
set for scattering and measuring the spectra. The elemental composition of F-AuNPs was determined
using energy dispersive X-ray diffraction (EDX; Hitachi, S-2400, Tokyo, Japan). The functional groups of
each component present in F-AuNPs were determined by Fourier transform infrared spectroscopy (FTIR).
The FTIR of F-AuNPs was carried out in a diffuse reflectance mode with a range of wavelengths from
4000 to 400 cm−1. Finally, the crystalline structure of the F-AuNPs was examined using X-ray diffraction
(XRD; X’Pert-MPD system, Philips, Almelo, The Netherlands).

2.3. Determination of Minimum Inhibitory Concentrations of F-AuNPs and Growth of P. aeruginosa Cells in
the Presence of F-AuNPs

Minimum inhibitory concentration (MIC) was defined as the complete inhibition of bacterial growth
with no visible turbidity by the action of F-AuNPs at the lowest concentration. Determination of MIC of
F-AuNPs against P. aeruginosa PAO1 followed the guidelines from the Clinical and Laboratory Standards
Institute (CLSI), 2016 [31]. Briefly, the cell culture of P. aeruginosa was grown overnight and then added
to a 96 well microtiter plate. Two-fold serial diluted concentrations of F-AuNPs (1024 to 32 μg/mL)
(10 mg/mL stock prepared in sterilized distilled water) were added to the plate. The plate was then
incubated at 35 ◦C for 24 h under orbital agitation (120 rpm) in the microtiter plate reader (BioTek,
Winooski, VT, USA). After incubation, the optical density (OD) of the grown bacterial cells at 600 nm was
measured. Similarly, the growth property of P. aeruginosa in the presence of different concentrations of
F-AuNPs was also measured using a similar method to that discussed above. The only difference was
the measurement of OD of the grown cells, which was monitored at time intervals of every 2 h in the
microplate reader. Both MIC and growth assays were performed in triplicate.

2.4. Crystal Violet Staining Method for the Biofilm Assays

The crystal violet method was used for the quantitative estimation of biofilm formation in the presence
and absence of the compound, following the procedure described earlier [8]. The minimum concentration
of F-AuNP that inhibited P. aeruginosa biofilm formation (minimum biofilm inhibition concentration:
MBIC) was also determined. Briefly, the P. aeruginosa cell culture (grown overnight in TSB) was diluted to
a turbidity of 0.05 at 600 nm, and then treated with different concentrations of F-AuNPs (ranging from
16 to 256 μg/mL). After 24 h of incubation at 35 ◦C, the planktonic cells were discarded, while the attached
cells were washed three times with water and then stained with crystal violet (0.1%). After 20 min of
incubation, the crystal violet dye was discarded and the attached cells were again washed thrice with water.
The adhered cells were re-suspended with 95% ethyl alcohol followed by the OD determination at the
wavelength of 570 nm. Simultaneously, the P. aeruginosa growth property in the presence of F-AuNPs was
also determined in static conditions by measuring the OD at 600 nm. For both biofilm and growth analysis,
each concentration of F-AuNPs was repeated three times.

Crystal violet assay was also performed to investigate the eradication effect of F-AuNPs on
pre-formed matured P. aeruginosa biofilm. The minimum concentration at which F-AuNPs exhibited
eradication effect on pre-formed matured biofilm (minimum biofilm eradication concentration: MBEC)
was also determined. The first step was to allow the formation of biofilm for 24 h by incubating
P. aeruginosa in TSB without F-AuNPs in the 96 well microtiter plate, as discussed earlier [8]. Briefly,
after incubation, the planktonic cells were removed and attached biofilm cells were washed thrice with
fresh TSB media. The established biofilm cells were treated with different concentrations of F-AuNPs
(16–256 μg/mL) in fresh TSB media. The microtiter plate was then incubated at 35 ◦C for 24 h, and
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quantified for biofilm cells after staining with 0.1% crystal violet following the procedure described in
detail in the biofilm assay section. The experiment was performed in triplicate.

2.5. Microscopic Examination of the Biofilm Formed Cells

Visualization of the cell morphology and biofilm architecture was carried out by using microscopes
such as the scanning electron microscopy (SEM) and fluorescence microscopy. The procedure used
for the SEM sample preparation was adopted as discussed earlier [8,32]. Briefly, the cell culture was
allowed to grow in TSB media on the surface of nylon membranes (0.5 × 0.5 cm) placed in a 24 well
microtiter plate in the presence and absence of F-AuNPs (256 μg/mL). The 24 well microtiter plate was
incubated for 24 h at 35 ◦C. The biofilm cells were directly fixed by formaldehyde and glutaraldehyde
and kept at 4 ◦C temperature overnight. After removing the unattached cells, the fixed cells were
washed three times with phosphate buffer saline (PBS; pH 7.4), followed by dehydration in increasing
concentrations of ethyl alcohol at 50, 70, 80, 90, 95 and 100%. The adhered cells on the nylon membrane
were freeze-dried using a freeze dryer machine (FD8518, ilShinBiobase Co., Ltd., Dongducheon, Korea),
followed by fixation to SEM stubs. The affixed membrane was further coated with gold for 120 s with
the help of an ion-sputter (E-1010, Hitachi, Tokyo, Japan). The prepared samples were visualized for
the study of cell morphology using JSM-6490LV (JEOL, Tokyo, Japan) at the magnification of ×5000
and voltage of 15 kV. Similarly, the biofilm architecture was also observed using a Leica DMI300B
fluorescence microscope at a magnification value of ×40, as described earlier [8]. However, for the
fluorescence microscope, (Leica Microsystems, Wetzlar, Germany), the sample was prepared on the
glass pieces and was placed in a 6 well microtiter plate. Before visualization of the cells, the biofilm
cells on the surface of glass pieces were washed three times with PBS, followed by staining with
10 μg/mL working concentration of acridine orange dye. The stained cells were again washed with
PBS and observed under a fluorescence microscope.

2.6. Determination of Hemolytic and Protease Activities

The hemolytic property of P. aeruginosa in the presence of F-AuNPs was determined using the red
blood cells (RBCs) following the procedure described previously [8,33]. Briefly, the P. aeruginosa cell culture
was grown overnight and was then supplemented with different concentrations of F-AuNPs (ranging from
32 to 256 μg/mL) in a 96 well microtiter plate, followed by incubation at 35 ◦C for 12 h in shaking condition
(120 rpm). The treated and non-treated bacterial cell cultures (50 μL) were mixed with diluted RBCs.
A negative control was prepared by mixing the F-AuNPs (256 μg/mL) with diluted RBCs. The bacterial
cell culture mixed with RBCs was incubated at 35 ◦C for 1 h in shaking incubator (120 rpm). The mixture
was centrifuged at 16,600× g for 10 min, and the OD of supernatant containing hemolyzed RBCs was
determined by measuring at 543 nm. The experiment was performed in triplicate.

The production and activity of the protease enzyme from P. aeruginosa were tested in the presence
and absence of F-AuNPs on casein agar plate, as described in the previous protocol [8,33]. The casein
agar plate was prepared by mixing casein powder (10%) into autoclaved Bacto agar (2%) in 100 mL
distilled water. The filtered supernatant (10 μL), which was obtained from the overnight grown
P. aeruginosa cell culture (initial turbidity of 0.05 at 600 nm) in the presence of different concentrations
of F-AuNPs (16–256 μg/mL), was loaded in the holes of a casein agar plate. After 24 h of incubation at
35 ◦C temperature, diameters (cm) of the clear zones around the holes were measured to determine
the inhibition of F-AuNPs to bacterial protease activity. Analysis of protease activity was performed in
two replicates using two independent cultures.

2.7. Quantitative Estimation of Virulence Factor Production

The impact of F-AuNPs on the production of several virulence factors from P. aeruginosa, such as
pyocyanin, pyoverdine, and rhamnolipid, was examined in the present study. The methodology of
the assays of each virulence factor production was adopted from the previous protocol [8,33]. For the
estimation of virulence factors production such as rhamnolipid and pyocyanin, TSB media was used,
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whereas for the estimation of siderophore-like pyoverdine, iron-limited minimal salt media (MSM)
along with 2% sodium succinate (SS) was used. The cell culture (5 mL) of P. aeruginosa (initial turbidity
of 0.05 at 600 nm) grown overnight was incubated with various concentrations of F-AuNPs in test
tubes containing either TSB (for pyocyanin and rhamnolipid assays) or MSM + 2% SS (for pyoverdine
assays), and was incubated under shaking condition at 35 ◦C for 12 h. After 12 h of incubation,
for the pyocyanin estimation, the cell-free supernatant was mixed with chloroform for the extraction
of green-blue colored pigment, as described in detail in a previous study [34]. The collected blue-green
colored sample turned a pink color when it was acidified with HCl (0.2N), and was then quantified
by measuring the OD at 520 nm. The rhamnolipid from the supernatant was extracted using an
organic solvent i.e., diethyl ether, and the quantification was carried out by orcinol colorimetric
method following the detailed procedure described earlier [35]. The total content of rhamnolipid was
quantified by measuring the OD at 421 nm. For the estimation of pyoverdine, the supernatant was
directly quantified by the OD at 405 nm, as discussed earlier [36]. All experiments were performed
in triplicate.

2.8. Assays of Motility Properties of P. aeruginosa

The effect of F-AuNPs at sub-MICs on different types of motility such as swarming, swimming,
and twitching of P. aeruginosa was tested as described previously [33,37]. Two sub-MIC levels were
selected for all motility assays (32 μg/mL and 256 μg/mL). To check the swarming motility, the Bacto
agar (0.4%) plate prepared in Luria Britani (LB) broth containing casamino acid (0.5%) and glucose
(0.5%) was used. For swimming motility, the Bacto agar (0.3%) was also used, however, it was prepared
in distilled water along with 1% NaCl and 0.25% tryptone. Each plate was also supplemented with
different concentrations of F-AuNPs. The P. aeruginosa cell culture (10 μL) was grown overnight and
then placed on the center of swarming and swimming agar plates, followed by incubation at 35 ◦C
for 24 h. The experiment was repeated two times. The two movements were demonstrated by the
zone of cell travelling on the agar after incubation for 24 h. The assay for twitching motility was
slightly different compared to the swarming and swimming motilities, and was performed following
the protocol described previously. For the twitching motility assay, the overnight grown cell culture
(10 μL) was firstly stubbed a thin layer in the center of Petri dishes, followed by pouring of Bacto
agar (1.5%) prepared in LB supplemented with glucose (30 mM) and casamino acid (0.2%). After 24 h
of incubation, the total agar content was discarded and the cells attached to the surface of the plate
were stained with crystal violet (0.1%), then were washed with water and air dried. The crystal violet
stained area of the cells is the indicator of twitching motility. The assay of twitching motilities was also
performed in replicates.

2.9. Statistical Analysis

All graphs in the present study were constructed using GraphPad Prism 7.0 (GraphPad Software
Inc., San Diego, CA, USA). All data in the present study were obtained from one-way ANOVA and are
represented as mean ± standard deviation.

3. Results

3.1. Synthesis and Characterization of F-AuNPs

F-AuNPs were synthesized by the reduction of ionic gold (Au3+) in a chloroauric acid solution
with the help of fucoidan. Fucoidan, which is a negatively charged polymer derived mainly from
marine seaweed, acts as a stabilizing and reducing agent. The initial indication and confirmation
of F-AuNP synthesis were established by checking the appearance of ruby red color, as well as
by measuring absorbance spectra using UV-visible spectrophotometry (Figure 1A). The maximum
absorbance peak was found at 570 nm, which was almost coincident with the peak obtained (566 nm)
during the synthesis of AuNPs by Manivasagan et al. [30].
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The morphology of the synthesized F-AuNPs was characterized using field emission transmission
electron microscopy (FE-TEM) (Figure 1B). The distribution of F-AuNP sizes was also determined using
dynamic light scattering (DLS) (Figure 1C). The results of FE-TEM and DLS showed that F-AuNPs were
spherical in shape and ranged in size from 15 to 119 nm; the average size of the particles was ~53 nm
(Figure 1C). Furthermore, chemical interactions between different functional groups present in the
polymeric fucoidan and AuNPs were determined by Fourier transform infrared spectroscopy (FTIR).
The FTIR results (Figure 1D) demonstrated that fucoidan showed characteristic peaks at 845 cm−1 and
1159–1260 cm−1, corresponding to the S=O asymmetric stretching and C–O–S stretching of sulfate
groups, respectively. The bands in the spectra at 1633 cm−1 and 1637 cm−1 in both fucoidan and
F-AuNPs correspond to the N–H bending of amines. Similarly, the bands at 3441 cm−1 and 3444 cm−1

in both fucoidan and F-AuNPs spectra correspond to the O–H stretching of alcohol, whereas the bands
at 2932 cm−1 and 2933 cm−1 spectra correspond to the C–H stretching of alkanes. Figure 1E represents
the UV-visible absorbance spectra of freshly prepared and one-month old F-AuNPs.

Figure 1. Synthesis and characterization of fucoidan-stabilized gold nanoparticles (F-AuNPs).
(A) UV-visible-absorbance spectra of F-AuNPs, (B) field emission transmission electron microscopy
(FE-TEM) image of F-AuNPs, (C) dynamic light scattering (DLS) histogram of particle size distribution,
and (D) Fourier transform infrared spectroscopy (FTIR) spectrum of F-AuNPs, and (E) UV-visible
absorbance spectra of the freshly synthesized and one-month old F-AuNPs.

Different diffraction peaks in Figure 2A as observed by X-ray diffraction (XRD) indicated the
crystalline nature of the F-AuNPs. The value of each peak in the XRD patterns, as observed at 38.13◦,
44.43◦, 64.66◦, and 77.66◦, showed the reflection of a crystalline metallic gold particle with values of
(111), (200), (220), and (311), respectively (Figure 2A). The above results concur with the XRD patterns
of gold nanoparticles reported previously [30,38]. Finally, we also determined the presence of gold as
a major constituent in the F-AuNPs by energy dispersive X-ray diffraction (EDX) (Figure 2B). Among
the major peaks in the spectrum, the peak appearing at 2.2 keV is a characteristic peak of gold present
in the F-AuNPs, whereas the peak at 8.2 keV is that of Cu available from the grid used. The elemental
composition of F-AuNPs has also been analyzed previously using EDX with similar peak profiles [30].
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Figure 2. (A) The X-ray diffraction (XRD) pattern of F-AuNPs and (B) X-ray spectrum of the F-AuNPs.

3.2. Determination of Minimum Inhibitory Concentration (MIC) of F-AuNPs and Growth Properties of
P. aeruginosa in the Presence of F-AuNPs

Before investigating the start of biofilm inhibition and the virulence attenuating properties
of synthesized F-AuNPs, the MIC was determined using different concentrations (ranging from
16–1024 μg/mL) of F-AuNPs. The MIC was determined by measuring the OD of bacterial cell
growth at 600 nm after 24 h of incubation under shaking conditions (120 rpm). Figure 3A clearly
shows a significant inhibition of P. aeruginosa growth at 512 and 1024 μg/mL of F-AuNPs. Hence,
based on the above results, the MIC value of F-AuNPs for P. aeruginosa was assigned as 512 μg/mL
(Figure 3A). The growth profile of P. aeruginosa in the presence of different concentrations (ranging
from 16–1024 μg/mL) of F-AuNPs was also determined by measuring the OD600 at 2 h time intervals
up to 24 h during incubation under agitation (120 rpm). The growth pattern of P. aeruginosa in the
presence of each subinhibitory concentration (sub-MIC) of F-AuNPs was found to be similar to the
control (Figure 3B). Thus, based on the above results, it is evident that F-AuNPs at sub-MIC levels
caused a bactericidal effect to bacterial cells throughout the experiment.

Figure 3. (A) Determination of minimum inhibitory concentration of F-AuNPs at 600 nm wavelength
and (B) growth curve analysis of P. aeruginosa in the presence of different concentrations of F-AuNPs at
every 2 h time interval the OD at 600 nm wavelength. The experiments were performed in triplicate
with two independent cultures. ** p < 0.01 considered as significant and ns indicates non-significant as
compared to the control (not treated by F-AuNPs).

3.3. Biofilm Inhibition Properties of F-AuNPs

The anti-biofilm activity of F-AuNPs against P. aeruginosa was determined by crystal violet staining
assays and OD measurements at 570 nm. As shown in Figure 4A, the sub-MIC levels of F-AuNPs
when incubated with P. aeruginosa cells cultured overnight (initial turbidity of 0.05 at 600 nm) exhibited
concentration-dependent biofilm inhibition. In comparison to the non-treated control, F-AuNPs at
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128 μg/mL and 256 μg/mL concentrations showed approximately 86% and 84% biofilm inhibition,
respectively. The minimum biofilm inhibitory concentration (MBIC) of F-AuNPs for P. aeruginosa was
therefore assigned as 128 μg/mL (Figure 4A). The growth property of P. aeruginosa in the presence
of sub-MIC of F-AuNPs was also checked by measuring the OD at 600 nm (Figure 4B). The results
showed that there were no bactericidal effects at each concentration of F-AuNPs when incubated under
static conditions (without shaking).

Figure 4. Biofilm inhibition properties of different concentration of F-AuNPs. (A) Biofilm assays and
(B) growth analysis of Pseudomonas aeruginosa. The experiment was repeated three times for each
concentration of F-AuNPs. ** p < 0.01 considered as significant and ns indicates non-significant as
compared to the control (not treated by F-AuNPs).

Furthermore, the effects of F-AuNPs on cell morphology as well as biofilm architecture were
examined using a scanning electron microscope (SEM) and fluorescence microscopy for the 24 h treated
and non-treated cells (Figure 5). The results of SEM analysis of the cell culture incubated along with
F-AuNPs (256 μg/mL) for 24 h showed a lack of cells attached to the nylon surface, whereas the cell
culture not treated with F-AuNPs showed dense layers of sessile cells adhered to the nylon surface
(Figure 5A). The results obtained from fluorescence microscopy using acridine orange dye (10 μg/mL)
showed a significant reduction of green fluorescence in the presence of F-AuNPs (256 μg/mL), while
non-treated cells (control) exhibited intense green fluorescence (Figure 5B). Fluorescence microscopy
analysis also confirmed that F-AuNPs inhibited the attachment of cells to the glass surface as compared
to the control. Thus, based on crystal violet assays, SEM, and fluorescence microscopy studies, it can
be concluded that F-AuNPs disrupted the attachment of sessile cells to surfaces, which initiated the
formation of biofilms.

Apart from the inhibition of biofilm formation at the initial stage by F-AuNPs, the dispersion
of mature biofilm established by P. aeruginosa was also studied (Figure 6). The 24 h old established
mature biofilm was treated with different concentrations (ranging from 16–256 μg/mL) of F-AuNPs.
The results showed that higher concentration (from 128–256 μg/mL) exhibited stronger dispersion of
established mature biofilm, as compared to the lower concentration (16–64 μg/mL). The minimum
biofilm eradication concentration (MBEC) of F-AuNPs on pre-formed mature P. aeruginosa biofilm was
therefore selected as 128 μg/mL.
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Figure 5. Microscopic examination of biofilm cells and biofilm architecture after 24 h of incubation
with F-AuNPs (256 μg/mL). (A) SEM image and (B) fluorescence image of biofilm cells.

Figure 6. Dispersion of established mature biofilm of P. aeruginosa in the presence of F-AuNPs. The 24 h
established matured biofilm was analyzed by crystal violet staining method and OD measurement at
570 nm. The experiment was repeated three times for each F-AuNP concentration. ** p < 0.01 versus
the control (not treated by F-AuNPs).
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3.4. Antivirulence, Antihemolytic and Protease Inhibitory Activity of F-AuNPs

The sub-MICs of F-AuNPs were also checked for inhibitory effects on the bacterial production of
several virulence factors during biofilm formation that are essential for colonization and pathogenesis.
Production of pyocyanin from P. aeruginosa in the presence of different concentrations of F-AuNPs
was determined spectrophotometrically at 520 nm. The results showed a significant loss in the
inhibition of pyocyanin, in which pyocyanin production at 32, 128, and 256 μg/mL concentrations
of F-AuNPs were found to be approximately 79.4%, 81.9%, and 87.7%, respectively (Figure 7A).
Similarly, the amount of rhamnolipid production was determined by using an orcinol colorimetric
assay and OD measurements at 421 nm. Concentrations of 32, 128, and 256 μg/mL of F-AuNPs
reduced rhamnolipid production by 54%, 50%, and 53%, respectively, which represents almost equal
inhibition at all concentrations tested (Figure 7B). Production of another virulence factor, pyoverdine,
which is one of the siderophores required for iron acquisition from the environment was also checked
in the presence of different sub-MICs of F-AuNPs. Pyoverdine production was measured directly
in the supernatant at a wavelength of 405 nm. The results showed that at 256 μg/mL, inhibition of
pyoverdine production by P. aeruginosa was 91.6%, whereas, at 128 μg/mL and 32 μg/mL, bacterial
pyoverdine generation was inhibited by almost 95% (Figure 7C).

Figure 7. Effect of F-AuNPs on the production of virulence factors and hemolytic activity in P. aeruginosa.
(A) Production of pyocyanin, (B) production of rhamnolipid, (C) production of pyoverdine, and (D)
hemolytic activity. The determination of virulence factor production and hemolytic activity from the
F-AuNPs treated sample were carried out as a relative value in comparison to the control. All the
experiments were performed in triplicate. ** p < 0.01 versus the control (not treated by F-AuNPs).

In addition to the virulence factor production assays, we checked the hemolytic activity of
P. aeruginosa in the presence of different sub-MICs of F-AuNPs. Bacterial cell cultures treated with
F-AuNPs were mixed with diluted RBCs, followed by 1 h of incubation at 35 ◦C. The hemolyzed
RBCs present in the supernatant were monitored at 543 nm. The results showed that with
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F-AuNPs at concentrations of 32, 128, and 256 μg/mL, the inhibition of hemolytic activity was
29%, 47.5%, and 59%, respectively (Figure 7D). Previous reports identified the fact that synthesis and
production of protease enzymes from the cells are also functionally important in the pathogenesis
of P. aeruginosa [39,40]. Hence, the production of protease enzymes in the presence of sub-MICs of
F-AuNPs on casein-containing agar plates was assayed, and the results were revealed by the diameter
(cm) of clear zones appearing around the treatment-loaded agar holes. As shown in Figure 8A,B,
the maximum inhibitory effect of F-AuNPs over the bacterial production of proteases was exhibited at
high concentrations (128 and 256 μg/mL).

Figure 8. Protease inhibitory activity of F-AuNPs at sub-MICs in P. aeruginosa. (A) The image of the
casein-containing agar plate showing protease activity, and (B) diameter (cm) of clear zones appearing
around the holes. All the experiments were performed in triplicate. ** p < 0.01 considered as significant,
ns indicates non-significant as compared to the control (not treated by F-AuNPs).
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3.5. Motility Impairment Properties of F-AuNPs

Different types of motilities, such as swimming, swarming, and twitching, exhibited by
P. aeruginosa have been well studied, and these motilities play a significant role in biofilm formation as
well as infection of host cells [41–43]. The various types of motilities are due to the presence of surface
appendages on P. aeruginosa such as flagellae and pili [42,43]. In the present study, the activity of
F-AuNPs at sub-MIC levels (32 and 256 μg/mL) on various types of motilities of P. aeruginosa such as
swimming, swarming, and twitching was studied on agar plates. Swimming motility was monitored
in Bacto agar (0.3%) media containing NaCl (1%) and tryptone (0.25%). As shown in Figure 9A,B,
flagellar-mediated swimming motility was completely inhibited in comparison to the control (absence
of the drug).

 
Figure 9. Motility inhibiting properties of F-AuNPs in P. aeruginosa. (A) Swimming motility
image, (B) swimming motility values, (C) swarming motility image, (D) swarming motility values,
(E) twitching motility image, and (F) twitching motility values. All the experiments were performed in
triplicate. ** p < 0.01 versus the control (not treated by F-AuNPs).

Similarly, another type of flagellar motility known as swarming was investigated on the surface
of Bacto agar (0.4%) plates in LB broth supplemented with glucose (0.5%) and casamino acids (0.5%).
As shown in Figure 9C,D, swarming motility was also inhibited in a concentration-dependent manner,
with values of approximately 30% and 53% at concentrations of 32 and 256 μg/mL, respectively.
Furthermore, the present study also monitored type IV pili-mediated twitching motility using solid
Bacto agar (1.5%) prepared in LB broth containing glucose (30 mM) and casamino acids (0.2%).
In contrast to swarming and swimming, the twitching assay was monitored by staining with crystal
violet (0.1%). The results showed that twitching motility was found to be significantly inhibited in
a concentration-dependent manner (Figure 9E,F). The results revealed twitching motility inhibition
of almost 72% at 256 μg/mL, and almost 54% at 32 μg/mL concentration of F-AuNPs (Figure 9F).
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Collectively, the present results indicated that F-AuNPs effectively controlled the different motility
modes of P. aeruginosa.

4. Discussion

Several strategies have been developed in order to combat antibiotic resistance and related
infections caused by pathogenic bacteria [44–47]. Besides targeting resistance enzyme synthesis and
efflux pump function, these strategies also aim for inhibition of biofilm formation and attenuation of
virulence factors produced by pathogenic bacteria, hence reducing selection pressure and preventing
future risk of resistance [6,48,49]. With the recent development of nanotechnology, noble metal-based
nanoparticles such as AuNPs in a size range of 1–100 nm, with easy surface modifications, high
compatibility, and low toxicity have been recognized as a promising antibiofilm agent, as well as an
effective drug delivery system [50–54]. Modern synthesis techniques of AuNPs have shifted from
physical and chemical methods to biological approaches, which are mediated by plants, algae, and
microorganisms for improvements in modification, stability, economic benefit, production scale-up,
and environmental friendliness [55–57]. In fact, it is those biocompatible, biodegradable, and non-toxic
active compounds such as polysaccharides, proteins, and phenolics enriched in these biomaterials that
initiate both the bio-reduction of metallic ions to NPs and their stabilization [58–60]. Specifically,
in AuNPs, biopolymer-based biosynthesis has even been found to be more efficient than other
methods [61]. In the present study, fucoidan, which is a sulfonated polysaccharide sourced from
various brown seaweed species with significant bioactivities, including antimicrobial, antioxidant,
anti-inflammatory, and anti-cancer roles, was used to synthesize stabilized-AuNPs [25,26]. Owing
to the availability and relatively high purity of fucoidan (≥95%), the use of commercial fucoidan
products, which are extracted from Fucus vesiculosus, is recommended as an economically beneficial
approach in nanoparticle biosynthesis [62,63]. Several crucial characterization analyses involving
UV-vis spectrophotometry, FTIR, DLS, FE-TEM, EDX, and XRD were carried out involving the
synthesized F-AuNPs, and the results are presented in Figures 1 and 2. The prepared F-AuNPs
were spherical in shape and approximately 15 to 119 nm in size (with an average size of ~53 nm),
with high stability and high water solubility, and can be used for subsequent experiments involving
anti-biofilm functions.

The resultant F-AuNPs were examined for functional potential in inhibiting biofilm formation
and virulence factor production by P. aeruginosa. The MIC value was first determined to be 512 μg/mL.
High concentrations (i.e., MIC and > MIC) of F-AuNPs exhibited bactericidal activity, while lower
concentrations (i.e., sub-MICs) were effective in preventing biofilm establishment, virulence factor
production, and eradicating pre-existing mature biofilm. The antibacterial effect of high concentrations
of F-AuNPs was also found in several other biogenic NPs derived from either fucoidan or Au. For
example, fucoidan was previously used to prepare silver NPs (AgNPs), and results showed that
F-AgNPs exhibited significant antibacterial activity against Klebsiella pneumoniae [27]. Meanwhile,
AuNPs synthesized from Lignosus rhinocerotis sclerotial extract and chitosan also induced growth
inhibition of a wide range of foodborne bacteria such as Bacillus sp., Escherichia coli, P. aeruginosa, and
Staphylococcus aureus [64]. Studies have also found that several Gram-negative bacterial species are
more susceptible to antibacterial agents than their Gram-positive counterparts due to the lack of a thick
peptidoglycan wall, which allows higher uptake of these agents [65,66]. Collectively, the bactericidal
effects of F-AuNPs at high concentration have added to the potential use of F-AuNPs as an effective
antibacterial agent against P. aeruginosa.

The inhibition of formation and eradication of biofilm, as well as the production of other virulence
factors by biosynthesized F-AuNPs, were mainly identified at sub-MIC levels. In attempts to lower
the selection pressure for resistance, targeting biofilm formation and genetic expression of other
important virulence factors are considered to be approaches with the most potential, and which are
commonly involved in the application of nanotechnology. NPs of nano-scale sizes and high stability
are capable of inhibiting biofilm formation and damaging pre-existing mature biofilm structures

173



Mar. Drugs 2019, 17, 208

mostly formed on infected living tissues and nosocomial systems [12]. In the present study, F-AuNPs
exhibited antibacterial activity at a concentration of 512 μg/mL, while exhibiting antibiofilm activity
and biofilm eradication activity at 128 μg/mL. Microscopic observations by SEM and fluorescence
microscopy also confirmed the effectiveness of F-AuNP treatment, in which the presence of F-AuNPs
significantly disrupted 24 h old biofilm thickness and architecture, in comparison with the control
without F-AuNPs. Similar results were obtained when AuNPs prepared from baicalein and from apple
extract were applied to P. aeruginosa biofilms [54,67]. Moreover, crystal violet assays and microscopic
observations clearly confirmed the inhibitory and eradicating efficacy of F-AuNPs at sub-MIC levels
against P. aeruginosa biofilm.

Along with biofilm formation, P. aeruginosa is known to produce a wide array of virulence factors
actively engaged in chronic infections [68]. Of all of these factors, rhamnolipid, pyocyanin, pyoverdine,
hemolysins, protease, and cell motilities were selected to examine their production under sub-MIC
levels of F-AuNPs. Results showed that production of pyoverdine, pyocyanin, and rhamnolipid
were significantly reduced in the presence of F-AuNPs at sub-MIC levels. With equal amounts of
F-AuNP, hemolytic activity was reduced in a concentration-dependent manner. Green-blue pigmented
pyocyanin essentially causes oxidative stress and cytotoxicity to the host tissues; pyoverdine maintains
the iron requirement for bacterial survival and growth; rhamnolipid is essential for motility and biofilm
formation; hemolysins cause rupture of host RBCs; and proteases damage host immune systems.
Therefore, reduction of these crucial virulence factors can be considered to effectively attenuate the
pathogenesis and colonization of P. aeruginosa without affecting bacterial growth or initiating resistance
selection [69–73].

To the best of our knowledge, the inhibitory effects of F-AuNPs towards P. aeruginosa virulence
factors at both the phenotypic and genetic levels have remained unknown. So far, only AuNPs
synthesized from ectomycorrhizal fungi were found to completely inhibit pyocyanin production by
P. aeruginosa [74]. Therefore, the finding of anti-virulence activity of F-AuNPs against bacteria, as
obtained in the present study, has provided essential insights for the future application of F-AuNPs in
controlling P. aeruginosa pathogenesis, as well as against biofilm-related infections.

Motility and attachment of bacterial planktonic cells to biotic or abiotic surfaces are known to set
the primary platform for subsequent stages of biofilm formation. Therefore, this transition phase is also
considered to be a common target in preventing biofilm formation [75]. In P. aeruginosa, swimming,
swarming, and twitching motilities are largely mediated by pili IV and flagellae. Here, in the present
study, compared to the control, sub-MIC levels of F-AuNPs were able to impair all types of motilities,
with the most significant inhibitory effect being observed in swimming and twitching. Likewise,
sub-MICs of AuNPs prepared from cinnamon oil, betulinic acid, baicalein, and curcumin have also
been reported to target the motility of planktonic P. aeruginosa cells, causing a notable reduction in
biofilm biomass up to 89% [10,60,75,76].

5. Conclusions and Future Perspectives

Biofilm formation emerged in numerous bacteria as a drug resistance mechanism, and has
remained a great threat to the global population to date. Among current novel treatments, noble NPs,
such as AuNPs, have been recognized for their significant anti-biofilm efficacy. However, studies on the
efficacy of AuNPs synthesized from biological sources have been limited. For this reason, the present
study employed fucoidan, a sulfonated polymer sourced from marine seaweed, as a stabilizing and
reducing agent to synthesize AuNPs. As the biosynthesized F-AuNPs were characterized as stable and
water-soluble, they were further evaluated for anti-biofilm potential against P. aeruginosa. F-AuNPs at
high concentration killed the bacterial cells, whereas F-AuNPs at sub-MIC inhibited biofilm formation
and eradicated mature, established, 24 h old biofilm. The sub-MICs of F-AuNPs also suppressed
the production of several virulence factors by P. aeruginosa. Inhibition of P. aeruginosa hemolytic
activity by F-AuNPs was in a concentration-dependent manner. Furthermore, additional activities
of the F-AuNPs extended towards different motility properties of P. aeruginosa. The results showed
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that F-AuNPs impaired the swarming, swimming, and twitching motilities at the sub-MIC level.
Thus, it can be concluded that the present biosynthesized F-AuNPs constitute a stable, water-soluble
anti-biofilm and anti-virulence drug against P. aeruginosa. In the long term, future studies are required
for more in-depth understanding regarding F-AuNPs’ inhibitory mechanisms towards bacterial biofilm,
virulence factors, and motility at the molecular level. The antibacterial activity of F-AuNPs should
also be researched for its mode of action, because the negatively-charged F-AuNPs might exhibit
bactericidal effects differently in comparison with positively-charged NPs such as chitosan NPs.
In addition, biocompatibility and efficacy of F-AuNPs should be examined in animal models such
as Caenorhabditis elegans for potential clinical use. Furthermore, as P. aeruginosa biofilm formation
is associated with a wide variety of nosocomial infections, the application of F-AuNP treatment in
biomedical settings could be a promising solution. Consequently, further investigation regarding to
F-AuNP efficacy and multi-species biofilm formation is required.
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Abstract: A native strain of the heterocytous cyanobacterium Trichormus variabilis VRUC 168 was
mass cultivated in a low-cost photobioreactor for a combined production of Polyunsaturated
Fatty Acids (PUFA) and Exopolymeric Substances (EPS) from the same cyanobacterial biomass.
A sequential extraction protocol was optimized leading to high yields of Released EPS (REPS) and
PUFA, useful for nutraceutical products and biomaterials. REPS were extracted and characterized
by chemical staining, Reversed Phase-High-Performance Liquid Chromatography (RP-HPLC),
Fourier Transform Infrared Spectroscopy (FT-IR) and other spectroscopic techniques. Due to their
gelation property, REPS were used to produce a photo-polymerizable hybrid hydrogel (REPS-Hy)
with addition of polyethylene glycol diacrylated (PEGDa). REPS-Hy was stable over time and
resistant to dehydration and spontaneous hydrolysis. The rheological and functional properties of
REPS-Hy were studied. The enzyme carrier ability of REPS-Hy was assessed using the detoxification
enzyme thiosulfate:cyanide sulfur transferase (TST), suggesting the possibility to use REPS-Hy
as an enzymatic hydrogel system. Finally, REPS-Hy was used as a scaffold for culturing human
mesenchymal stem cells (hMSCs). The cell seeding onto the REPS-Hy and the cell embedding into
3D-REPS-Hy demonstrated a scaffolding property of REPS-Hy with non-cytotoxic effect, suggesting
potential applications of cyanobacteria REPS for producing enzyme- and cell-carrier systems.

Keywords: Extracellular Polymeric Substances; hydrogel; mesenchymal stem cells; biomaterials;
enzyme; omega 3; PUFA; Trichormus variabilis; Cyanobacteria

1. Introduction

Cyanobacteria are known as the most abundant phototrophic organisms in the Ocean. They are
versatile and successfully colonize a wide range of aquatic and terrestrial habitats also thriving in
strongly fluctuating environments, including the most extreme habitats on Earth [1]. Cyanobacterial
diversity is enormous and represents a source of biotechnologically important organisms for new
products and applications [2,3]. Commercial exploitation of cyanobacteria relies on intensive
cultivation of biomass for the production of high-value compounds useful not only in nutraceutics,
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therapeutics and cosmetics but also for the production of advanced bio-material [4–10]. In this
context, we focused on a strain of Trichormus variabilis (Kützing ex Bornet & Flahault) Komárek &
Anagnostidis, isolated from sediment biofilms of a dystrophic coastal lagoon [11]. T. variabilis VRUC168
was selected based on prior studies that showed ease of growth in a range of photobioreactors (PBRs),
even in suspension, self-flocculation, and interesting productivity of nutraceutical products, such as
Polyunsaturated fatty acids (PUFA) and Exopolymeric Substances (EPS) [12,13].

EPS may constitute up to 60% of the dry biomass (as in the case of Nostoc commune and Trichocoleus
sociatus) [14,15] and can be tightly bound (cell-attached or capsular), loosely adhere (slime type) to
cells or exist as free dissolved matter called Released EPS (REPS). We focused on REPS that are usually
recovered from the liquid growth media of cyanobacterial cultures with a green, environmentally safe
process without using chemicals [16,17].

In the past few years, several studies have demonstrated a high potential application of
cyanobacterial EPS that consist of various organic substances: mainly extracellular polysaccharides,
uronic acids, proteins, nucleic acids and lipids [16]. Generally, they are characterized by a high
complexity in terms of monosaccharidic composition. EPS can contain up to 15 sugar moieties,
organized in complex repeating units and are often characterized by a high molecular weight, of up
to 1–2 MDa [18]. The presence of hydrophilic moieties on one side (sulfated sugars, uronic acids
and ketal-linked pyruvyl groups, among others), and hydrophobic on the other (acetyl groups,
dehoxysugars and peptides) confers an amphiphilic character to the macromolecules and hence
provides greater plasticity in organisms’ response to surrounding environment [19]. While sulfate
groups and uronic acids contribute to the anionic nature of the EPS, conferring a negative charge and
a “sticky” behavior to the overall macromolecule [20–22], hydrophobic compounds are responsible
for their emulsifying and rheological properties [23,24]. Due to these features, EPS are also used
for the production of emulsifiers, viscosifiers, soil conditioners, biosorbants and bioflocculants [18].
Cyanobacterial EPS can play diverse roles in vivo; they form a three-dimensional network holding
cells together and mediating their attachment to exposed surfaces [12,25,26]. A recent application of
EPS-rich cyanobacteria, related to the physiological role of the EPS, is their use as nutrient supplements
and physical soil amendments for the recovery of eroded soils [27–29]. EPS hydration and rheological
properties are important to prevent cell desiccation and to confer pseudoplastic behavior of the
extra-cellular environment [18,19,30]. These polymers are also involved in other relevant physiological
roles from the UV protection and antibiotic resistance, to the mechanical strength and exo-enzymatic
degradation activity [18,31,32], which could be of interest for biomedical applications. Although
these substances are widely studied, in fact, the potential applications of the EPS and REPS are not
completely understood. Due to their high content of polysaccharides, these polymers are highly
promising materials for applications in biomedicine and tissue engineering [33,34]. Indeed, the ability
of natural polysaccharides to form hydrogels, in which three-dimensional (3D) cross-linked network
structures retain a large amount of water, makes them very useful for the production of drug- or
cell-carrier systems and scaffolds. In particular, therapeutic molecules or macromolecules (proteins
and nucleic acids) can be entrapped into the inner structure of these hydrogels or adsorbed onto
their external surface, to facilitate better targeting to organs and tissues. The embedding of active
molecules into polysaccharide gels usually increases their availability, also permitting for the drug
administration at lower doses and, consequently, the reduction of the toxicity for the patient [35].
Moreover, hydrogels have become important as cell-carrier systems [36,37] for the transplantation
of cells in the therapy of a variety of diseases (e.g., liver failure and diabetes) [38]. In our study,
a novel photo-polymerizable REPS hydrogel was produced, combining the properties of natural
REPS from T. variabilis with those of the synthetic polyethylene-glycol diacrylated (PEGDa). Here,
we investigated the chemico-physical and mechanical properties of this hybrid hydrogel and its
potential applications in production of detoxification enzyme- and stem cell-carrier systems. Therefore,
the feasibility of an integrated approach that combines the cyanobacterial biomass production with the
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extraction of unsaturated FA and the fabrication of EPS hydrogels for enzyme- and cell-carrier systems
are demonstrated.

2. Results and Discussion

2.1. T. variabilis Growth and Biomass Yields in the PBR

T. variabilis VRUC168 showed the ability to grow intensively and in suspension in the low-cost, 10 L
polyethylene vertical bags used in this study (Figure 1). These growth systems allowed optimization of
the space occupied by the culture and of the illumination provided. Although biofilm growth systems
have recently proved more productive [14,39] to investigate potential employment of REPS as advanced
bioactive material, the selected PBR configuration and material appeared satisfactory. Indeed, in our
experiment, nutrient provision occurred only at the start of the PBR growth to test further reduction
in biomass costs and open the path to a scale-up of T. variabilis biomass production for extraction
of valued products [7,9]. Growth curves showed that the exponential growth reached its maximum
after 20 days of culture (Figure 2A), when the maximum production of 0.787 ± 0.010 gDW L−1 was
also measured.

A B 

C 

D 

Figure 1. Biomass production. Light micrograph of T. variabilis trichomes in: culture (A); bench-scale
growth system used (B,C); and pilot-scale growth system used (D).

Data obtained for the filamentous, non-heterocytous, cyanobacterium Arthrospira sp. grown in
a 5 L reactor with air mixing show lower biomass production (0.67 ± 0.03 g L−1), but higher rates,
reaching exponential phase after only four days [40]. Studies conducted on mass cultivation of other
filamentous forms report lower biomass and daily productivity values, as in the case of Limnothrix sp.,
grown in a 3.5 L PBR system (0.02 gDW L−1 d−1; 0.29 gDW L−1) [41] and Oscillatoria sp. in suspension,
with 0.26 gDW L−1 produced after 20 days [42]. Our results show the ability of T. variabilis to grow in a
simple intensive growth system and to produce rapidly a sufficient amount of biomass to be exploited
for biotechnological applications.
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Figure 2. Growth curve recorded in polyethylene bag growth experiment (A). Light micrographs of
cultures after Alcian Blue staining at pH 0.5 (B) and 2.5 (C) for sulfated and carboxylic EPS residues,
respectively. Sulfated EPS were diffluent and less abundant (B), while carboxylic groups were observed
in more bound matrix material (C).

2.2. FA Extraction and Characterization

Among several metabolites produced from cyanobacteria, PUFA have gained much consideration
due to their nutritional importance. Particularly, single FA are valued in food and pharmaceutical
production due to their antioxidant, anti-inflammatory and anti-microbial activities [43,44]. With the
aim of combining EPS production with that of FA from the same biomass, Fatty Acid Methyl Esters
(FAME) were extracted and characterized as co-products. The total FAME content rather than its
pattern is known to be dependent on the species and growth conditions, and is often considered
as the most important factor for industrial applications [45,46]. In this study, no culture stress
to induce lipid production was applied and 63.44 ± 0.46 mg/gDW (6.34% w/w) of FAME were
obtained from T. variabilis biomass. Our results were comparable to those obtained by Gayathri and
colleagues [47] for the same species (reported as its synonym Anabaena variabilis) while were higher
than those reported by the same authors for other heterocytous cyanobacteria, Nostoc commune (about
1.49% w/w) and Nostoc muscorum (about 5% w/w), grown without stress. The FAME composition
of T. variabilis is shown in Table 1, with higher amounts of PUFA (57.45 ± 4.77%) obtained as
compared to both monounsaturated FA (MUFA) (18.29 ± 0.02%) and saturated FA (SAFA) (24.25 ±
4.76%). The MUFA and PUFA, here produced in high yields were hexadecanoic acid (16:1) (15.25
± 1.34%), octadecanoic acid (18:1; 3.05 ± 1.36%), octadecadienoic acid (18:2; 24.46 ± 1.91%), and
octadecatrienoic acid (18:3, 27.71 ± 2.33%), which are also relevant FA for industrial production [48,49].
These yields were higher than those obtained without stress in Anabaena cylindrica, Aphanizomenon
gracile and Nostoc muscorum [50]. Moreover, linoleic acid (C18:2 (n-6)) and α-linolenic acid (C18:3
(n-6)) were the most abundant FA in the T. variabilis FAME profile. From the biological activity
point of view, ω-3 and ω-6 FA are essential nutritional components that display important functions
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in the human metabolism [51], such as in the regulation of oxygen and electron transport and
membrane fluidity [52,53]. Therefore, they can be effective in cardiac protection [54,55] and cancer
prevention [56–59], type 2 diabetes, inflammation and obesity [53,60,61]. These results suggest the
possibility to use T. variabilis biomass as a low-cost source of PUFA for nutraceutical applications and
to integrate the production of REPS with that of PUFA. This allows reducing operational costs and
making the exploitation of the studied cyanobacterial strain economically more advantageous.

Table 1. Fatty acid methyl esters pattern (FAME % w/w) obtained from T. variabilis biomass.

Fatty Acids % FAME w/w

Systematic name Common name
Number of carbon

atoms:double bond(s)
Family Mean * SEM 1

Decanoic acid Capric acid C10:0 Saturated 0.61 0.03
Tetradecanoic acid Myristic acid C14:0 Saturated 0.70 0.01
Hexadecenoic acid Palmitoleic acid C16:1 (n-7) Monounsaturated 15.25 1.34

Hexadecadienoic acid C16:2 (n-4) Polyunsaturated 5.28 0.54
Octadecanoic acid Stearic acid C18:0 Saturated 0.83 0.19
Octadecenoic acid Oleic acid C18:1 (n-7) Monounsaturated 3.05 1.36

Octadecadienoic acid Linoleic acid C18:2 (n-6) Polyunsaturated 24.46 1.91
Octadecatrienoic acid α-Linolenic acid C18:3 (n-3) Polyunsaturated 27.71 2.33

Eicosanoic acid Arachidic acid C20:0 Saturated 22.11 4.60
SAFA 24.25 4.76
MUFA 18.29 0.02
PUFA 57.45 4.77

1 SEM refers to standard error; * Mean of three replicates.

2.3. EPS Extraction and REPS Characterization

The ability to synthesize relevant amounts of highly heterogeneous, hydrated and charged EPS
plays critical roles in cyanobacterial cellular cohesion, protection and metabolic integrity. In response
to water availability, EPS undergo striking changes in their rheological properties [62]. A first insight
into their variable composition can be obtained by microscopic observations of cyanobacterial biomass
after specific staining. Cytochemical characterization was performed using Alcian Blue (AB) at two
pH values (Figure 2B,C). AB staining at 2.5 pH revealed the presence of carboxylic groups in the EPS
material adherent to T. variabilis cell surface (bound EPS), while AB at 0.5 pH reacted with sulfated
residues evidencing a lower amount in the released material, confirming what was previously observed
for the same strain in our laboratory [12].

The obtained REPS after 20 days of growth were 465 mg/gDW and the plot of REPS production
over growth is shown in Figure S1. Previous data on the same strain grown at bench-scale, without air
mixing, showed lower REPS content, of about 86.7 mg/gDW [12]. Therefore, our data, in agreement
with Pereira and colleagues [18], would evidence that the culture turbulence, due to the aeration,
may facilitate the release of EPS from the cell surface and stimulate their synthesis. The REPS produced
by T. variabilis in this study were about 46.5% of the dried biomass, a value comparable to that recently
obtained from Trichocoleus sociatus (60%) grown in an aerosol-based emerse photobioreactor (ePBR)
to simulate this terrestrial cyanobacterium natural environment [14]. It has to be noted that that
the proportion and composition of released and bound EPS can show high variability depending
on external environmental/cultivation factors and on the strain itself. Indeed, a combination of
drought and salt stress was successfully used to increase EPS production in Trichocoleus sociatus [14,63].
Previous data on the studied strain cultivated at smaller scale without any aeration showed a complex
monosaccharide composition of its exopolysaccharides that were composed of ten different residues
whose glucose and xylose were the most abundant and uronic acids, such as galacturonic acid and
glucuronic acid, that contributed to their anionic nature and sticky character [12]. Figure 3A shows
the RP-HPLC and the spectrophotometric data of the REPS solution demonstrating the absence
of both hydrophobic compounds and chromophores. The low peptide or protein content was also
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confirmed by bicinchoninic acid (BCA) assay resulting in a protein concentration of 0.39 ± 0.02 mg/mL,
corresponding to 3.6% w/w of REPS dry weight. Sugar content was assessed using phenol method,
showing 10.2% w/w of REPS dry weight. Infrared spectroscopic analysis of the REPS powder, obtained
after freeze-drying, was also performed (Figure 3B).

A B 

Figure 3. Characterization of REPS: (A) RP-HPLC chromatogram of REPS solution (10 mg/mL) using
C18 column at 0.8 mL/min flow rate and the following gradient: 0–5 min, 0%; 5–50 min, 60%; 50–55
min, 60%; 55–60 min, 90%; and 60–65 min, 90% of solvent B (80% v/v CH3CN and 0.1% v/v TFA). Inset:
UV-vis absorption spectrum of REPS solution. (B) FT-IR spectrum of REPS showing signals within
4000 to 250 cm−1; the measurements were consistent among three replicates.

The FT-IR spectrum confirmed the presence of polysaccharides showing the presence of specific
absorption bands. The observed bands were characteristic of carbohydrates (1403 cm−1 and 1040 cm−1)
and polymeric substances (3377 cm−1) with –OH, –COOH, phenolic and –CH2 groups [64–67].
In particular, the signal around 1040 cm−1 suggested the presence of carbohydrates with sulfur
functional groups confirming what was observed after cytochemical staining in light microscopy.
A peak around 3377 cm−1 was attributed to stretching vibration of hydroxyl groups, characteristic
of –OH groups into polymeric substances. Furthermore, bands at 2915–2935 cm−1 were due to
asymmetrical C–H stretching vibration of aliphatic CH2-group [64,65]. Moreover, a band at 1629 cm−1

of the amide I region was observed, probably suggesting the presence of proteins [66]. The presence of
several peaks at wavelengths lower than 1000 cm−1 may be due to several visible bands attributed to
phenolic groups, phosphate functional groups and/or to the occurrence of possible linkages between
monosaccharide units [68]. Furthermore, the presence of carboxylic groups suggests, when combined
with the other observed bands, the presence of uronic acids (especially with sugar-characteristic bands)
and of humic substances (–CH2 and phenolic groups).

2.4. REPS-Hy Synthesis and Characterization

Generally, many polysaccharides are characterized by gelling property that was investigated by
preparing several solutions at different concentrations of REPS and pH values. Although a gelation
tendency was observed at 68.67 mg/mL in H2O, the REPS gel was not stable. Therefore, hybrid
hydrogels made of 8.0 mg/mL of REPS solution and 2% or 3% (w/v) of PEGDa (6 kDa) were
prepared by UV photo-polymerization, according to the schematic representation shown in Figure 4A.
The presence of REPS was relevant for the gelation process, as shown in Figure 4B, wherein an unstable
hydrogel obtained after photo-polymerization of a solution with 2% (w/v) of PEGDa without REPS
(Figure 4B, top) is compared to a stable REPS-Hy with 3% of PEGDa. The stability of the REPS-Hy
in PBS was assessed both over two weeks at 4 ◦C and after 72 h at 37 ◦C (Figure 4B, bottom); neither
condition exhibited spontaneous hydrolysis.
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Figure 4. Synthesis and characterization of the REPS-Hy: (A) Schematic representation of REPS-Hy
production: the gelling of the solution of 8.83 mg/mL of REPS with 3% of PEGDa (6 kDa) (w/v),
and 0.1% of Irgacure®2959 (w/v) was obtained after 5 min of UV light (365 nm) exposition.
(B) Resistance of REPS-Hy to dehydration and spontaneous hydrolysis. Digital macro-photographs of:
PEGDa-Hy with 2% of PEGDa without REPS and REPS-Hy with 2% of PEGDa (w/v) (top); REPS-Hy
with 3% of PEGDa-Hy (w/v) at Day 0 and Day 14 after storage at 4 ◦C, and after 72 h of incubation
at 37 ◦C in PBS (bottom). (C) Swelling rate curves of REPS-Hy and PEGDa-Hy in PBS up to the
equilibrium swelling (30 h). The R2 of the hyperbolic fits of the swelling trend of REPS-Hy and
PEGDa-Hy are 0.9284 and 0.9912, respectively.

Moreover, REPS-Hy was resistant to dehydration and morphological changes were not detectable
also after long incubation times (Figure 4B). The REPS-Hy degree of swelling was analyzed over time
(Figure 4C) and compared to that of PEGDa-Hy, which was obtained using 3% of PEGDa (6 kDa).
The percentage of water-uptake (%WU) at the “equilibrium swelling” (% Seq), was corresponding to
80.20 ± 7.5% WU for REPS-Hy in PBS after 22 h of hydration. Moreover, the swelling of REPS-Hy
was about 22.8 ± 6.5% more than that observed for PEGDa-Hy. These results agree with the
natural hydration properties of the EPS from cyanobacteria and such properties are crucial for the
survival of these organisms. Important physiological properties, in fact, have been attributed to
EPS including the physical barrier to the environment and the desiccation tolerance, as well as the
subsequent rehydration [62,69]. These properties highly stabilize cells during long-term storage in the
air-dried state [62]. The rheological properties of EPS are strictly related to their 3D supramolecular
structure, which changes in response to environmental variables regulating the mass transfer and other
biophysical properties that modulate cell activity. Therefore, the intrinsic EPS properties preserved
in our REPS-Hy could be important in biomedical applications as well as in the emerging field
of 3D-bioprinting.
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Rheological analysis of REPS-Hy and PEGDa-Hy (without REPS) reveals differences in the
shear storage modulus (G’) that are likely associated with additional crosslinking in the REPS-Hy
(Figure 5). The plateau storage moduli of the REPS-Hy and PEGDa-Hy were 2778 Pa and 1785 Pa,
respectively (Figure 5A). The average shear loss modulus of the REPS-Hy was also higher than that of
the PEGDa-Hy. This order of magnitude increase in shear loss modulus is likely attributed to higher
viscosity associated with high molecular weight REPS macromolecules. The frequency and strain
sweep rheological analysis confirms that the REPS-Hy and PEGDa-Hy both display similar viscoelastic
behavior, notably that both show a uniform stress response to alternations in strain or frequency of
oscillatory deformation (Figure 5B,C). Therefore, it is assumed that the REPS do not alter the polymer
network structure beyond those attributes associated with the additional cross-linking and increased
macromolecular chain length of the REPS.

B A 

C 

Figure 5. REPS improve hydrogel mechanical properties. Rheological measurement of REPS-Hy and
PEGDa-Hy as evaluated by: time-sweep tests (A); frequency-sweep tests (B); and strain-sweep tests (C).
The shear storage modulus (G′) and shear loss modulus (G′ ′) are shown for both hydrogels. (A) The
time sweep data reveal an increase in G′ upon the light-activated free-radical polymerization reaction
of the REPS-Hy and PEGDa-Hy liquid precursors. The plateau G’ of the REPS-Hy was 55% higher as
compared to the plateau G′ of the PEGDa-Hy, indicating that the REPS improves the elastic mechanical
properties of the hydrogels. Following the chemical cross-linking of the hydrogels, the frequency-sweep
(B) and strain-sweep (C) data confirmed a linear relationship between the shear modulus in the range
of the applied frequency and strain.

2.5. REPS-Hy as Enzyme-Carrier System

REPS-Hy was studied as a potential enzyme-carrier system and the detoxification enzyme
thiosulfate:cyanide sulfurtranferase (TST) was used as enzymatic model. The recombinant TST from
Azotobacter vinelandii used herein is characterized by the presence of only one Cys residue, which
is also the catalytic residue present in the active site. Figure 6A shows the scheme of its enzymatic
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activity. First, the TST activity was assessed in the presence and in the absence of REPS solution
(8.0 mg/mL REPS, 8 mM CaCl2 in PBS) at room temperature at different times of incubation (0 min,
30 min and 20 h) (Figure 6B). The REPS solution did not significantly affect the TST activity, even
after many hours of incubation (Figure 6B). These results suggested us the possibility to embed the
TST into REPS-Hy. The TST enzyme solution was mixed with REPS-Hy precursor solution and, after
photo-polymerization, the TST activity was evaluated using the Sörbo assay at different incubation
times in the presence of the substrates (1, 5, 15, 30 and 60 min) at 37 ◦C (Figure 6C).
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B 
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Figure 6. REPS-Hy as detoxification enzyme-encapsulating hydrogel: (A) Scheme of the catalytic cycle
of the TST enzyme. (B) Percentage of TST activity over time of 3.12 μM of TST in presence of 50 μL of
PBS (white) or of REPS solution (8 mg/mL of REPS and 8 mM of CaCl2 in PBS, pH 7.4) (black) (100% is
the activity in PBS at time 0). The Sörbo assay was performed at 23 ◦C. (C) TST activity of TSTREPS-Hy
at different incubation times (5, 15, 30 and 60 min) at 37 ◦C. The reaction was stopped after incubation
and the absorbance of the solutions measured after dilution. The line equation is y = 0.07611x and R2 is
0.9621. (D) TST activity of TSTREPS-Hy at time 0 and after 20 h at room temperature (23 ◦C) in 200 μL
of 50 mM Tris-HCl, pH 8.0, buffer (100% is the TSTREPS-Hy activity at time 0). *** p < 0.001, n = 3 or 5.

TSTREPS-Hy showed enzymatic activity (Figure 6D), although a statistically significant decrease
of the enzymatic activity of the embedded TST in the gel with respect to the TST in solution was
observed. This was probably due to both the photo-polymerization process and to the diffusion rates
of the substrates and the final product.

A linear increase of the TST activity of the TSTREPS-Hy in a time-dependent manner was observed,
likely owing to the diffusion phenomena in the gel (Figure 6C). Accordingly, the selected time to
perform the activity assay of TSTREPS-Hy was 30 min, which was a good compromise to have a
detectable TST activity, minimizing the effect due to diffusion of the substrates and products in and
out the gel and at least avoid the dilution for the measure of the absorbance. The enzymatic activity of
TSTREPS-Hy was assessed over time (Figure 6D), and after 20 h of incubation into 200 μL of 50 mM
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Tris-HCl buffer, pH 8.0, at 37 ◦C only the 20% of the TST activity was recovered. The decrease of the
enzymatic activity could be due to the release of the enzyme from the gel considering that the REPS
solution did not induce a statistically significant inhibition of the enzymatic activity. The RP-HPLC
analysis of the soluble fraction was performed, but unfortunately the TST release was not detectable
for the overlapping of the retention times of TST peak with PEGDa-derivative molecules that were
released from the gel (Figure S2). These preliminary results suggest the possibility to use the REPS-Hy
as TST carrier system for the cyanide detoxification. A rapidly growing class of modern therapeutics is
constituted by proteins and peptides, which often show a better efficiency than small drugs for the
therapy and diagnosis of serious and deadly diseases. However, their administration is often difficult
due to the loss of the native structure and rapid cleavage in the liver or other body tissues. Their
instability could be diminished by biocompatible and biodegradable hydrogels useful as carriers able
to improve their bioavailability and to provide other routes of administration [70]. Several proteins
including insulin, growth hormones, and interferons at other proteins have been already encapsulated
in microbial exopolysaccharide hydrogel particles [71–74] and the improving their administration has
been demonstrated. In this context, the results herein proved activity of the detoxification enzyme
either in the presence of REPS solution from T. variabilis or into REPS-Hy. They suggest the possibility
to use EPS for the production of hydrogel carrier systems of enzymes characterized by the presence
of cysteine at the catalytic site, although other experiments, using different enzymes, are necessary
to support this hypothesis. Moreover, the enzyme-REPS-Hy could represent a good opportunity
to combine the EPS natural properties, such as antibacterial, anti-oxidative and anti-inflammatory
properties [75], with a specific enzymatic activity.

2.6. REPSHy as Stem Cell Carrier for Tissue Engineering

The biocompatibility of REPS-Hy was also evaluated by analysis of the cell adhesion of human
mesenchymal stem cells (hMSCs) seeded onto REPS-Hy and cultured for two weeks in the presence of
DMEM medium. Figure 7 shows the confocal laser scanning micrographs of hMSCs after two weeks
of growing on REPS-Hy.
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Figure 7. hMSCs cultures using REPS-Hy as scaffold. Confocal laser scanning micrographs of
hMSCs cultured for two weeks on REPS-Hy: (A) at 60× magnificantion; (B) at 40× magnification;
and (C) micrographs with Y–Z and X–Z projections. F-actin was stained with Alexa-fluor
568 phalloidin-conjugate (in red) and the nuclei were stained using Hoechst 33342 (in blue). Scale bars
= 10 μm.
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The nuclei were stained with Hoechst 33342 and F-actin with Alexa-fluor 568 phalloidin-conjugate
and it was notably the presence of multicellular networks. The presence of many cells with elongated
morphology demonstrated a good adhesion of the hMSCs to the material and not cytotoxicity.
Moreover, hMSCs were embedded into the REPS-Hy during the photo-polymerization, thus producing
a 3D-stem cell culture system. The scheme of the 3D-stem cell culture system preparation is shown
in Figure 8A. The cell viability was evaluated after zero and three days of growth (Figure 8B,C) and
82.43 ± 0.01% cell proliferation was observed.
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Figure 8. REPS-Hy as stem cell-carrier system: (A) Schematic representation of the production of
REPS-Hy scaffolds for 3D hMSC cultures. (B) Cell viability of hMSCs embedded into the REPS-Hy,
immediately after photo-polymerization (time 0) and after 72 h of 3D cell culture (100% is the cell
viability at time 0). (C) Digital macro-photographs of REPS-Hy with and without embedded hMSCs
after colorimetric WST-1 cell viability assay. *** p < 0.001.

These preliminary results confirm the cytocompatibility of the REPS-Hy and open the way to
produce new 3D-hybrid scaffolds for tissue engineering, where the physiological role of the EPS to
protect the cell from unfavorable stress and to increase the cell–cell interaction [75] could be exploited
for improving the tissue formation.

Moreover, an emerging technological and biomedical field is represented by 3D-bioprinting [76,77]
of tissues and organs using stem cells and biomaterials. Photo-polymerizable hydrogels represent
optimal biomaterials for this new technology for generating injectable cell/drug carrier systems.

The preparation of an appropriate bio-ink represents in 3D-bioprinting one of the main challenges.
The printable biomaterials should have optimal structural and mechanical properties to drive the
fate of the stem cell, while also protecting the cells from damage during printing. The peculiar
intrinsic characteristics of the EPS such as the high water-uptake, dehydration resistance and the
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radical scavenging could be relevant properties of a bio-ink in reduce the cellular damage during the
bio-printing process. Indeed, EPS can naturally inhibit the desiccation stress of the cyanobacteria,
reducing the damage to cell membranes, nucleic acids and proteins induced by reactive oxygen species
(ROS) under high light and UV irradiation [78]. Accordingly, with the radical scavenging property of
the cyanobacterial EPS, the REPS presence in the hydrogel could reduce oxidative damages due to
photo-polymerization process for 3D-bioprinting technologies.

3. Materials and Methods

3.1. Trichormus Variabilis Biomass Cultivation

A strain of the heterocytous cyanobacterium T. variabilis (Kützing ex Bornet & Flahault) Komárek
& Anagnostidis (VRUC168) was isolated from microphytobenthos of a Mediterranean shallow coastal
lagoon (Cabras lagoon, Sardinia, Italy) [11] and maintained in standard Blue Green Medium (BG11) [79]
at 18–20 ◦C, irradiance of 30 μmol photons m−2 s −1 and 12:12 hs L/D cycle. A polyphasic approach was
used for strain circumscription elsewhere [12]. The stock culture was acclimated at higher irradiance
and temperature conditions (80 μmol photons m−2 s−1, 25 ◦C) and used as inoculum for biomass
production. Three culture replicates were set up in 400 mL flasks in batch and the growth curves
recorded by measuring the optical density (OD) at 730 nm (BECKMAN DU-65 spectrophotometer,
BECKMAN COULTER, High Wycombe, UK) and the dry weight (T = 60 ◦C) at 24 h intervals. At the
stationary phase, Day 35, each culture was used as inoculum to mass cultivate T. variabilis in three
low-cost polyethylene bags (PBRs), of 10 L each. BG11 medium was supplied only at the beginning of
the growth experiments. The PBRs were kept, at the optimized growth conditions with air mixing,
in a growth cabinet equipped with white fluorescent lamps (OSRAM L 30w/956, Munich, Germany)
and thermostated (25 ◦C). Subsamples (1 mL for OD and 5 mL for dry weight) of each PBR cultures
were taken in triplicate every 48 h and the growth estimated as above. The daily biomass productivity
was calculated by dividing the difference between the dry weights estimated at the end and at the
beginning of the experiments by the experiment duration (days) [80]. Biomass separation was carried
out at the stationary phase (Day 20) when air mixing was stopped and biomass settled at the bottom of
the PBRs and the total biomass yield was evaluated after centrifuging (5000× g for 20 min; Heraeus
SEPATECH, Megafuge 1.0, Thermo Fisher Scientific, Waltham, MA, USA) and freeze-drying.

Light microscopy observations of culture samples at the stationary phase were conducted
after staining for 10 min using Alcian Blue (AB) 1%, in HCl 0.5 N (pH 0.5), specific for sulfated
polysaccharidic residues present in the REPS or in 3% acetic acid (pH 2.5) specific for carboxylic
moieties. A light microscope (ZEISS Axioskop, CARL ZEISS, Jena, Germany) equipped with differential
interference was used and the micrographs were acquired using a digital camera Coolpix995 (Nikon,
Tokyo, Japan).

3.2. Extraction of REPS

Released-EPS fraction was obtained according to Ahmed and colleagues procedure [81].
The culture solutions from the PBRs were centrifuged (5000× g for 20 min) and the supernatants
containing REPS were separated from pellets. The following steps were designed and adapted to the
scaling up of REPS production. Thus, the supernatants were evaporated and the REPS concentrated
using a Rotavapor Buchi WaterBath B-480 at 45 ◦C. The concentrated supernatant was precipitated in
96% cold ethanol and the REPS fraction was obtained. The fraction was dialyzed against bi-distilled
water at 4 ◦C for 2–3 days using a dialysis membrane with a cut-off of 18 kDa (Spectrum Laboratories,
Inc., Breda, Netherlands), and then freeze-dried and stored at −20 ◦C for further analysis.

3.3. REPS Characterization

Ten milligrams of freeze-dried REPS were dissolved in 1 mL MilliQ water and total sugar content
determined by the phenol-sulfuric acid method, using glucose as standard [82] (Figure S3). Total

192



Mar. Drugs 2018, 16, 298

protein concentration was also assessed using BCA colorimetric assay (Sigma-Aldrich, Milan, Italy)
and bovine albumin (BSA) as standard protein for calibration curve.

The RP-HPLC analysis of the REPS solutions was performed using LC-10AVP equipment
(Shimadzu, Milan, Italy), 0.1% v/v trifluoroacetic acid as solvent A and 80% v/v acetonitrile and
0.1% v/v trifluoroacetic acid as solvent B. The analyses were performed using a C18 column (CPS
Analitica, 150 mm × 4.6 mm, 5 μm), a loop of 20 μL, flow of 0.8 mL/min and the following solvent
B gradient: 0–5 min, 0%; 5–50 min, 60%; 50–55 min, 60%; 55–60 min, 90%; and 60–65 min, 90%.
The elution was monitored at 220 nm by a UV detector (Shimadzu, Milan, Italy).

FT-IR Spectroscopy was used for chemical analysis of freeze-dried REPS material, using a
Perkin Elmer Spectrum 100 (PerkinElmer Inc., Paris, France). Spectra were acquired in the range
4000–250 cm−1, by averaging 32 scans at a resolution of 4 cm−1, using CsI cells. Data were processed
using Spectrum 6.3.5 software (PerkinElmer Inc., Paris, France).

3.4. FAME Extraction and Characterization

FAME extraction from residual biomass and in situ trans-esterification, were carried out as
previously described [13,83]. Briefly, the biomass after EPS extraction, was resuspended in a methanol
and sulfuric acid (v/v 15:1) mixture for 6 h at 60 ◦C. After filtration, hexane was used to separate the
FAME fraction. FAMEs content was estimated as the percentage of esterified lipids per dry biomass
(grams). The FAME profile was determined using a gas chromatograph-mass spectrometry (Gas
chromatograph GC-2010 Plus mass spectrometer GCMS-QP2010 Ultra; Shimadzu Corp., Kyoto, Japan).
Eight microliters of each sample were injected into the column (SLB-5ms Fused Silica Capillary Column;
30 m × 0.25 mm × 0.25 μm film thickness) with a temperature program starting from 170 ◦C, increasing
of 3 ◦C/min to 240 ◦C final, hold for 20 min. Split ratio was 1:80 and injection temperature 280 ◦C,
helium was used as carrier gas. The run time for every single sample was 35 min. The identification
of FA was performed by comparing the obtained mass spectra with NIST Mass Spectral Data Base
(http://webbook.nist.gov/chemistry/). Total lipid concentration refers to the sum of total FAMEs.

3.5. REPS-Hydrogel Preparation

PEGDa 6 kDa MW (Sigma-Aldrich, Milan, Italy) and REPS solution were used for synthesizing
highly cross-linked hydrogels (REPS-Hy). REPS (8.83 mg/mL), 10 mM CaCl2 and 2 or 3% (w/v) of
PEGDa were solubilized in PBS, pH 7.4. The free-radical photo-polymerization of the hydrogels was
achieved by addition of 0.1% (w/v) Irgacure®2959 (Ciba Specialty Chemicals, Basel, Switzerland) to
the precursor solution, followed by 5 min exposure to long-wave UV light (365 nm, 4–5 mW/cm2).
Finally, REPS-Hys were washed with sterile PBS solution to remove non-polymerized material.

3.6. REPS-Hy Characterization

3.6.1. Rheological Analyses of REPS-Hy

The mechanical properties of the REPS-Hy were measured using oscillatory, strain-rate controlled
rheometry. The shear storage modulus (G’) of the hydrogels was determined by applying oscillatory
strain and measuring the shear response, using a TA Instruments AR-G2 rheometer (ARES,
TA Instruments, New Castle, DE, USA) equipped with a 20-mm parallel-plate geometry adapted
with an ultraviolet (UV) light-curing assembly. The sample (200 μL) of the liquid hydrogel precursor
was pipetted onto the transparent lower plate, and the upper plate was lowered until it reached a gap of
~600 μm. For hydrogel curing, the precursor was exposed from underneath the geometry to long-wave
UV light (365 nm, 5 mW/cm2). Dynamic time sweeps were performed at 25 ◦C, 2% sinusoidal strain,
and 3 rad/s constant frequency, while continuously monitoring the shear response of the materials
before, during and after light-activated polymerization (in situ rheometry). The measurements were
carried out for one minute without UV, followed by UV light activation until after the maximum value
of G’ was reached (approximately 5 min). Frequency sweep measurements were performed on the
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hydrogels, whereby constant 2% strain at an oscillation frequency of 0.1–100 rad/s was applied while
measuring the shear response. Strain sweep measurements were performed on the hydrogels whereby
the oscillation frequency was held constant at 3 rad/s and strain was varied from 1% to 100%, while
measuring the shear response. The sample rheology measurements were performed on two replicates
for each treatment.

3.6.2. Swelling Analysis of REPS-Hy

Swelling behavior of REPS-Hydrogel was investigated over 24 h, at room temperature, until
equilibrium swelling as described elsewhere [84,85]. Briefly, three replicas of REPS-Hy and PEGDa-Hy
(used as control) were weighted immediately after photo-polymerization and placed into a well with
500 μL of PBS and weighed at different times: 1, 2, 6, 24 and 30 h. The degree of swelling, corresponding
to the percentage of water uptake (WU), was calculated following Equation (1):

%WU = (Wt − W0)/W0 × 100 (1)

where Wt is the mass of the swollen hydrogel at time t, and W0 is the mass after gel-polymerization.

3.7. Detoxification Enzyme Synthesis and Encapsulation into the REPS-Hy

Recombinant thiosulfate:cyanide sulfurtransferase (TST, rhodanese EC.2.8.1.1) from Azotobacter
vinelandii was produced and purified as previously described [86,87]. TST activity of the enzyme was
tested using the Sörbo assay [88] obtaining an enzymatic activity of 64.06 U/mg. Briefly, the Sörbo
assay was performed as follow: the recombinant TST enzyme was incubated at 37 ◦C in a reaction
mixture (650 μL of 58 mM KCN and 58 mM sodium thiosulfate in 50 mM Tris-HCl buffer, pH 8.0).
The reaction was stopped after 1 min by adding 100 μL of 15% formaldehyde and addition of 250 μL
Sörbo reagent (100 g of ferric nitrate and 200 mL of 65% nitric acid per 1500 mL). The product was
monitored reading the absorbance at 460 nm. The Sörbo assay for evaluating the TST activity in the
presence and in the absence of REPS solution (8 mg/mL REPS, 8 mM CaCl2 in PBS) was performed at
23 ◦C after 1 min of incubation. Then, 10.08 μM of TST in 60 μL of REPS-Hy precursor solution (solution
with 6.67 mg/mL REPS, 3% w/v PEGDa, 1.6% v/v Irgacure®2959 and PBS) was photo-polymerized
for 5 min under UV light at 365 nm. The solution was photo-polymerized into a teflon mold (50 mm
inner diameter) and the TST activity of the TSTREPS-Hy was assessed at different times of incubation
(1, 5, 15, 30 and 60 min) of the gel at 37 ◦C with 58 mM KCN and 58 mM sodium thiosulfate in 50 mM
Tris-HCl buffer, pH 8.0, the reaction was stopped by addition of formaldehyde and Sörbo reagent and
the absorbance evaluated at 460 nm.

3.8. Stem Cell Viability in 2D and 3D Cell Growth Systems

Human cardiac resident Mesenchymal Stem Cells (hMSC) line expressing stem cell marker
Sca-1+ Lin−, was obtained as previously described [37,89]. Briefly, the cell line was obtained from
cells isolated from human auricular biopsies made during the course of coronary artery bypass
surgery of patients undergoing cardiac surgery after signing a written consent form for the research
study, according to a joint protocol approved by the Ethic Committees of Ospedale Maggiore
della Carita, Novara and University Hospital Le Molinette, Turin 2011. The cells were cultured
in Dulbecco’s modified Eagle medium (DMEM) (Gibco, Monza, Italy) supplemented with 10% of
fetal bovine serum (FBS) (v/v) (Gibco, Monza, Italy), 2 mM L-Glutamine (Sigma-Aldrich, Milan,
Italy), 100 U/mL penicillin and 100 μg/mL streptomycin (Sigma-Aldrich, Milan, Italy) (hereafter
referred to as “complete medium”) at 37 ◦C and with 5% CO2. After trypsinization, the cells
were seeded onto the surface of the polymerized REPS-Hy (at a density of 1 × 104 cells/cm2),
or embedded into the hydrogels by re-suspending them in the REPS-Hy precursor solution prior the
photo-polymerization procedure (at a density of 0.417 × 106 cells/mL). The cell-seeded hydrogels and
the cell-embedded ones were cultivated in 1 mL of complete medium in 24-multiwell plates for 14
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and 3 days, respectively. The cell viability was quantified by WST-1 colorimetric assay [90]. Briefly,
WST-1 assay (4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) (Roche
Diagnostics, Sigma Aldrich, Milan, Italy) was performed by incubating the hydrogel samples for 3 h in
complete DMEM (without phenol-red) in the presence of 5% (v/v) cell proliferation Reagent WST-1 at
37 ◦C and in 5% CO2. The absorbance of the medium was evaluated using iMark™ Microplate Reader
(Bio-Rad, Milan, Italy) at a 450 nm wavelength.

3.9. Immunofluorescence Microscopy Analyses

hMSC phenotype of the cells seeded and cultured on REPS-Hy was analyzed by
immunofluorescence microscopy. Gels were washed in PBS, fixed in 4% paraformaldehyde (PFA)
(Sigma-Aldrich, Milan, Italy) in PBS for 30 min at room temperature. After that, the cells were
permeabilized with 0.3% Triton X-100 (Sigma-Aldrich, Milan, Italy) for 5 min and maintained in
a blocking buffer (10% v/v FBS, 0.1% v/v Triton X-100 and 1% w/v glycine in PBS) overnight at
4 ◦C. Hydrogels were incubated with F-actin 488-Alexa fluorochrome-conjugated phalloidin (Life
Technologies, Milan, Italy). Nuclei were stained with 1:25,000 w/v Hoechst 33342 (Sigma-Aldrich,
Milan, Italy) in PBS. Hydrogels were stored at 4 ◦C in 20 mM Gly PBS under dark conditions. Confocal
microscopy was performed using Nikon Eclipse Ti (Nikon, Tokyo, Japan) and the signal was detected
using EZ C.1 software (Nikon, Tokyo, Japan).

3.10. Statistical Analysis

GraphPad Prism version 6.0 program (GraphPad Software, San Diego, CA, USA) was used for
statistical analysis. Three or five independent experiments were performed for each result and the
analysis of the variables was made using ANOVA One-way test or the one-tailed Student’s t-test.
A p-value of <0.05 was considered to be statistically significant. Standard deviations (SD) or the
standard errors (SEM) of the mean were calculated and reported for each sample.

4. Conclusions

In this work, efficient biomass production by a native brackish strain of the cyanobacterium
T. variabilis was obtained in a low-cost PBR to optimize a sequential extraction protocol for the EPS and
PUFA production. This strain showed suitable productivity in the 10 L bags used, after 20 days without
nutrient repletion, allowing us to collect sufficient biomass to be exploited for the target application.
The potential to obtain an integrated and economically advantageous production of nutraceuticals
and biomaterials was demonstrated. REPS fraction was characterized and used for producing a new
photo-polymerizable hybrid-hydrogel. REPS-Hy was characterized for its physical, mechanical and
biological properties and for its ability to embed detoxification enzymes with catalytic cysteine residues,
such as TST. The results herein presented show the possibility to fabricate new functional non-cytotoxic
hydrogels with enzymatic activity for therapeutic and environmental applications. The presence of
carboxyl groups in the REPS could also help to produce hydrogels that exhibit pH-sensitive swelling
behavior that could increase their pore size at basic pHs and allow the protein release from the
matrix in the intestinal environment, significantly improving the absorption of the protein-drugs,
as already demonstrated for insulin embedding hydrogels [91,92]. Moreover, in a proof-of-concept
experiment, REPS-Hy was also used for fabricating 3D-cell embedding hydrogels, demonstrating the
feasibility for the production of cell-carrier systems in cell therapy and of photo-printable bio-inks for
tissue engineering applications. This is a first and preliminary study, which combines the multiple
inexpensive production of cyanobacteria nutraceutical products with that of photo-polymerizable
hydrogels for enzyme- and stem cell-carrier systems. Although the data reported suggest a good
potential feasibility, further experiments are necessary to demonstrate the in vivo applicability.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/9/298/s1,
Figure S1: REPS production over time; Figure S2: RP-HPLC analysis of the TST solution and of the fraction
released from the REPS-Hy; Figure S3: Biochemical analysis of REPS.
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Abbreviations

3D three-dimensional
AB Alcian Blue
BG11 Blue-Green Medium
BCA bicinchoninic acid
BSA Bovine serum albumin
BSCs Biological Soil Crusts
hMSCs human Lin-Sca-1+ cardiac mesenchymal stem cells
DMEM Dulbecco’s Modified Eagle Medium
EPS Extracellular Polymeric Substances
ePBR emerse photobioreactor
FA fatty acids
FAME Fatty Acid Methyl Esters
FBS fetal bovine serum
FT-IR Fourier Transform Infrared Spectroscopy
Hy hydrogel
MUFA monounsaturated FA
PBR photobioreactor
PUFA polyunsaturated FA
PEGDa PEG-diacrylate
PFA paraformaldehyde
REPS Released Extracellular Polymeric Substances
REPS-Hy REPS PEGDa-hydrogel
RP-HPLC Reversed Phase-High-Performance Liquid Chromatography
SAFA saturated FA
SD standard deviations
SEM standard errors of the mean
TST thiosulfate: cyanide sulfur transferase
TFA trifluoroacetic acid
WST-1 4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate
WU water uptake
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