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Summary

“It's surely our responsibility to do everything within our power to create
a planet that provides a home not just for us, but for all life on Earth” (Sir
David Attenborough, 2016).

As a part of the response to challenges related to climate change, it is necessary to
transition from fossil-based linear economies towards circular bioeconomies. This
requires the development of technologies to use the world’s biomass resources
efficiently, minimising waste production. However, another challenge, soil and water
salinisation, is also becoming more prevalent worldwide. Indeed, we are required to
enhance the use of biomass, and, at the same time, soils are becoming toxic for the
majority of plants to sustain their growth and accessible freshwater resources are
depleting. This is happening at an increasing rate due to salinisation and the higher
occurrence of droughts and heat waves. Only approximately 1 % of the world’s known
flora are halophytes, naturally salt-tolerant plants that thrive in saline environments,
and harnessing these plants for agricultural use has been suggested as one of the key
implementations to face the upcoming challenges.

In this explorative PhD project, halophyte species suggested for biosaline agriculture,
namely, Crithmum maritimum, Salicornia europaea, Salicornia ramosissima, and
Tripolium pannonicum, were evaluated for their potential towards green biorefinery
applications. In green biorefineries, which have been developed to produce feed
protein from grass biomass and agro-residues, biomass is fractionated into green juice
and fibres, and these fractions are processed separately. In this project, the effect of
the cultivation salinity on the fractionation performance and distribution of primary
metabolites in halophytes was assessed, and significant effects were observed.

After fractionation with a screw press, the protein precipitation from saline halophyte
green juice was investigated using methods established for forage-based green
biorefineries: heat coagulation, acidification, and lactic acid fermentation.
Afterwards, the production of protein-enriched concentrate by lactic acid fermentation
of S. ramosissima juice with probiotic bacterial strain was studied further in a
bioreactor setting. The use of halophytes for the production of functional animal feed
supplements could help to diversify the source of protein and decrease the dependency
on imported feed by providing a local source, especially in the arid and semi-arid
regions, where the cultivation of forages and crops is limited.

Halophytes produce high concentrations of bioactive secondary metabolites as their
response to environmental stress, such as high salinity, UV radiation, extreme
temperatures, drought, and waterlogging. These compounds, also known as
phytochemicals, have various biological activities and health benefits, which have
made them interesting for biopharmaceuticals, nutraceuticals, food additives, and
cosmetic applications. Therefore, bioactive compounds found in halophytes were
reviewed. Phytochemicals can be extracted from the fibre residue, and the extracts
obtained from the screw-pressed halophyte fibres were analysed for their content of
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phenolic compounds using different absorption spectroscopy assays and
chromatographic methods. Bioprospecting towards high-value bioproducts was done
by analysing the extract for their in vitro antioxidant properties, cytotoxicity, and
inhibition activity towards enzymes linked to neurodegenerative diseases, metabolic
diseases, and hyperpigmentation. Targeting products for these sectors can improve
integrated biorefinery economics, provide maximum feedstock valorisation in a
cascading process, and contribute towards a sustainable circular bioeconomy.

Extractives-free halophyte biomass, consisting of relatively pure lignocellulose, was
subject to hydrothermal pretreatment and enzymatic hydrolysis. The enzymatic
convertibility was tested in order to estimate the pretreatment severity needed to break
the lignocellulosic structure for potential biochemical or bioenergy production.

Overall, this PhD project provided a comprehensive general view of the potential
processes and target products of halophyte-based green biorefinery, and the results
can be used as a basis for further investigations. The interdisciplinary project also
contributes to closing the gap between process engineering and other related scientific
disciplines, which must be done to develop efficient and meaningful biomass
processing systems and bring the green transition forward.



Resumé

I lyset af de udfordringer, der er forbundet med klimaforandringer, er det afggrende
at foretage en omstilling fra en linegr, petroleum-baseret gkonomi til en cirkuler
gkonomi baseret pa biomasse. Dette kreever udvikling af avancerede teknologier, der
kan udnytte verdens biomasseresourcer pa en effektiv made, samtidig med at
affaldsproduktionen minimeres. En anden presserende problemstilling, der péavirker
hele verden, er tilsaltning af jord og vand. Det er derfor ngdvendigt at gge udnyttelsen
af biomasse, samtidig med at dyrkningsjorden bliver tilsaltet og dermed uegnet til
dyrkning af de fleste almindelige afgrgder. Desuden svinder kilderne til rent
ferskvand ind med ggende hastighed, bade pa grund af tilsaltning og en stigning i
forekomsten af tarke og hedebglger. Kun omkring 1 % af verdens flora bestar af
halofytter, som er naturligt salttolerante planter, der trives i salte miljger.
Anvendelsen af disse planter som afgrader er blevet foresldet som en del af lgsningen
pa de fremtidige udfordringer.

I dette ph.d.-forskningsprojekt evalueres halofytarterne Crithmum maritimum,
Salicornia europaea, Salicornia ramosissima og Tripolium pannonicum i tilsaltet
landbrug med henblik pa deres anvendelsesmuligheder i grenne bioraffinaderier.
Grgnne bioraffinaderier er designet til at producere proteinholdigt foder fra graesser
og restprodukter fra landbruget. Biomassen opdeles i to fraktioner - juice og fibre -
som processeres separat. | dette projekt blev kvaliteten af fraktioneringen og
fordelingen af primere metabolitter undersggt i biomasse dyrket under varierende
grader af saltmeettelse.

Efter fraktionering ved hjeelp af skruepresse blev proteinudfeeldningen fra den salte,
grgnne halofytjuice undersggt ved hjeelp af metoder, der er etableret for graesbaserede
bioraffinaderier, herunder varmekoagulering, forsuring og melkesyrebakterie
fermentering. Der blev foretaget yderligere undersggelser af produktionen af
proteinberiget koncentrat fra malkesyrefermentering af S. ramosissima juice ved
hjeelp af en probiotisk bakteriestamme i en bioreaktor. Anvendelsen af halofyter til
produktion af funktionelle fodertilskud kan potentielt bidrage til at diversificere
proteinkilder og reducere behovet for importeret foder, idet halofyter kan dyrkes
lokalt. Dette er sarligt relevant i terre og terkeramte omréader, hvor
dyrkningsmulighederne for graesningsomrader og konventionelle afgrader er
begreansede.

Halofyter producerer hgje koncentrationer af bioaktive sekundare metabolitter som
respons pa miljgmaessige stressfaktorer sdsom hgj salinitet, UV-straling, ekstreme
temperaturer, terke og vadlegning. Disse metabolitter, ogsd kendt som
fytokemikalier, har adskillige biologiske funktioner og sundhedsfordele, hvilket gar
dem interessante som leegemidler, kosttilskud og tilsetningsstoffer i fadevarer, foder
og kosmetik. De bioaktive stoffer i halofyter er derfor blevet undersggt.
Fytokemikalier kan ekstraheres fra overskydende fibre. Ekstrakter udvundet fra
skruepressede halofytfibre blev analyseret for deres indhold af fenoler ved hjelp af
forskellige absorptionsspektroskopiske assays og kromatografiske metoder. Der blev
foretaget en sggen efter bioaktive hgjveerdiprodukter ved at analysere ekstrakternes
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in vitro antioxidantegenskaber, deres cellegiftighed og heemning af enzymer relateret
til neurodegenerative sygdomme, fordgjelseslidelser og hyperpigmentering.
Malrettet ekstrahering af stoffer, der kan veere til gavn for disse sektorer, kan gge det
gkonomiske incitament for integrerede bioraffinaderier, maksimere veerdien af
biomassen og bidrage til en baeredygtig cirkulaer biogkonomi.

Ekstraktiv-fri halofytbiomasse, bestdende af relativt ren lignocellulose, blev udsat for
hydrotermisk forbehandling og enzymatisk hydrolyse. Den ngdvendige intensitet af
forbehandlingen for at nedbryde lignocellulosestrukturen til potentiel anvendelse i
produktionen af bioenergi eller biokemiske produkter blev estimeret ved hjelp af
konverteringsgraden efter enzymatisk hydrolyse.

Overordnet set har dette PhD-projekt givet et dybdegéende og generaliseret indblik i
de potentielle processer og produkter, der kan produceres i det halofytbaserede
bioraffinaderi, og resultaterne af projektet vil fungere som et springbrat for videre
forskning pa omradet. Dette interdisciplinere projekt bidrager ogsa til at bygge bro
mellem processteknik og andre relaterede videnskabelige discipliner, hvilket er en
ngdvendighed for at udvikle effektive og betydningsfulde systemer til
biomasseudnyttelse og fremme af den granne omstilling.
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Chapter 1. General Introduction

1.1. Background and relevance of the project
1.1.1. Green transition and circular bioeconomy

Climate change and biodiversity loss are modern humankind's greatest challenges and
threats. According to the Intergovernmental Panel on Climate Change (IPCC) report,
to achieve the goals set by the Paris Agreement and limit global warming to 1.5 °C
above pre-industrial levels, society has to aim for net-zero CO, emissions by 2050
[1,2]. This green transition requires significant changes in global production and
consumption systems and actions, and to enforce the change, new legislations have
been initiated, e.g., the European Green Deal in the European Union (EU) with several
national policies, and the Green New Deal in the United States [3-5]. One of the key
implementations is to transition from a linear fossil-based economy towards circular
bioeconomies. Concerns about food security of the world’s increasing population and
the need for bio-based products and bioenergy are the key drivers leading to an
increased demand for biomass, which consequently requires sustainable agricultural
intensification to meet [6-8]. In order to ensure the efficient use of biomass resources,
the development of circular bioeconomies should lay on the following key principles
[6,9-12]:

Sustainable resources (e.g., use of waste, residues and circular feedstocks)
Integrated biorefineries and cascading processes

Maximising feedstock valorisation and minimizing waste production
Positive sustainability, environmental, and social aspects.

Circular bioeconomies should also avoid the depletion of resources, such as
agricultural land and freshwater, and aim to apply regenerative practises, such as
bioremediation [10]. According to the report by the International Energy Agency
(IEA) from 2022, the highest number of biorefineries was found in the United States,
followed by France, Germany, China, and the Netherlands [5]. Out of the analysed
biorefineries, 50.3 % used primary biomass (e.g., starch crops, oil cops and
lignocellulose from grasslands and forestry) in their processes, whereas secondary
biomass (e.g., agricultural and forestry residues) was used by 27.7 %, and only 2.4 %
of the biorefineries reported to use multiple feedstocks [5]. Besides, 61.4 % of the
analysed biorefineries reported bioenergy as their main product type, followed by
biomaterials (24.3 %) and biochemicals (10.6 %) [5]. Therefore, there is room for
improvement for the biorefinery sector to meet the principles of sustainable
bioeconomies regarding the source of biomass, conversion methods, and target
products. According to Muscat et al. [10], the target products of focus need to be
shifted from bioenergy production by encouraging the development of bioproducts.
In integrated biorefinery systems, a multitude of products, as well as bioenergy, are
produced from the used feedstock to maximise the material valorisation and minimise
the waste stream. Even though optimisation is required to find the most suitable
processing routes and target compounds for each type of biomass, these multi-product
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systems often help to improve process economy and biorefinery competitiveness,
which is often a challenge in single-product systems, and they are considered the most
robust option for the future and an important factor for sustainable biomass use and
circularity [9,11,13-15]. Oftentimes, products of high-value applications, such as
pharmaceuticals, food and feed additives, and fine materials, are suggested as value-
added products for biorefineries to increase process profitability [6,9,15,16],
cascading based on the bioproduct value pyramid (Figure 1).

)

Low volume

Nutraceuticals
Animal feed

High added value

Biopolymers
Bioplastics

High volume
Low added value

V.

Figure 1 Value pyramid of bioproducts presented in Paper IV [17]. The original illustration was
adapted from Stegmann et al. [9] and Zabaniotou [6].

High-value bioproducts have significant potential within circular bioeconomies [9].
Indeed, there is an urgent need to find alternatives to the variety of products and goods
currently obtained from petrochemical sources. However, with the increased demand
and limited biomass resources comes prioritisation. Muscat et al. [10] argued that the
highest priority should be for bioproducts fulfilling basic human needs, such as
nutrition and well-being, and sectors with limited sustainable alternatives, such as
biochemicals, in order to use the limited biomass resources effectively. Hence,
screening new biorefinery feedstocks for their potential for these applications could
be seen as an inseparable part of integrated biorefinery design [17].

Bioprospecting, meaning the search for biological resources with economic potential,
is becoming increasingly important as the green transition moves forward. The
process can be driven by finding the best potential use for available feedstock, such
as agro-residue, or by the demand for a certain type of product or application (Figure
2). Both approaches are of high importance in finding alternative sources for day-to-
day goods. Currently, large amounts of valuable biomass, especially agro-residues
and residues from food processing, end up in the production of bulk chemicals,
bioenergy, compost, or even in landfills [18-21]. Manhongo et al. [21] reviewed the
waste production from fruit processing and showed that up to 80 % of the fresh fruit

18
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weight could en up to residue streams. Intensive research has been carried out in recent
years to valorise these residual streams from agricultural and food processing
industries for more high-value applications, such as the production of bioactive and
functional compounds, in order to improve the sustainability of the sectors [18,21,22].

a | Available feedstock | m» Chare}cterlsatlon aqd = | Finding target product
screening of properties
Finding available Characterisation and
b ‘ Target product ’ - feedstock Gscreening of properties

Figure 2 Bioprospecting driven by available feedstock (a) or desired target product or
application (b).

1.1.2. Soil salinisation

Soil salinisation has been reported to be one of the main reasons for the degradation
of arable land and a major threat to biodiversity and ecosystems, especially in arid and
semi-arid regions [23—-25]. According to the Food and Agriculture Organization of the
United Nations (FAO) definition, the soil is considered saline when the electric
conductivity of soil extracts is equal to or higher than 4 dS/m, corresponding to
approximately 40 mM NaCl [26]. Degradation of agricultural land creates challenges
in producing enough food to meet the demand of the world’s increasing population
and threatens food security, as most of the conventional and important food crops are
salt-sensitive glycophytes. Soil salinities of 80 mM NaCl, 100 mM NaCl and 120 mM
have been shown to cause a 50 % loss in yields of rice, durum wheat, and barley,
respectively, and salinities less than 20 mM NaCl have shown a significant 12 % loss
in yields of corn and potato [27,28].

Natural causes for soil salinisation (primary salinisation) are seawater intrusion,
geological deposits, salt deposition by wind or rainfall, and weathering of the parent
rock [26,29,30]. However, salinity is often caused or accelerated by human activity
(secondary salinisation) via unsustainable agricultural actions, such as over-irrigation,
insufficient draining and extensive use of fertilisers, as well as deforestation and poor
water management [23,26,27,29,30]. Climate change also affects soils, as the higher
annual temperatures, alteration in precipitation patterns, and sea level increase in
coastal areas increase the risk of soil salinisation [29,31]. Irrigated areas, which cover
1.5 % of the total area of the EU, are at a higher risk for human-induced salinisation
[31]. Globally, 20 — 50 % of irrigated soils have estimated to have increased salt
content [25], creating a massive challenge for agriculture systems.

The issue is global and extensive, as 8.7 % of the world’s soils are estimated to be
salt-affected [25]. In 2015, the estimate of the total area of saline and sodic soils
worldwide was 1 billion hectares, affecting more than 100 countries [26]. The total
area of salinised soils in the EU is uncertain, and the estimates vary between 1 — 4
million hectares [31]. Soil salinisation causes significant limitations to plant growth
potential (Figure 3), decreases water quality, and makes land areas prone to erosion
[25]. Annually, soil salinisation takes 1.5 million hectares of agricultural land out of
production and decreases the production potential by 46 million hectares [25]. This



EXPLORING THE POTENTIAL OF HALOPHYTE BIOMASS FOR GREEN BIOREFINERY APPLICATIONS

comes with a high economical cost, as the annual loss in agricultural productivity
caused by salinity is estimated to be 31 million USD, and on top of that, the report by
European Commission [31] estimates the costs caused by overall soil degradation,
including salinisation, to exceed 50 billion EUR per year only in the EU.

Excess Salts (HWSD)
Xna

.No or slight limitations
Moderate limitations
Sever limitations
.\/ery severe limitations
Mainly non-soil
Permafrost area

ater bodies

Figure 3 Saline and sodic soils and soil limitations to plant growth. Data from FAO Global Soil
Information System and Excess Salts dataset provided by Harmonized World Soil Database
(HWSD) [25,32]. No or slight limitations: 80 — 100 % growth potential, moderate limitations:
60 — 80 %, severe limitations: 40 — 60 %, very severe limitations: < 40 %.

1.2. Halophytes and their potential applications
1.2.1. Salt-loving plants

By definition by Flowers and Colmer [33], halophytes are plants that can complete
their full lifecycle and reproduce under salinities of 200 mM or more, and these salt-
loving plants constitute approximately 1 % of the known flora. In nature, halophytes
can be found in marshlands (Figure 4), seashores, saline deserts, and other saline
habitats, where the growth of salt-sensitive plants, glycophytes, is limited. Halophytes
can be roughly divided into two categories: obligatory halophytes, which require salt
for optimal growth, and facultative halophytes, which can tolerate salt but have their
optimal growth in non-saline or low-salinity conditions. Thus, plants have developed
various salt tolerance mechanisms to thrive in saline habitats, including but not limited
to morphological adaptation such as succulence and specialised features for salt
excretion, osmolyte accumulation, antioxidant regulation, and compartmentalisation
and restricted uptake of sodium ions [34,35]. These adaptations allow halophytes to
hold their osmotic pressure and maintain homeostasis even under extreme
environmental conditions [36-38].
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Figure 4 Marsh is a natural habitat of halophytes: Wadden Sea national park, Denmark (a) and
Ria Formosa natural park, Portugal (b). Photos by Laura Sini Sofia Hulkko.

In their region of origin, fresh shoots of edible halophytes are used for culinary
purposes [39-45]. Accogli et al. [45] reviewed edible halophytes in Southern Italy and
their culinary use, highlighting their significance in traditional cuisine, the most
important species being capers, sea beet, Silene vulgaris, Allium monatum, Crithmum
maritimum, and Salicornia and Sarcocornia species. Salicornia and Sarcocornia
species are sold as vegetables in the Mediterranean region and the Middle East, and
they have increased interest due to their organoleptic properties, crunchy texture and
salty, tangy taste, and they are typically consumed pickled in salads, stir-fries, and
garnish [40,43,45-48]. Due to its resemblance with commonly used spinach,
Tripolium pannonicum (sym. Aster tripolium) is also increased interest as an
alternative vegetable and cash crop [27,49]. Several Atriplex species are used as herbs
and garnish [27]. C. maritimum has also increased interest as a crop due to its wide
use in ethnobotanical and ethnopharmacological use [44].

Indeed, various halophytes are traditionally used as medicinal herbs. Due to their
pronounced exposure to abiotic stresses, such as salinity, extreme temperatures, strong
UV radiation, drought or waterlogging, halophytes produce high concentrations of
protective secondary metabolites, also called phytochemicals [50-56]. This is a
structurally and functionally diverse group of chemicals; however, especially phenolic
compounds have increased interest in previous years due to their wide use in high-
value applications [57—62]. These compounds have various biological activities and
functionalities, and they often contribute to the health benefits of plant extracts, such
as antioxidant and anti-inflammatory effects, antimicrobial and anti-viral properties,
and potential protective effects against cardiovascular diseases, neurogenerative
diseases, and cancer. [41,53,64-72,54,56-61,63]. Bioactive compounds found in
halophytes were reviewed in Paper Il and discussed in detail in Section 4.1. In
traditional ethnopharmacological medicine, species in Salicornia and Sarcocornia
genera have been used to treat digestive issues, and they have been associated with
diuretic effects, making them useful towards kidney-related issues [40,53]. C.
maritimum has been used as a treatment for scurvy, whooping cough and cold, various
digestive issues and as an anti-parasitic agent [44,53,73].

1.2.2. Halophyte cultivation

The development of biosaline agriculture is crucial in regions with saline soils or
scarcity of freshwater, and domestication and cultivation of halophytes have a key
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role in restoring the marginal land area to agricultural production [35,74]. Halophyte
cultivation can yield as much as conventional crops; however, biomass production
depends on the optimal salinity of cultivated species [75-77]. Especially
dicotyledonous halophytes can grow at high rates, even though a susbtaintial amount
of energy is used for salt-tolerance mechanisms and osmotic adjustments, such as ion
accumulation and compartmentalisation [33]. Reported annual yields of halophytes
cultivated in field conditions are 14 kg/m? for T. pannonicum, 15 kg/m? for Salicornia
persica, and 28.0 kg/m? for Sarcocornia fruticosa [75,78]. Salt-accumulating
halophytes have also been suggested for crop rotation and intercropping systems due
to their potential to reduce soil salinity via salt uptake to aerial biomass [79]. Some
halophytes with reported desalting potential in crop rotation are liquorice (Glycyrrhiza
glabra), Arthrocnemum macrostachyum, and Sesuvium portulacastrum, whereas
Sueda salsa has shown potential for intercropping in field trials [79]. Restoring and
rehabilitating marginal land areas while increasing agricultural productivity
prominently in arid and semi-arid regions could have significant socio-economic
benefits regarding rural area development and local food and water security
[35,79,80].

Besides salt, some halophyte plants are tolerant of other toxic compounds, such as
heavy metals, which makes them interesting for bioremediation of polluted soils
[35,81-83]. Halophytes can uptake heavy metals from the soil and accumulate them
in aerial parts by excreting them through salt glands to the surface of the leaves or
producing osmoprotectant and antioxidant compounds [81,82]. Indeed, the
mechanisms for halophytes to tolerate heavy metals are the same as those used to
protect plants from salinity and drought. Some species with phytoremediation
potential are T. pannonicum, Salicornia sinus-persica (syn. Salicornia iranica), and
Salicornia ramosissima, which have shown uptake and translocation of cadmium,
lead, and nickel [82—84]. However, plants with accumulated toxins and contaminants
cause a food safety risk if consumed [70,84]; thus, phytoremediation limits the
potential use of cultivated biomass.

Many halophytes can also be efficiently grown in soilless systems, and hydroponic
cultivation has increased its importance due to resource efficiency. Singh et al. [85]
achieved slightly higher Salicornia dolichostachya yield in hydroponic systems
compared to sand cultivation. For Sueda glauca, a 5.7 kg/ m? yield was reported from
hydroponic cultivation [86]. Pairing saline agriculture with aquaculture and using
halophytes to biofilter effluents has increased interest in recent years, and especially
the potential of saline recirculating aquaculture systems (RAS), marine aguaponics,
and constructed wetlands have been studied [87-90]. Using constructed wetlands,
Shpigel et al. [88] reported S. persica plantation effectively uptake 53 — 71 % of total
dissolved nitrogen from gilt-head sea bream aquaculture effluents under high nutrient
loads. Vlahos et al. [91] combined brackish water gilt-head sea bream culture and C.
maritimum aquaponic cultivation and reported good fish and plant performance and
efficient nutrient removal from water. Brown et al. [92] also reported an average of
98.8 % total nitrogen and 99.7 % total phosphorus removal from water by Suaeda
esteroa, Salicornia bigelovii and Atriplex barclayana. Besides nutrients, halophytes
can also remove other compounds, such as antibiotic residues, from aquatic
environments [93].
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1.2.3. Halophytes as energy crops

Using halophytes for bioenergy has also been studied, and bioenergy production of
biomass processing waste streams could help to close the loop and emphasise the
circular approach for cascading systems. Using the residues of halophytes could help
to establish environmentally sustainable production systems [94]. Considering liquid
biofuels, Makkawi et al. [95] tested bio-oil production of S. bigelovii seeds via
pyrolysis and recovered 35.2 % of the initial biomass to bio-oil fraction, organic
fraction covering nearly 80 % of the pyrolysis liquid. A similar result, 31.4 % bio-oil
production from S. bigelovii seeds, was also achieved in another study [96]. Folayan
etal. [97] achieved 92.8 % and 81.3 % bio-oil conversion to biodiesel from S. bigelovii
and Salicornia brachiata seed oils, respectively, which corresponded to 29.8 % and
21.6 % of the initial seed biomass, respectively. Bioethanol, which can be produced
by fermenting the carbohydrates released from the lignocellulosic fraction with micro-
organisms, is also a suggested fuel product from halophytes. Cybulska et al. [98]
achieved 77 — 100 % and approximately 77 — 81 % of theoretical bioethanol yield
from S. bigelovii pretreated fibres and pretreatment liquid, respectively. Similarly,
Alassali et al. [99] reached approximately 70 % bioethanol yield from S. sinus-persica
juice and up to 76.9 % from hydrothermally pretreated fibres. From Atriplex
crassifolia enzymatically pretreated sample, 16.3 g ethanol/100 g was obtained [100].
Joshi et al. [101] also reviewed halophyte biofuel production and summarised several
species from Cyperus, Suaeda, Panicum, and Phagmites genera to be considered for
bioethanol production.

Turcios et al. [102] studied the effect of salinity on the anaerobic digestion of T.
pannonicum and reported up to 554 mL/g volatile solids (VS) and 447 mL/g VS yields
of biogas and biomethane, respectively. Kumar et al. [103] studied the biogas potential
of wild herbs and reported 487.9 mL/g VS, 441.3 mL/g VS and 291.3 mL/g VS biogas
yields for Avicennia marina, Tamarix nilotica, and Zygophyllum album, respectively,
and suggested the potential use of residual digestate as fertilizer. Cayenne et al. [104]
measured the biomethane potential of Salicornia europaea and S. ramosissima to be
up to 250 mL CH4/g VS and 300 mL CH./g VS, respectively. Nawaz et al. [105]
reported de-lignification with deep eutectic solvent to increase biomass yield from
Atriplex crassifolia by making it less recalcitrant and accessible for micro-organisms
and measured biogas yield of 32.2 mL/g from the fresh solvent-treated sample.
Akinshina et al. [106] studied the biogas potential of wild and cultivated halophytes
and emphasised their importance for the development of marginal and salt-affected
environments in Central Asia, Karelinia caspia being the most promising species with
biogas potential of 310.6 mL/g VS.

1.3. Green biorefinery concept

Green biorefinery processes are typically developed for grass and fodder crops, such
as alfalfa, clover, and perennial ryegrass, to provide a source of feed not only for
ruminants but also monogastric animals, mainly pigs and poultry. In recent years, the
use of green leafy agricultural residues with high moisture content, such as beet and
cassava leaves, has been investigated in order to valorise fractions previously
considered as waste [107-110]. Proteins are the main compounds to be valorised in
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green biorefineries, whereas traditional lignocellulosic refineries often focus on
processing carbohydrates [11]. There is a high demand for locally produced protein-
rich feed products in the EU, as the number of livestock has been estimated to be 1.63
billion poultry birds and 142 million pigs, and the numbers are increasing [111,112].
Currently, farmers in the EU heavily depend on imported protein sources for their
livestock, namely soybean or soybean meal [113]. Similarly, besides terrestrial
livestock, aquaculture systems are developing fast to meet the increased demand for
fish, and producers depend on fish meal for feeding [87,90,114]. Green biorefineries
often aim for the multi-products approach for maximum feedstock valorisation, and
some of the typical target products are presented in Figure 5.

Protein-enriched
concentrate

Organic acids

Brown juice

Bioenergy

Biomaterials

Biochemicals

Fodder

Figure 5 Simplified structure of the potential products from a typical green biorefinery system.

One of the key processes differentiating green biorefineries from others is the wet
fractionation of green, fresh biomass, where the plant material is split into green juice
and fibre residue. Various milling methods have been tested for fractionation over the
years, but separation with a single- or twin-auger screw press has become predominant
and is typically used in large-scale applications [115,116]. The use of a pneumatic
press has also been recently studied [117]. Some studies suggest using alkali in the
screw press to enhance cell disruption and adding water to better flush out the
compounds of interest [115]; however, the disadvantages of such processes are
chemical cost and increased freshwater usage.

The protein fraction is separated from the green juice after the screw press, and is
typically obtained in the form of protein-enriched concentrate (PEC). Several methods
have been developed to precipitate proteins from green juice, including but not limited
to heat coagulation, acidification, the addition of flocculants, filtration, and
fermentation with lactic acid bacteria (LAB), and these methods are described in detail
in Section 5.1. The protein from grass or leafy biomass can be divided into green
protein, which is chloroplastic lipoprotein typically used for feed application, and
white protein, which is the cytoplasmic protein with higher digestibility and
functionality, thus potential applications in food, cosmetics, and biomaterials
[116,118]. These two fractions can be produced separately in a sequential system in
order to target several different applications or together as a total protein concentrate
for feed, and the latter approach was also chosen for this project.
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The separation of chlorophyll and carotenoids from green protein has been studied,;
however, it may be hard to justify the use of organic solvents required for pigment
removal, especially in large-scale systems targeting food and feed products [116,119].
After protein precipitation, the remaining nutrient-rich juice, often called brown juice,
could be used as a fermentation medium to produce organic acids, such as lactic acid,
caproic acid, and butyric acid, which are important platform chemicals [86,87,90,91].
An alternative approach is to use the juice for a process aiming for the production of
single-cell protein [120].

The fibre fraction is typically used directly as fodder for ruminants. However, there
has been an increasing interest in valorising this fraction for biomaterials, including
biocomposites, packaging materials, insulation, and nanocellulose [74,118,121,122].
The fibre fraction can also be processed as in typical lignocellulosic biorefineries
targeting biochemical and bioethanol production or digested into biogas, typically
together with the juice residue [16,99,104,118,123,124].

1.4. Project overview and objectives
1.4.1. The AQUACOMBINE project

This PhD project was done as a part of the AQUACOMBINE project [125], which
demonstrates combined aquaculture and halophyte farming with an integrated
biorefinery of waste fractions, creating internal value and novel products according to
the principles of a circular economy. Excess nutrients from on-land aquaponic
systems, which can be placed in marginal land in rural regions, fertilise halophyte
plants, and water is circulated back to aquaponics through a microbial water treatment
system. The fresh shoots and leaves from the edible species can be harvested for
culinary use; however, as plants mature, they undergo lignification [46,126,127],
becoming unpalatable and unsuitable for culinary consumption. The halophyte
biomass was harvested at two different non-food growth stages: partly lignified
succulent or completely lignified shrubs after seed production (Figure 6). These
biomasses were targeted for green biorefinery processing and extraction-based
lignocellulose biorefinery, respectively.

Using these two separate processing routes, the AQUACOMBINE project
demonstrates the production of various value-added products: fine chemicals,
aquaculture feed and feed supplements, dermo-cosmetics, functional food products
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and ingredients, prebiotic polysaccharides, and biochar (Figure 7). Bioenergy
production from the residual fractions is considered for maximum circularity.
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Figure 7 The AQUACOMBINE project is European Union Horizon 2020 funded research and
innovation action. Original concept illustration by Mette Hedegaard Thomsen, 2019. The
project consortium consisted of 17 partners, including eight academic partners, seven small and
medium-sized enterprises, and two cluster organisations, and the project ran from October 2019
until December 2023.

1.4.2. Key project objectives

The project objectives were formatted to study the biorefinery potential of selected
halophyte species, namely Crithmum maritimum, Salicornia europaea, Salicornia
ramosissima and Tripoium pannonicum, and meet the overall goals of the
AQUACOMBINE project targeting halophyte-based green biorefinery. The three key
objectives for the PhD project are stated as follows:

e Determine the chemical composition of halophytes cultivated in different
salinities to gain knowledge if modifying cultivation salinity could be used
to enhance the concentration of desired compounds.

e Evaluate the green fractionated biomass in terms of value by analysing the
biological activities and contents of polyphenolic compounds and pigments
to help find the potential target products and applications.

26



CHAPTER 1. GENERAL INTRODUCTION

e Investigate the green biorefinery approach and protein precipitation from
halophyte biomass to learn if technologies well established to forage and
grass biomass could be applied to halophytes.

1.4.3. Halophyte-based green biorefinery: potential future process?

The utilisation of halophytes in green biorefinery applications has not been widely
studied, and only a handful of studies were found to consider the juice or screw-
pressed fibres from Salicornia species [99,104,128,129]. Introducing halophytes to
this type of processing could provide a novel biomass feedstock, increasing the
biodiversity in agricultural production either in field cultivation in marginal land areas
or marine aquaponics. When cultivated in this type of system, halophyte production
does not compete for the arable land area with conventional food crops. Coastal
halophytes could also contribute to developing sustainable blue-green bioeconomies
[130]. By valorising the non-food fraction of plants, the biomass used for bioproducts
is not taken from food resources (primary biomass).

After screw-press, the green juice covers a large fraction of the initial weight of fresh
biomass, especially from succulent halophytes, and a significant fraction of the total
crude protein (CP) can be found in the juice [34,128,131,132]. As halophytes are
naturally rich in various compounds beneficial for animal health, and if these
compounds could be transferred to the concentrate, the halophyte-based supplement
could provide a novel feed source for aquacultures and terrestrial livestock and
improve animal welfare [133-136]. Protein concentrates may have various functional
properties [137], and due to the presence of bioactive secondary metabolites, these
properties could be more pronounced when using halophytes. Besides producing
green protein for monogastric animals, the fibre fraction after the screw press is
typically used for fodder to ruminants in green biorefinery systems. However, due to
high salt content and low animal acceptance, halophyte biomass can be only partially
implemented with other feedstuff, typically with a 20 — 30 % blending fraction
[128,138,139]. However, Ahmed et al. [140] showed that up to 50 % of berseem hay
fodder could be replaced with Atriplex nummularia and Acacia saligna for the lamb
diet. For aquaculture, Belal et al. [87] showed that up to 40 % of traditional fish meal
can be replaced with Salicornia bigelovii meal without affecting the growth or
composition of Nile tilapia, one of the most common species in fish farming. Studies
disagree with the suitability of Salicornia for poultry feed: Jiao et al. [141] reported
an enhanced growth performance and meat quality poultry chicken, whereas Attia et
al. [142] report a significant depression in the growth rate and suggest additional
cholesterol supplement of overcome the issue.

There is a need to find alternative applications for halophyte fibres. However, before
the production of bulk materials or bioenergy, the halophyte fibres could be utilised
for producing bioactive botanical extracts for biopharmaceuticals, nutraceuticals, and
cosmetics applications; in other words, products on top of the bioproduct value
pyramid (Figure 1). The potential of halophytes for these applications has been
widely studied [53,56,63,65,143,144], but implementing the extraction step to an
integrated green biorefinery system has been rather unexplored. Sustainable
production of high-value ingredients could help to create added value and improve
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the process economics, diversify the source of active molecules, and provide a way to
maximum feedstock valorisation. The extraction process could also prepare the
remaining lignocellulosic biomass for further processing, including potential
bioenergy production [94,98,129]. Batog et al. [74] tested halophyte biomass for
biocomposite production and discussed the potential of halophytes for the production
of biomaterials. Dong et al. [145] tested biochar, a useful soil amendment, from
different halophyte feedstocks and found biochar from Tamarix chinensis suitable to
improve soil quality with the minimum adverse effect of increased soil salinity.

Considering this PhD project, the simplified schematic of the halophyte-based green
biorefinery is visualised in Figure 8. Halophyte-based biorefineries could offer
solutions for developing arid and semi-arid rural regions, where grass biomass or other
lignocellulosic feedstock typically used for biorefineries, such as cereals straws and
other agro-residues, cannot be produced sustainably [146]. Alassali et al. [99] also
highlight the value of green juice as a water source for biomass processing in regions
with freshwater sparsity. Halophytes can also provide a bioenergy source for rural arid
regions, with low costs and no competition for land use and freshwater [94].
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Figure 8 Halophyte-based green biorefinery with soilless biomass cultivation. Adapted from
Paper V [132]. Figure created with BioRender.com.

1.4.4. Overview of included studies

Contributing to the project objectives listed in Section 1.4.2, five manuscripts in total
were produced during the project period:

I.  This study assessed the effect of cultivation salinity on the chemical
composition of S. europaea, T. pannonicum, and C. maritimum with a focus
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on macronutrients carbohydrates, fats, and protein and their distribution to
fractions after screw pressing.

Il.  The review study incorporated the recently published literature reporting the
concentration of phenolic compounds, pigments, and vitamins in halophytes,
as well as used extraction and analysis methods, and combined the state-of-
the-art knowledge in the field.

IIl.  The first study considering the bioactivity of the selected species focused on
different fractions and extracts obtained from S. ramosissima and determined
the contents of different types of phenolic compounds and photosynthetic
pigments in the extracts, antioxidant activity, and inhibition activity towards
enzymes related to some emerging lifestyle diseases, such as diabetes and
neurodegenerative diseases.

AVA In this study, the bioactivity of T. pannonicum and C. maritimum fractions
and extracts was assessed by measuring the content of bioactive compounds
and biological activities as described above. The role of plant extracts in
circular bioeconomies and integrated biorefineries for maximum feedstock
valorisation was discussed.

V. Protein is one of the target products of green biorefinery, and in this study,

different methods for protein precipitation from green juice fractions of S.
ramosissima and T. pannonicum were tested.

Paper I Paper II, 111, and IV Paper V

Biomass fractionation Fibre extraction and Protein precipitation
and characterisation bioactivity assays from green juice
Chapter 3 I Chapter 4 I Chapter 5

Figure 9 Overview of the studied themes, related papers, and outline of the dissertation. Figure
created with BioRender.com.

In addition to the listed studies, the cytotoxicity of the extracts was tested using
mammalian cell lines to learn about the extracts’ safety and potential anti-cancer
properties. Using an untargeted, explorative approach with liquid chromatography and
mass spectrometry (LC-MS), the analysis of selected metabolites, such as flavonoids
and phenolic acids, was carried out for extract samples.
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Considering the refinery of extractives-free fibres, lignocellulose pretreatment and
enzymatic convertibility were briefly explored. The protein precipitation from S.
ramosissima green juice by lactic acid fermentation was further studied by conducting
experiments in a bioreactor in a batch. These experiments were carried out to better
understand the acidification process, its efficacy, and potential limitations.

1.4.5. Sustainable development goals

This project contributes, directly or indirectly, to several of the sustainable
development goals (SDGs) defined by the United Nations [147]. “Responsible
Consumption and Production”, SDG no. 12, targets the sustainable use of natural
resources, a decrease in the environmental footprint of produced goods, and waste
reduction. This goal is one of the most directly linked to the PhD project, as this
project studies the concept of halophyte-based biorefinery, which could be
implemented in marginal land areas and provide multiple products through
sustainable processing routes and maximum feedstock valorisation according to the
principles of the circular economy.

Fertilising halophyte cultivation with aquaculture effluent and producing functional
protein-enriched feed supplements could help reduce aquaculture's harmful effects,
such as the released amount of excess nutrients and potential antibiotic residues, into
blue ecosystems while improving animal health. Hence, protecting “Life Below
Water” and contributing to SDG no. 14.

SDG no. 3, titled “Good Health and Well-Being”, targets the development of effective
and affordable medicines for non-communicable and infectious diseases.
Bioprospecting plants to discover their potential medicinal properties contribute
towards this goal. Finally, extractives-free fibres could be processed for bioenergy,
such as bioethanol or biogas, allowing the project to contribute to SDG no. 7,
“Affordable and Clean Energy”.
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Figure 10 Sustainable development goals [147] to which the research contributes.
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2.1. Halophyte biomass

In total, four different halophyte species were used in the project for bioprospecting:
Crithmum maritimum (Apicaceae), Salicornia europaea and Salicornia ramosissima
(Amaranthaceae), and Tripolium pannonicum (Asteraceae). All samples were
harvested non-food grade at a vegetative partly-lignified stage before seed production,
except C. maritimum from seed plants, which was harvested at the flowering stage. S.
europaea and T. pannonicum are widely distributed across the Nothern hemisphere,
whereas C. maritimum and S. ramosissima are found mainly on the coasts of the
Mediterranean Sea and Western Europe [148].

Table 1 Origin and cultivation of Crithmum maritimum, Salicornia spp. and Tripolium
pannonicum biomass used in the project. Biomass producers are the Institute of Botany of
Leibniz University Hannover, Germany (LUH), Riasearch Lda., Portugal (RSR), and Les
Douceurs du Marais, France (LDM).

Species Origin Description Harvest
Hydroponic cultivation in a greenhouse with
: . R 03-2021
L various cultivation salinities.
C. maritimum LUH . . o
Seed plants cultivated in the soil in a
09-2021
greenhouse.
S. europaca LUH Hydroponl; Culthat.IOIl ina gr;gghouse with 10-2020
various cultivation salinities.
Cultivation in the soil in a greenhouse with
N o . 09-2020
RSR irrigation and fertilisation with aquaculture 09-2021
S. ramosissima effluent with a salinity of 250 mM NacCl.
LDM Organic open-field cultivation on marshland 05-2021
with seawater irrigation. 10-2022
. Hydroponic cultivation in a greenhouse with 11-2020
I pannonicum - LUH various cultivation salinities. 06-2021

Plant biomass used in the projects was fractionated to green juice and fibre residue
using a screw press coupled with a coarse filter, and both a laboratory-scale single-
auger juicer and a pilot-scale twin-auger juicer were used. Biomass was not chopped
prior to pressing due to the relatively small size of the received plant material.
Separated fractions were weighed, and green juice was frozen immediately after the
fractionation. The fibre residue fraction was dried at 60 °C, size-reduced, and stored
at room temperature. Due to low biomass yields, C. maritimum and T. pannonicum
grown in high salinities were not fractionated; instead, these plants were considered
whole shrubs. For the studied halophyte biomasses, the green juice fraction
constituted 67 — 90 % of the fresh weight (FW) of the biomass, the fraction being
largest in S. europaea cultivated at 684 mM NaCl (40 g/L) salinity and smallest in C.
maritimum cultivated at 171 mM NaCl (10 g/L) salinity [34]. The distribution of
fractions in each biomass is described in papers [17,34,48,132].

31



EXPLORING THE POTENTIAL OF HALOPHYTE BIOMASS FOR GREEN BIOREFINERY APPLICATIONS

The fractionation process was later successfully performed on a demonstration scale
at the grass processing facility of Aarhus University in Foulum, Denmark, for S.
ramosissima (batch from 10-2022). Separation performance comparable to small-
scale processes was achieved, and from the fresh biomass, approximately 80 % was
recovered in juice fraction and 20 % as wet fibres with approximately 38 % dry matter
content. Therefore, a fractionation technology used in grass biorefinery systems could
also be transferred to green halophyte-based biorefineries, paying attention to the
material selections to tolerate the saline biomass.

Figure 11 Halophyte species: Salicornia europaea (a), Salicornia ramosissima (b), Tripolium
pannonicum (¢), and Crithmum maritimum (d). Photos by Laura Sini Sofia Hulkko.

2.2. Proximate composition analysis

All biomass samples were determined for their contents of ash, carbohydrates, Klason
lignin, lipids, crude protein, and organic acids. For dry matter (DM) and ash content,
structural carbohydrates and Klason lignin, and organic acids, methods described by
National Renewable Energy Laboratory (NREL) were used [149-151]. Weak acid
hydrolysis, sometimes called dilute acid hydrolysis, was performed for juice fractions
to determine the total amount of carbohydrates in liquid fractions. For crude protein
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(CP) content, the amount of total nitrogen was determined from dried samples using
an elemental analyser and applying the Jones’ conversion factor of 6.0 [152]. Lipids
were extracted using a conventional Soxhlet extraction with n-hexane for fibre
residues and liquid-liquid extraction for green juice fractions. All methods used to
determine the composition of biomass fractions are described in detail in Paper | [34].
The transesterification and determination of the fatty acid (FA) profile were carried
out as described in Paper Il and Paper IV [17,48].

2.3. Extraction methods

The plant extracts were prepared with a conventional laboratory-scale Soxhlet system
(Figure 12). Soxhlet extraction is a commonly used, reliable and replicable method
for solid-liquid extraction, and the principle of continuous evaporation, simultaneous
condensation, and cyclic siphoning of extract allows the production of concentrated
extract without mass transfer limitations [16]. The extraction chamber has a volume
of 100 mL, and 250 mL of solvent was used for the extraction. The extraction time
was 8 h for water extracts, and 6 h for ethanol and n-hexane extracts, and the obtained
amount of extractive material was determined by using a protocol by NREL [153].

Figure 12 Soxhlet extraction setup with cooling water recirculation.

Two types of extraction methods were applied for solid biomass fractions (Figure
13). First, extractions with water, 70 % aqueous ethanol, and n-hexane were carried
out as parallel experiments. This extraction method was used for fibre residues of C.
maritimum (09-2021), S. ramosissima (05-2021) and T. pannonicum (06-2021), and
the extracts were used in bioactivity studies included in Paper I11 and Paper IV [17,48].
In another approach, extractions with water and absolute ethanol were performed
sequentially using the same initial 15 g sample. This method was applied for the same
T. pannonicum and S. ramosissima biomass as the previously described method, as
well as for another S. ramosissima batch (09-2021) and C. maritimum (09-2021)
whole plant biomass. These extracts were used to test the cytotoxicity and run the
untargeted analysis of selected metabolites.
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a ‘Water extraction b Fibre residue
- ¥
Fibre residue e ethan_ol (aq) Water extraction
extraction
n-hexane extraction Fthanol extraction

Figure 13 Parallel (a) and sequential (b) extraction methods

2.4. Pretreatment and enzymatic saccharification of fibres

After the sequential extractions, extractives-free fibres from S. ramosissima and T.
pannonicum were used for hydrothermal pretreatment and enzymatic hydrolysis.
Samples of 5 g were weighed into 250 mL flasks, 100 mL of demineralised water was
added, and samples were mixed to ensure all fibres were submerged (5 w/v% DM
loading). Samples were then treated in an autoclave under subcritical conditions at
121 °C for 30 min, corresponding to moderate severity factor 2.4, previously used as
a hydrothermal pretreatment for lignocellulosic halophyte fibres from wet
fractionation [131]. For comparison, S. ramosissima fibres were also pretreated at 190
°C for 10 min in a pilot-scale pretreatment reactor with active cooling and constant
stirring, using 25 g extractives-free biomass and 500 mL water. This pretreatment
condition corresponds to a higher severity factor of 3.7, previously tested for both wet
fractionated and completely lignified Salicornia shrubs [98,128]. After cooling, the
liquid was separated by vacuum filtration (MontaMil 0.45 pm PVDF membrane filter,
Frisenette). However, due to membrane fouling, the T. pannonicum pretreatment
liquid was filtered through a more coarse filter paper, with particle retention of 12 —
15 um. The obtained pretreated fibres were dried at 60 °C overnight before their
hydrolysation.

The pretreatment liquid was analysed for the contents of possible sugar degradation
products. The concentrations of furfural and 5-hydroxymethylfurfural (HMF) were
determined using an HPLC with a C18 column (InfinityLab Poroshell 120 EC-C18,
Agilent Technologies), a mobile phase consisting of 80 % phosphoric acid (0.2 %)
and 20 % acetonitrile, and diode array detector.

The convertibility of lignocellulosic residual fibres was tested using a 6 % enzymatic
dosing (Cellic® CTec3 HS, Novozymes). Pretreated fibres were mixed with 0.05 M
acetate buffer (pH 5.0) to 10 w/w% DM loading in 250 mL baffled flasks, and 0.18 g
of enzyme solution was added. The enzymatic saccharification was carried out by
incubating flasks at 50 °C with 150 rpm shaking for 24 h. Afterwards, the samples
were centrifuged to separate the undigested fibres, and hydrolysate samples were
diluted with ultrapure water with a 1:2 ratio and filtered through a 0.45 um syringe
filter in order to measure the free sugar monomers released in the saccharification.
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2.5. Analysis of phytochemicals
2.5.1. Total contents of phenolic compounds

Samples were analysed for their contents of total phenolic compounds (TPC), total
flavonoids (TFC), total condensed tannins (TCT), also called proanthocyanidins, and
total anthocyanidins (TAC), using absorption spectroscopy [154-157]. The methods
adapted to 96-well plates were carried out as described in detail in Paper I11 and Paper
IV [17,48], and the results are given as a concentration of reference compounds
equivalent, determined using a calibration curve (Figure 14). The reference
compounds used for calibration were gallic acid for total phenolic compounds,
quercetin for total flavonoids, catechin for total condensed tannins, and cyanidin
chloride for total anthocyanidins (Figure 15).
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Figure 14 Calibration curves obtained for using gallic acid (a), quercetin (b), catechin (¢), and
cyanidin chloride (d). Calibration curves were used to calculate the total contents of phenolics,
flavonoids, proanthocyanidins, and anthocyanidins, respectively.

Figure 15 Chemical structures of phenolic compounds used as reference compounds in assays:
gallic acid (a), quercetin (b), catechin (¢), and cyanidin chloride (d).
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2.5.2. Total contents of photosynthetic pigments

The approximated total amounts of photosynthetic pigments, chlorophylls (CHL) and
carotenoids (TCA), were determined for juice fractions and ethanol extracts using a
spectrophotometric method described by Lichtenthaler and Wellburn [158] using the
following equations:

CHLa = 13.95 X Aggs — 6.88 X Agyo
CHL b = 24.96 X Aggo — 7.32 X Aggs
TCA = (1000 X A,;o — 2.05 X CHL a — 114.8 x CHL b)/245

2.5.3. Untargeted analysis of selected metabolites

Water and ethanol extracts dissolved to corresponding solvents with a 2 mg/mL
concentration were analysed using HPLC coupled with high-resolution mass
spectrometry. Separation was done using ultra-high performance liquid
chromatography (UltiMate 3000, Thermo Scientific), RP-18 column (Accucore, 2.1
x 100 mm, 2.6 um, Thermo Scientific) and mobile phase containing water (A) and
acetonitrile (B), both supplemented with 0.1 % formic acid. The solvent gradient
started with 100 v/v% A for 2 min, after which B linearly increased 30 v/v% in 30
min and v/v100 % in 16 min. In the end, the mobile phase was returned to 100 v/v%
A for an additional 5 min. The flow rate inside the system was 0.3 mL/min, and the
sample injection volume was 10 pL.

Mass analysis was carried out with a mass spectrometer (Orbitrap Elite, Thermo
Scientific) with heated electrospray as an ionisation source. The following parameters
were used: spray voltages of 3.7 kV (positive) and 4.0 kV (negative), 40 arbitrary
units of sheath gas and 10 arbitrary units of auxiliary gas, and heater and capillary
temperatures of 300 °C and 350 °C, respectively. Compounds were detected within a
range of 100 — 1000 m/z, and fragmentation spectra were obtained using data-
depended mode with dynamic exclusion. Obtained data were analysed using software
(Compound Discoverer 3.3, Thermo Scientific) and compounds annotated using
mzCloud, Arita Lab 6549 Flavonoid Structure Database, EFS HRAM Compound
Database, Endogenous Metabolites database of 4400 compounds, LipidMaps
Structure database 2021-09-13, and Natural Products Atlas 2020-06.

2.6. Biological activity of extracts
2.6.1. Antioxidant activity

In order to evaluate the in vitro antioxidant properties of the samples, three radical-
based assays and three metal-based assays were carried out. The radical scavenging
activity was tested against the following radicals: 2,2-diphenyl-1-picrylhydrazyl
(DPPH), 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and nitric
oxide (NO) [159-161]. For metal-based assays, iron and copper chelating activities
(ICA and CCA, respectively), as well as ferric reducing antioxidant power (FRAP),
were tested [162]. The assays are described in detail in Paper |11 and Paper 1V [17,48].
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Gallic acid, a known antioxidant, was used as a positive control and reference
compound for DPPH and ABTS assays at 1 mg/mL concentration, and metal chelator
ethylenediaminetetraacetic acid (EDTA) at 1 mg/mL was used as a positive control
sample in ICA and CCA assays.

2.6.2. Enzyme inhibition activity

In vitro enzyme inhibition activity was tested against enzymes associated with type 2
diabetes mellitus (a-amylase and o-glucosidase), obesity and acne (lipase),
hyperpigmentation (tyrosinase), and neurodegenerative diseases, such as Alzheimer’s
disease (acetylcholinesterase and butyrylcholinesterase) [163-167]. The protocols are
described in detail in Paper Il and Paper IV [17,48]. The results are expressed as
percentages of inhibition at 10 mg/mL concentration based on the negative control.
For comparison, the results were benchmarked against medicinal compounds
currently in the market: galantamine (dementia drug), arbutin (used in cosmetics to
reduce dark spots and hyperpigmentation), acarbose (diabetic drug), and orlistat (used
to support weight loss in obese subjects).

2.6.3. Cytotoxicity

The cytotoxicity of the extracts to mammalian cells was tested using three cell lines
provided by the Centre of Marine Sciences of the University of Algarve: S17 (healthy
mice murine bone marrow stromal cells), HepG2 (human hepatocarcinoma), and
RAW 264.7 (mice leukemic macrophage). Cells were maintained in a DMEM culture
medium supplemented with 10 % inactivated fetal bovine serum, 1 % 2 mM L-
glutamine, and 1 % 50 U/mL penicillin/50 pg/mL streptomycin at 37 °C humidified
atmosphere with 5 % CO,. Cells were passaged when 70 — 80 % confluence was
reached, and a minimum of two cell division cycles with minimal observed
morphological modifications were passaged before using the cells in assays.

Cytotoxicity assay was carried out for extracts obtained from fibre residue of S.
ramosissima (09-2021) and T. pannonicum (06-2021), and whole C. maritimum plant
biomass (09-2021). The cell viability was tested using a colourimetric assay with 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) as described by
Rodrigues et al. [65]. Cells were seeded to 96-well plates with a density of 5x10°
cellsfwell (S17 and HepG2) and 10x102 cells/well (RAW 264.7) and incubated for 24
h. When cells were attached to the bottom of the wells, extracts were applied with a
concentration of 200 pg/mL, and plates were further incubated for 72 h. Afterwards,
20 pL of 5 mg/mL MTT in phosphate-buffered saline was added, and plates were
incubated for 2 h. Viable cells converted MTT to purple crystals, which were then
dissolved into 150 L. DMSO. Absorbance was read at 590 nm (Biotek Synergy 4,
Biochrom), and results were expressed as a percentage of cell viability based on the
negative control cells with no added extract. Extracts exhibiting cell viability below
75 % were considered cytotoxic at the tested concentration.
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Figure 16 Mammalian cell lines used in the study: SP17 (a), HepG2 (b), and RAW 264.7 (¢).
Undesirable morphological modifications were observed in some RAW 264.7 cells (d). Cells
are 200 times magnified and photographed with a camera linked to a Zeiss Axio microscope.

2.7. Protein precipitation methods

Different methods were tested to precipitate the protein from the S. ramosissima (09-
2021) and T. pannonicum (06-2021, 120 mM NaCl salinity) juice fractions: heat
coagulation, acidification with HCI, and fermentation with lactic acid bacteria (LAB).
The heat coagulation was carried out as described by Christiansen et al. [128]. In brief,
200 mL green juice samples were heated in a water bath until 80 °C, kept at that
temperature for an additional minute, and cooled down in an ice bath before separating
the protein-enriched concentrate by centrifugation. Acidification to pH 3.5 was done
by slowly adding < 1 mL of 7.7 M HCI at room temperature under constant stirring.

Protein was precipitated from juice also by using the LAB fermentation method
adapted from one developed by Kiel et al. [168]. First fermentations were carried out
in baffled shake flasks, where 180 mL of the green juice was inoculated with 10 v/v%
overnight LAB pre-culture. Flasks were flushed with nitrogen, and fermentation was
carried out at 37 °C for 48 h in a shaking incubator. A fairly large inoculate was used
to ensure that the fermentation was taken over by the inoculated LAB and not an
acidifier naturally present in the unsterilised juice medium.

Fermentation experiments for S. ramosissima juice were also carried out in a
bioreactor (Biostream BioBench) with a 1 L working volume, nitrogen flushing,
temperature control at 37 °C, and constant pH and dissolved oxygen measurements.
Green juice (900 mL) was inoculated with 10 v/iv% LAB pre-culture, and levels of
available sugars and produced metabolites were determined by hourly sampling.
Samples were cooled immediately to inhibit the LAB growth, filtered through 0.45
pum syringe filters, and sugars, acetic acid, lactic acid, and ethanol concentration were
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measured using HPLC and protocol by NREL [149]. Fermentation was stopped when
the target pH was reached.

The PEC was separated by centrifugation at 4000 rpm for 20 min. Brown juice was
decanted and discarded. PEC was dried overnight in a 60 °C fan oven and
homogenised. Recovery of DM and CP from juice to PEC were calculated as follows:

DM recovery [%] = DM in PEC [g]/DM in juice [g] X 100 %
CP recovery [%] = CP in PEC [g] /CP in juice [g] x 100 %
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3.1. Introduction to the nutritional composition of halophytes

Especially Salicornia species are known for their high phenotypic plasticity, meaning
their ability to adapt to changing environmental conditions, which causes significant
differences in the visual attributes of plants and the chemical composition of different
ecotypes [85,169-172]. Indeed, one notable characteristic of halophyte biomass is the
high ash content, the inorganic material in the plant matrix, which can constitute up
to 30 — 50 % of the dry plant mass, especially in succulent species using sodium-ion
accumulation and compartmentalisation strategies as their salt-tolerance mechanism
[33]. Differences in chemical composition have also been observed in some
halophytes of the Amaranthacaea family in different phenotypic stages, such as a
decrease in crude protein (CP) content in the red-purple stage [173,174]. Succulent
halophytes have been shown to produce these protective pigments in response to
biotic and abiotic stresses, such as high salinity and high UV radiation intensity [173—
176]. However, the occurrence of red-purple pigments tends to be in more mature
plants, and the later harvest stage has been linked to decreasing protein content not
only in halophyte S. europaea [177] but also in conventional forage biomass [178].
Intra-specific variations were also noted in this project: S. ramosissima biomass batch
(05-2021) cultivated in an open field with high salinity exhibited succulent texture,
high juice content (> 80 % of initial FW) and extremely high juice ash content (81.8
0/100g DM), whereas the batch cultivated in a greenhouse in brackish water (09-2020)
was more lignified in texture, had lower juice content (66.7 % of initial FW) and lower
ash content [48,132]. S. ramosissima from open-field cultivation was also partly red
in colour, likely due to higher exposure to abiotic stresses.

The average CP content of herbaceous plants and green fodder commonly used as
feed is 11.5 ¢g/100g DM and 12.2 g/100g DM, respectively, and 9 — 19 g/100g DM CP
content has been reported for crops typically used in green biorefineries [179,180].
Many edible halophytes have reported protein content within range. The lipid content
of the vegetative fraction of halophytes, especially succulent shrubs, is typically low
[181], and reviewed studies report lipids contents of 1.1 — 5.9 % for halophyte
biomass, excluding Arthrocnemum indicum and Suaeda fruticosa. Agudelo et al.
[144] also reported only up to 1.1 g/100g DM, 1.2 g/100g DM and 2.3 g/100g DM
lipid content for Atriplex halimus, Salicornia fruticosa, and Cakile maritima.
However, the halophyte seeds may be a notable source of lipids, and Joshi et al. [101]
reviewed the reported oil concentration of seeds from different species, which varies
between 6 — 44 %.

The lignocellulose from succulent halophytes is typically characterised by low lignin
content. Abideen et al. [182] studied the lignocellulosic fraction of various halophyte
plants and reported a lignin content of 2.3 — 8.3 % out of the lignocellulose fraction.
For comparison, wood biomass has reported a lignin content of 15—4 %, depending
on the species [183]. Similar low lignin contents were also reported in studies
reviewed by Joshi et al. [101], and the same study shows how the fraction of cellulose
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and hemicellulose varies greatly between different species. Trucios et al. [177] studied
the changes in S. europaea composition over the growth period and showed the
lignocellulose fraction to increase with age (lignification). Cybulska et al. [146]
studied the composition of ten halophyte species and found the highest total
carbohydrate concentrations in Cornulaca aucheri (34.3 g/100g DM) and S. sinus-
persica (33.4 g/100g DM). In some studies, the carbohydrate fraction is determined
as neutral detergent fibre (NDF), which includes most of the structural plant material,
or total dietary fibre (TDF), which includes polysaccharides, lignin and other
associated plant compounds but not potential sugars available as starch. Indeed, most
available studies focus on the nutritional quality of edible plant fractions.

The nutritional composition of some edible halophytes is summarised in Table 2. For
comparison, C. maritimum from non-saline hydroponic cultivation, S. ramosissima
(09-2020), S. europaea cultivated in 342 mM NaCl salinity, and T. pannonicum from
non-saline cultivation were added from the biomass batches considered in this study.
However, the compositions are discussed in detail in Section 3.2.1 and Section 5.3.1.

Table 2 Proximate (nutritional) composition of some edible halophytes. Dry matter is
determined as [g/100g FW], whereas other constituents are determined as [g/100g DM]. FW:
fresh weight, DM: dry matter, CP: crude protein, * determined as total dietary fibre, **
determined as neutral detergent fibre.

Biomass DM  Carbohydrates @ CP Lipids Ash Ref.
Arthrocnemum indicum 19.9 50.3% 15.6 13.1 15.1 [174]
Atriplex lampa n/a 35.5%%* 14.0 n/a 30.6  [184]
) . 12.4 59.1 12.7 5.9 22.4 [44]
Crithmum maritimum
1.1 26.4 23.1 1.9 16.0 [34]
Halminione portulacoides = 22.0 40.5% 9.5 2.1 27.7  [185]
Inula crithmoides 11.9 15.5 23.2 3.1 358  [186]
Mesembryanthemum | o 122 164 56 391 [186]
nodiflorum
Salicornia bigelovii 15.1 17.2 7.5 n/a 39.0  [128]
Salicornia europaea 8.0 22.5 14.4 2.6 42.2 [34]
Salicornia herbacea 26.1 51.3 7.7 1.1 23.4  [187]
10.1 8.4% 20.9 4.8 479 @ [188]
Salicornia ramosissima 15.5 22.5%* 5.2 1.9 29.2 | [189]
13.7 37.2 9.6 2.7 264 [132]
Sarcocornia fruticosa 9.0 9.3* 12.6 5.6 434 [190]
Sarcocornia perennis 14.2 34 1%* 6.9 2.3 233 [189]
Suaeda fruticosa 25.6 39.5% 17.2 19.1 10.5 | [174]
Suaeda maritima 10.4 12.8%* 17.7 5.6 31.0  [190]
Triglochin maritima 9.9 49.8 27.8 2.5 27.8 | [191]
7.9 45.56 16.8 2.9 347 | [192]

Tripolium pannonicum
8.1 30.2 25.9 2.5 23.1 [34]
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3.2. Findings on the composition of halophyte biomass

3.2.1. Cultivation and characterisation of Salicornia europaea, Tripolium
pannonicum and Crithmum maritimum biomass for green biorefinery
applications

This section summarises the key findings and discussions of Paper I, titled
“Cultivation and characterisation of Salicornia europaea, Tripolium pannonicum and
Crithmum maritimum biomass for green biorefinery applications” and published in
Scientific Reports [34], which studies the effect of cultivation salinity on the chemical
composition of halophytes and the distribution of plant primary metabolites to the
juice and fibre residue fractions. The results could aid in finding optimal cultivation
conditions and potential process routes for halophyte biomass.

Biomass was cultivated in hydroponic systems under various salinities at the Institute
of Botany, Leibniz University Hannover, Germany. Cultivation salinity significantly
affected the biomass yield in all species, with S. europaea exhibiting the highest yield
in 342 mM NacCl (corresponding to 20 g/L NaCl), whereas both T. pannonicum and
C. maritimum had their highest biomass production in non-saline conditions. These
results align with existing literature, as previous studies report the optimal salinity of
obligatory halophyte Salicornia to be within 200 — 400 mM NaCl [193-196].
Similarly, significant growth inhibition of facultative halophytes T. pannonicum and
C. maritimum under increased salinity has been observed previously [55,82,197-200].
Whereas both S. europaea and T. pannonicum are hydrohalophytes found in coastal
marshlands, C. maritimum is a chasmophyte with a natural habitat in rocky seashores
[201], which explains the observed lower salt tolerance and biomass production.

T. pannonicum and C. maritimum grown in salinities > 171 mM (corresponding to 10
g/L NaCl) exhibited too low biomass yields for the fractionation process, and they
were considered whole shrubs. Other obtained biomass was screw-pressed, yielding
84.6 — 90.2 % green juice. The juice DM content was 4.7 — 5.8 % in S. europaea, 3.9
—4.2% in T. pannonicum and 5.4 — 7.4 % in C. maritimum. As the DM of the fibre
fractions is highly dependent on the performance of the fractionation equipment, it
was similar for all species, varying between 21.1. — 27.7 %. The total DM of plants
increased as the salinity increased, except in S. europaea, which had no significant
changes in the total DM content. In general, the cultivation salinity had a greater
effect on the composition of S. europaea, whereas in T. pannonicum and C.
maritimum, the increased salinity affected the biomass yield rather than the biomass
composition. The tested compounds were ash, carbohydrates and Klason lignin, CP,
lipids, and organic acids. The composition of S. europaea, T. pannonicum, and C.
maritimum whole plant biomass from different salinities are presented in Figure 17.
The fraction constituents, sugar profiles, and minerals present in the ash are reported
in detail in Paper | [34].
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Figure 17 Effect of cultivation salinity on the composition of whole shrubs of partly lignified
Salicornia europaea (a), Tripolium pannonicum (b), and Crithmum maritimum (c) [34], adapted
and reproduced with permission from Springer Nature. The composition of fractionated

biomass can be found in the original research paper.
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Effect of salinity on the composition of S. europaea

In S. europaea, the cultivation salinity significantly affected all tested biomass
constituents in whole plant biomass, as well as both green juice and fibre fraction. The
protein content was highest in the plants cultivated in non-saline conditions, and
besides plants cultivated in 513 mM NaCl (corresponding to 30 g/L NaCl), > 60 % f
the initial CP was found in the juice fractions. High protein content in the vegetative
part of a plant is typically linked to younger development stages [177,178], which
could be the case in S. europaea cultivates at 0 and 684 mM NaCl (corresponding to
40 g/L NaCl) due to growth inhibition in unfavourable conditions (too low and high
salinity). Similar CP concentrations have been reported for other Salicornia species
[99,188,196]. High-succulence Salicornia species accumulate sodium ions in their
tissues, and an increase in total ash content by salinity and the highest Klason lignin
content close to the optimal cultivation salinity have been previously reported for S.
bigelovii and S. ramosissima [188,202]. Considering juice fractions, S. europaea also
had significantly lower concentrations of free sugar monomers compared to two other
species, the highest concentrations being 3.7 g/100g DM, 26.1 ¢/100g DM, and 40.8
0/100g DM for S. europaea, T. pannonicum, and C. maritimum, respectively. Besides
lignification by age, the largest lignocellulose fraction is linked to the larger plant size
and highest biomass yield from optimal cultivation salinity [172,196], which was
observed in both S. europaea and T. pannonicum samples.

Effect of salinity on the composition of 7. pannonicum

In T. pannonicum samples, significant differences amongst all samples were observed
only in total lipid, carbohydrate, and CP content. The ash content was significantly
different in plants grown at 0 and 684 mM NaCl. According to Ludwiczak et al. [203],
the first response of T. pannonicum to salinity stress is to produce high levels of
antioxidant metabolites to balance the excess production of reactive oxygen species,
whereas the accumulation of ions is a slower response. The used mechanism depends
on the type and species of plant, growth stage, and intensity and duration of the stress,
which leads to varying salt tolerance seen in nature [33,34,203]. T. pannonicum also
had the highest CP concentration of all studied species, up to 29.97 + 0.20 g/100g
DM. Whereas differences in CP content of the whole plant biomass were significant
between salinity conditions, no significant differences were observed when juice and
fibre fractions from 0 and 171 mM NaCl (corresponding to 10 g/L NaCl) were
considered separately. The CP content was higher than previously reported for
Asteraceae species [102,204]; however, the presence of other nitrogen-containing
compounds, such as nitrate, chlorophyll and non-protein amino acids, may cause an
overestimation of protein content. A high content of xylose observed in both T.
pannonicum makes it an interesting species for the production of hemicellulose-
derived biochemicals, such as xylitol, furfural, or prebiotic oligosaccharides [16,34].

Effect of salinity on the composition of C. maritimum

Significant differences were observed in the contents of ash, CP, and lignocellulose
constituent in C. maritimum from different cultivation salinities. Especially plants
cultivated at 86 mM NaCl (corresponding to 5 g/L NaCl) were rich in total
carbohydrates (34.71 =2.86 g/100g DM in whole plant) and available glucose (18.21
+ 0.47g/100g DM in juice). An inverse relationship between salinity and CP content
of C. maritimum was also observed, whereas differences in CP content of fibre
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fraction were non-significant. Ash from C. maritimum has a high calcium content, and
calcium has a protective role in the salt tolerance of plants [205].

3.2.2. Processing of the fibre residue fraction

Extraction yields

From parallel extractions, the yield of different extracts is reported in Table 3. The
highest concentration of both water and ethanol extractives was found in S.
ramosissima fibres, with 33.7 g/100g DM and 31.5 /100 gDM, respectively. On the
contrary, the lowest content of water and ethanol extractives was found in C.
maritimum, with 16.5 g/100g DM and 13.6 g/100g DM, respectively. Very low lipid
content (n-hexane extractives), which is typical for succulent halophytes in the
vegetative stage, was observed in all species. Similar low lipid contents, 1.6 — 4.8
9/100g DM, were also observed in other studied halophyte fibre fractions [34].

Table 3 Content of extractive material [g/100g DM] obtained from parallel extractions with
solvents with increasing polarity.

. Water Ethanol Hexane
Species . R . Ref.
extractives extractives extractives
C. maritimum 16.54 £0.33 13.56 2.20+0.10 [17]
S. ramosissima 33.68 £2.31 31.45+0.59 1.13 +£0.06 [48]
T. pannonicum 18.73 £0.50 25.88 £2.47 2.87+0.04 [17]

Besides biological and environmental factors (discussed in detail in studies presented
in Chapter 4), the extraction yield highly depends on the used extraction methods,
biomass pre-processing and storage, and used solvent and its purity [16,206-210].
Commonly used solvent extraction methods are maceration, infusion, decoction, and
Soxhlet extraction. The benefit of Soxhlet extraction is that the extraction is not
limited by mass transfer constraint, as the solvent is gradually introduced to the
biomass through extraction cycles [16]. However, some compounds of interest in
plant extracts are sensitive to elevated temperatures or are unstable in neutral or
alkaline pH [16,211-213]. Therefore, the benefits of prolonged extractions in these
conditions should be evaluated for each biomass and compound of interest. Ultrasoun-
assisted and microwave-assisted extractions, pressurised-liquid extraction, and other
unconventional methods have been tested in recent years to improve extraction yields
and reduce the extraction time in potentially undesired conditions [209,211,214,215].

In subsequential extractions (Figure 18), the highest content was extractives was
found in C. maritimum, likely due to the use of whole, non-fractionated plant biomass
in these extractions. Considering the total water and ethanol extractive material, the
results are comparable to those of ash-free extracts reported by Cybulska et al. [146]
for ten different halophyte species. This may indicate that when water-soluble salts,
which the halophyte ash mainly constitutes, end up with the juice fraction after the
screw press, while the majority of the potentially valuable extractives remain in the
fibre fraction. The amount of water extractives was highest in C. maritimum, 27.00 +
0.54 %, followed by S. ramosissima and T. pannonicum, with 23.61 + 0.49 % and
10.75 + 1.16 %, respectively. The highest content of ethanol extractives, 5.38 + 0.22,
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was found in T. pannonicum, and low (< 5 %) ethanol extractive content was also
previously found in most of the different halophytes tested in a previous study [146].
The hydrothermal pretreatment with higher severity subritical conditions allowed the
better extraction of compounds from lignocellulose matrix, the amount of released
increasing from 3.77 £ 0.14 % to 19.51 + 3.76 % when changing the pretreatment
conditions from SF 2.4 to SF 3.7.
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g 30 O Water extractives
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CM SR, SF 2.4 SR, SF 3.7 TP,SF 2.4

Figure 18 Amount of extractives after subsequential Soxhlet extractions of halophyte dry
matter. CM: Crithmum maritimum, SR: Salicornia ramosissima, TP: Tripolium pannonicum

(120 mM NacCl), SF: severity factor. CM fibres were not pretreated. SF 2.4: 121 °C 30 min, SF
3.7: 190 °C 10 min.

Convertibility of fibres

The recoveries of sugars from the pretreated lignocellulosic fibres to hydrolysate after
enzymatic saccharification are shown in Figure 19. In a previous study carried out for
S. sinus-persica, Alassali et al. [131] reached the highest cellulose recovery to
pretreated de-juiced fibres with SF 2.4 and also achieved > 60 % ethanol yields with
simultaneous enzymatic saccharification and fermentation of pretreated fibres with
Saccharomyces cerevisiae, showing good sugar convertibility. However, this was not
the case with extractives-free S. ramosissima, as the convertibility of fibres treated
with SF 2.4 was close to those without hydrothermal pretreatment and recovery of all
the sugars to hydrolysate was < 10 %. For S. ramosissima, 70 — 80 % sugar recoveries
were achieved using pretreatment with a higher severity factor. Christiansen et al.
[128] also tested SF 3.7 pretreatment for de-juices S. bigelovii fibres and reached > 80
% glucose and xylose and > 40 % arabinose recovery to hydrolysate based on the
content of carbohydrates in untreated fibres. These high pentose recoveries indicate
only low levels of sugar degradation during pretreatment. For completely lignified S.
bigelovii, pretreatment at SF 3.7 has also shown high cellulose recovery to fibres,
efficient xylose release to pretreatment liquids with minimum furfural production, and
high fibre convertibility and ethanol yields [98,216]. Differences in the results may be
due to variations between closely related species and differences in the biomass
growth stage and processing methods. On the other hand, the pretreatment with SF
2.4 significantly enhanced the glucose recovery from T. pannonicum fibres to
hydrolysate, reaching 73.0 %, whereas the convertibility of pentose sugars was not
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significantly affected. Overall, the results highlight the importance of pretreatment
optimisation for each specific type of biomass.
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Figure 19 Sugar recovery from pretreated fibres to hydrolysate after enzymatic
saccharification. SR: Salicornia ramosissima, TP: Tripolium pannonicum (120 mM NaCl), SF:
severity factor.. SF 2.4: 121 °C 30 min, SF 3.7: 190 °C 10 min.

In pretreated S. ramosissima fibres, the fraction of available glucose in the fibres
increased from 39.0 g/100g DM to 70.9 g/100 g DM, moving from lower to higher
severity, and only < 0.5 g/100g DM glucose monomers were found in SF 3.7
pretreatment liquid, showing high cellulose recovery to fibres. However, the xylose
fraction in the fibres decreased from 26.9 g/100g DM to 10.4 g/100g DM and
arabinose from 3.3 g/100g DM to 0.7 g/100g DM due to pentose sugar release to a
liquid fraction. Therefore, the high recoveries of xylose and arabinose to the
hydrolysate obtained in this study have been from significantly lower initial sugar
content in pretreated fibres. The pretreatment liquid from SF 3.7 was rich in free
pentose sugars, with xylose and arabinose concentrations of 10.07 + 0.53 g/100g DM
and 12.83 + 0.32 g/100g DM, respectively. However, whereas nearly all of the total
glucose and arabinose were recovered in pretreatment fractions, > 55 % of the xylose
was lost due to degradation. Heating and cooling rates of the used equipment can have
a significant role in the pretreatment performance by affecting the time the biomass
has been exposed to elevated temperatures, and the effect may be more pronounced
when moving from laboratory-scale vessels to larger-scale systems.

Sugar degradation products

Considering the sugar degradation products, < 0.5 g/100g DM of HMF was measured
from both S. ramosissima pretreatment liquids (Figure 20). On the contrary, 41.95 +
5.35 ¢/100g DM of furfural was measured from S. ramosissima pretreatment liquid
from SF 3.7, whereas no furfural was detected from SF 2.4 pretreatment liquid.
Indeed, more than 40 % of the SF 3.7 pretreatment liquid DM was furfural and
pretreatment at SF 3.7 could be considered too severe and harsh for S. ramosissima
fibres. From the T. pannonicum pretreatment liquid, neither furfural nor HMF was
measured. A pretreatment optimisation study is needed to find the conditions to
achieve high sugar release and recoveries with the minimum production of toxic
degradation products, which in high can concentrations can be inhibitory agents in the
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biorefinery targeting sugar fermentation to bioethanol [131]. On the other hand,
furfural can also be a desired compound of interest, as it is already commercially
produced and used as a platform chemical in, for example, furfuryl alcohol and 2-
furoic acid production [16].

Figure 20 Salicornia ramosissima fibres and pretreatment liquid obtained from hydrothermal
treatment of extractives-free fibres at 190 °C for 10 min (SF 3.7).

3.2.3. Fatty acid profiles

Fatty acid profiles were determined from the n-hexane extract from fibre residues. In
C. maritimum, the lipids constituted 49.9% polyunsaturated fatty acids (PUFA), 36.7
% saturated fatty acids (SFA), and 13.4 % monounsaturated fatty acids (MUFA), the
main FA being linoleic acid (34.4%) [17]. In S. ramosissima, the corresponding values
were 58.2 % PUFA, 41.0 % SFA, and 34.5 %, with the same predominant FA linoleic
acid (34.5 %) [48]. In T. pannonicum, the amount of PUFA was significantly higher,
78.2 %, followed by 20.6 % SFA and 1.2 % MUFA, and the main FA was a-linolenic
acid with 53.2 % relative concentration [17]. Very-long chain fatty acids arachidic
acid, behenic acid, and lignoceric acid were only found in S. ramosissima. Obtained
results are aligned with the existing literature reporting the FA profiles from different
fractions for the species of interest [192,217-220].

All samples exhibited the »-6 and -3 ratio < 5 reported to contribute to the anti-
inflammatory properties of PUFA and reduced risk of cardiovascular diseases and
cancer [221,222]. The w-6 and -3 ratios were 2.2, 1.5, and 0.5 for C. maritimum, S.
ramosissima, and T. pannonicum, respectively [17,48]. FA profiles are presented in
Table 4. Even if the FA profile may be important for some nutraceutical or feed
applications, due to the very low total content of lipids described in the previous
section, the role of health-beneficial PUFA for biorefinery added value creation may
not be significant.

Table 4 Relative concentrations of fatty acids (FA) in obtained lipids [% FA/total FA] from S.
ramosissima [48], and C. maritimum and T. pannonicum [17)]. SFA: saturated fatty acids,
MUFA: monounsaturated fatty acids, PUFA: polyunsaturated fatty acids.

Fatty acid C. maritimum 8. ramosissima = T. pannonicum
Myristic acid 1.5+2.2 04+04 n.d.
Palmitic acid 289+ 1.8 309+23 19.0+0.2

Palmitoleic acid 1.9+2.7 n.d. n.d.

Stearic acid 6.3+0.3 2.7+0.1 1.6+0.0
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Oleic acid 11.5+0.2 1.3+0.1 1.2+0.5

Linoleic acid 344 +1.8 345+0.7 249+0.2

o-Linolenic acid 155+0.7 23.7+1.4 53.2+0.3
Arachidic acid n.d. 1.0£0.9 n.d.
Behenic acid n.d. 39+0.1 n.d.
Lignoceric acid n.d. 2.1+1.8 n.d.

¥ SFA 36.7+4.3 41.0+0.9 20.6+0.2

X MUFA 134+29 1.3+£0.1 1.2+0.5

2 PUFA 499 +1.2 582+2.0 782 +0.5

-6/ »-3 22402 1.5+0.1 0.5+0.0
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Chapter 4. Bioactivity of Plant Extracts

4.1. Review on bioactive compounds in halophyte extracts

This section summarises Paper Il titled “Extraction and Quantification of
Chlorophylls, Carotenoids, Phenolic Compounds, and Vitamins from Halophyte
Biomasses“ and published in MDPI Applied Sciences [223], which considers the
phenolic compounds, proanthocyanidins, pigments and vitamins in halophytes and the
related extraction and analytical methods. This study aimed to gather the existing
knowledge of the concentration of compounds of interest found in different halophyte
species and the protocols used in their extraction and determination. For this section,
the review was extended to cover the reported concentrations of total flavonoids and
consider the main specific polyphenols found from the halophyte species of interest.

Polyphenolic compounds in halophytes

Phenolic compounds are a diverse group of phytochemicals, including flavonoids,
phenolic acids, lignans, and their various derivatives. These compounds can be
effectively extracted from biomass using methanol or acetone as a solvent, and the
majority of the reviewed studies used either of these as solvents to achieve the highest
phenolic yields [223]. Aqueous extracts have also been studied [143,206,224-226],
key drivers being chemical safety and a wide range of extract applications. The total
contents of different phenolic groups can be determined using established absorption
spectroscopy assays, also used in this PhD project for Paper 11l and Paper 1V, and
different chromatographic methods are developed to detect and quantify the
concentration of specific phenolic compounds in the extracts.

Polyphenols are the phytochemicals linked to the biological activities and health
benefits of plants, including antioxidant and anti-inflammatory properties, prevention
of cardiovascular and metabolic diseases, and antimicrobial, anti-viral and anti-cancer
effects, amongst others [50,62,66,71]. The group of phenolic acids constitute
hydroxybenzoic and hydroxycinnamic acids and their derivates. Flavonoids can be
divided into various sub-classes, including flavanones, flavanols, flavonols,
isoflavones, flavones, and anthocyanidins [61]. Both phenolic acids and flavonoids
are compounds of interest due to their various potential applications in biomedicines,
nutraceuticals, and cosmetics [61,62,66,211,227]. Proanthocyanidins are polymerised
flavonoids found in various plant fractions, giving them astringent, bitter and sour
taste [228,229]. These compounds yield anthocyanidins, responsible for the red,
purple and blue colour of plants under acidic oxidative conditions [227]. In nature,
proanthocyanidins protect plants from insects, parasitic nematodes, fungal infections
and other diseases, and they have recently increased interest due to their potential
pharmacological use [228-231].

Considering the species of interest for this PhD project, the main phenolic acids
quantified and identified from Salicornia species extracts are p-coumaric acid, gallic
acid, protocatechuic acid, chlorogenic and ferulic acid, and main flavonoids catechin,
myricetin, rutin, isorhamnetin, and some quercetin derivatives [206,208,232-234].
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Extracts from T. pannonicum are less studied for the concentration of specific
compounds; however, quercetin, luteolin, apigenin, and several quercetin and
kaempferol derivates have been identified in this species [235]. C. maritimum has
been characterised to be especially rich in phenolic acids, mainly chlorogenic acid and
its isomers neochlorogenic acid and cryptochlorogenic acid, but also trans-ferulic acid
and other phenolic acid derivatives [44,143,236-238]. Various other polyphenols
were also reported in lower concentrations from extracts of the studied halophytes and
reported concentrations vary between studies. There are thousands of naturally
occurring polyphenols in plants, and their diverse structures and complex derivates
make them difficult to identify and quantify [66,239].

The concentration of TPC, TFC, and TCT depends on biological factors, such as
genotype and the plant's growth stage, but also on the specific plant organ used for the
extraction. Extracts from Limonum algarvense and Tamarix gallica flowers have been
shown to contain significantly higher concentrations of phenolics compared to leaves
and other plant organs [240,241]. Similarly, from Limonium delicatulum, S. europaea,
and C. maritimum, higher content of phenols was obtained in plants in the flowering
growth stage compared to the vegetative stage [238,242]. High polyphenolic contents
were also found in other species with distinctive flowers (Figure 21), such as T.
pannonicum (syn. Aster tripolium), Retama raetam, and Mesembryanthemum edule
(syn. Carpobrotus edulis) [63,226,243,244]. High polyphenolic content in later
growth stages has also been reported for Salicornia species [177,245]. On the
contrary, the opposite was observed in Salsola kali, which had a higher phenolic
content in leaves compared to flowers and the highest polyphenolic content at the end
of the vegetative stage before flowering [246,247]. As many polyphenols are
produced to adapt to environmental stressors, their concentrations are also highly
dependent on temperature, water and soil salinity, drought or flooding conditions,
light exposure and the strength of UV radiation [66,82,188,190,247]. Due to multiple
factors affecting the production of polyphenols in plants, a large variation in
concentrations of TPC, TFC, and TCT between studies using the same species can be
observed. The total contents of different types of polyphenols and pigments in
halophytes are collected in Table 5.

b ,\(, 1 ; 0 ] e S5l Y4 ‘ s

Figure 21 Blooming halophytes: Hottentot Fig (Carpobrotus edulis) (a) and Tamarisk (Tamarix
gallica) (b), both by Phil Sellens, are licensed under CC BY 2.0 [248] and Retama raetam (c)
by Mitch Van Dyke and Limonium algarvense (d) by Lies Van Rompaey are licensed under CC
BY 4.0 [249].
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Photosynthetic pigments in halophytes

Chlorophylls and carotenoids are considered photosynthetic pigments. Chlorophylls
a and b are pigments responsible for the green colour of plants, which in human
nutrition not only make products more desirable for consumption but have antioxidant
and potential chemopreventive properties [39,171,273,274]. Carotenoids are yellow
and orange pigments protecting plant photosystems, and they can be divided into
carotene and xanthophylls [126,275]. Carotenoids are linked to many health benefits,
including pro-vitamin A activity, immunomodulation, improvement of cognitive
functions, and prevention of cardiovascular and degenerative disorders [275-277].
Sarcocornia fruticosa has shoen to be rich in -carotene, as well as lutein [190,255].
Cultivation salinity has been shown to affect the pigment concentration of plants.
Some studies show an inverse relationship between salinity and pigment content
[126,255,262,264], but increased pigment content or no significant change has also
been reported for halophytes [126,171,188]. Pigment content has also been shown to
be highest in plants at the younger growth stage [173].

Vitamins in halophytes

Vitamins are essential nutrients required for the average growth and health of humans.
Thus they are highly commercialised for functional food additives and nutraceuticals,
as the key sources of vitamins, such as vegetables, fruits, unrefined cereals and nuts,
are often lacking, especially in the Western pattern diet [276,278]. Different
chromatography methods are typically used to determine the concentration of
vitamins in plant extracts [223]. Phenotypic stage and cultivation conditions, such as
salinity, and storing conditions, have been shown to affect the nutritional composition
of halophytes [174,188,260]. Considering water-soluble vitamins, ascorbic acid
(vitamin C) is a potent antioxidant, having various roles, such as preventing cellular
damage and oxidative stress, improving skin health, improving the immune system,
and preventing cardiovascular diseases [266,271,279]. The shoots from S. fruticosa
and Suaeda maritima have been shown to be rich in vitamin C [190], and leaves of
Thespesia populnea could fulfil the daily vitamin C intake requirements of a healthy
adult [271]. Vitamins in B complex group are essential co-enzymes and antioxidants
supporting various processes, such as carbohydrate and protein metabolism, nucleic
acid synthesis, and enhancing the cell growth, bone health, and function of neurons
[188,276,280]. Mesembryanthemum nodiflorum, S. fruticosa and S. maritima have
exhibited higher pyridoxine (vitamin B6) content than conventional green vegetables,
asparagus and watercress [190]. Cobalamin (vitamin B12) is scarce in plants, and
supplementation is often necessary for individuals following a strictly plant-based diet
to ensure sufficient intake. Interestingly, Suaeda aegyptiaca has exhibited higher
cobalamin content than sea buckthorn, one of the richest known sources of vitamin
B12 among plants [280,281].

Tocopherols (vitamin E) and retinyl acetate (vitamin A) are lipid-soluble vitamins.
Tocopherols have been reported to prevent cardiovascular diseases, different types of
degenerative disorders and cancer, and their potent antioxidant activity protects cell
membranes and lipoprotein from lipid peroxidation [39,276,277]. Arthrocnemum
macrostachyum has shown vitamin E content comparable to conventional green
vegetables, kale and broccoli [39]. The content of lipids is highest in halophyte seeds,
and Salicornia and Teucrium seed oils have been shown to have high concentrations
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of tocopherols [282-284]. Few studies report the concentration of retinyl acetate
(vitamin A) in plant extracts, likely due to humans’ ability to convert -carotene, an
important plant-based nutrient, to vitamin A. The concentrations of vitamins found in

halophytes are summarised in Table 6.

Table 6 Vitamin content [mg/100g DM] reported for halophytes. Studies were first reviewed in
Paper II [223]. The considered water-soluble vitamins were thiamine (B1), pyridoxine (B6),
folate (B9), cobalamin (B12), and ascorbic acid (C), and lipid-soluble vitamins retinyl acetate
(A) a-tocopherol (E). * Unit in fresh weight (FW) basis, n.d.: not detected, n/a: not available.
For Teucrium spp., the seed oil fraction was considered [282].

Species
Arthrocnemum indicum

Arthrocnemum
macrostachyum

Aster tripolium
Cakile maritima
Halocnemum strobilaceum

Mesembryanthemum
nodiflorum
Salicornia bigelovii

Salicornia ramosissima
Salvadora persica

Sarcocornia fruticosa

Sarcocornia perennis
Suaeda aegyptiaca

Suaeda fruticosa

Suaeda maritima
Suaeda vera

Thespesia populnea
Teucrium alopecurus
Teucrium polium

Teucrium nabli

4.2. Findings on the bioactive properties of halophytes

Vitamin A = Vitamin B Vitamin C Vitamin E

n/a
n/a

n/a
n/a
n/a
4.5
n/a
n/a
n/a

n/a

n/a

n/a

n/a
5.4

n/a

n/a
n/a
n/a

n/a

n/a
n/a

n/a
n/a
n/a
24 (B6)
n/a
0.03* (B1);
0.003* (B6)
n/a
10 (B6)
n/a
18.1 (B6);
11.8 (B9);
46.6 (B12)
n/a
9.5
10.2 (B1);
11.8 (B6);
27.1 (B12)
n/a
n/a
n/a

n/a

19.2%*
n/a

13.7*
n/a
7.4%
500
5.8%
n/a
68.0
1000

n/a

n/a

2.5%
3000

n/a

443
n/a
n/a

n/a

4.2.1. Annotated bioactive compounds from extracts

2.1
8.7

n/a
20
3.4%
n.d.
n/a
0.2%
n/a

18
1.1

n/a

11.4
12.5

n/a

n/a
31.6
27.7
29.6

Ref.

[280]

[174,190]
[190]

[280]

Various interesting compounds were annotated after the untargeted LC-MS analysis;
however, an analysis using standard compounds would be needed to identify and
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quantify the metabolites. For the annotated compounds, the deviation of the measured
and theoretical mass (Amass) was -5.0 < Amass < 5.0, the mzCloud Best Match score
was > 85 % and had matches in one or more of the used compound databases. The
bioactive compounds found and annotated from water extracts are summarised in
Table 7. Not all annotated metabolites were reported, and besides the reported
compounds, several types of compounds were found in water extracts, including
benzoic acid derivatives, nucleic acid derivatives, peptides, compounds related to
amino acid metabolism, and some unknown flavonoids. Phenolic compounds often
linked to biological activities of extracts were found from all species: flavonoids,
phenolic acids, coumarins, and their derivatives. Similarly, vitamin B2, riboflavin,
and vitamin B5, pantothenic acid, were detected in all water extracts. Vitamin B9 was
found in C. maritimum extracts in the form of folinic acid, one of the natural forms of
folate. A previous study by Lima et al. [188] reported vitamins B1 and B5 found in S.
ramosissima methanol-ammonium acetate extract.

Table 7 Some of the bioactive metabolites annotated in water extracts after LC-MS analysis,
organised by m/z values. RT: retention time, CM: Crithmum maritimum, SR: Salicornia

ramosissima, TP: Tripolium pannonicum, +: presence in extract, -: absence.

RT

Compound m/z [M-H]"!  m/z [M-H]! (min] CM SR TP
4-Hydroxybenzoic acid n/a 137.02439 13.87 + + +
5-Methoxysalicylic acid n/a 167.0348 9.77 - +

Isovanillic acid n/a 167.0349 7.81 - + -
Isoferulic acid 177.0544 n/a 11.03 + + -
Caffeic acid n/a 179.0347 12.79 - - +
Azelaic acid n/a 187.0972 14.66 + + +
Quinic acid n/a 191.05558 10.63 + - +
Scopoletin 193.0496 n/a 13.16 + + +
Ferulic acid n/a 193.0502 13.35 + + -
Pantothenic acid 220.1181 n/a 6.09 + + +
Dodecanedioic acid n/a 229.1441 20.43 - + +
Apigenin n/a 269.0452 19.54 - + -

Xanthosine n/a 283.0680 5.56 - +

Luteolin n/a 285.0399 16.78 - + -
Isokaempferide 301.0702 n/a 19.87 + + -
Quercetin 303.0496 n/a 14.23 - + +
Isorhamnetin 317.0655 n/a 15.27 - + +
Aesculin n/a 339.0711 9.60 + + +
Chlorogenic acid n/a 353.08658 10.65 + - +
Neochlorogenic acid n/a 353.0867 8.64 + - +
3-O-Feruloylquinic acid n/a 367.1022 12.43 + - -
Riboflavin 377.1452 n/a 11.88 + + +
Nobiletin 403.1383 n/a 22.34 + + +
Syringaresinol n/a 417.1543 14.47 - + -
Kaempferol-3-0- n/a 431.09705 1619  + - -
rhamnoside
Apigenin 7-glucuronide 447.0916 n/a 15.39 - + -
Astragalin n/a 447.0921 15.08 - + +

Kaempferol-3-galactoside 449.1077 n/a 15.09 - - +
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Kaempferol 3-

. 463.0869 n/a 14.31 - + -

glucuronide
Quercetin-3p-D-glucoside 465.1022 n/a 14.24 - + +
Folinic acid 474.1731 n/a 9.56 + - -
Miquelianin n/a 477.0661 14.21 - - +
4,5-Dicaffeoylquinic acid n/a 515.1177 14.59 + - +
Rutin n/a 609.1442 13.92 + - +
Hesperidin n/a 609.1802 14.88 + - -
Diosmin 609.1812 n/a 15.31 + - -

Some fatty acids, fatty acid conjugates and their derivates, such as fatty acid amides
(not reported), were found in ethanol extracts. The role of different fatty acids in non-
polar extracts of studied species is discussed in published papers [17,48]. Many of the
annotated flavonoids and other bioactive compounds were present in both water and
ethanol extracts; however, some interesting flavonoid derivatives were found only in
ethanol-based samples, likely due to their lower solubility in water. In addition, some
unknown flavonoid compounds were also found. Interestingly, some flavonoids were
present in both water and ethanol extracts from S. ramosissima but were found only
in ethanol extracts of C. maritimum and T. pannonicum. Some potential explanations
are low compound concentrations below the detection limit, or longer extraction time
and solvent required to access potentially conjugated compounds from biomass with
higher lignin content [214,285]. The annotated compounds from ethanol extracts are
summarised in Table 8.

Table 8 Metabolites annotated in ethanol extracts after LC-MS analysis, organised by m/z
values. RT: retention time, CM: Crithmum maritimum, SR: Salicornia ramosissima, TP:

Tripolium pannonicum, +: presence in extract, -: absence.

RT

Compound m/z [M-H]*"! m/z [M-HJ! (min] CM SR TP
4-Hydroxybenzoic acid n/a 137.02438 7.97 + + +
Methyl salicylate n/a 151.04 9.75 + + +
Suberic acid n/a 173.0818 12.43 + + +
D-Mannitol n/a 181.0716 1.96 + - -
Azelaic acid n/a 187.0971 14.63 + +
Isoferulic acid n/a 193.0501 12.29 - + -
Ferulic acid n/a 193.0502 10.99 + - -
Dodecanedioic acid n/a 229.1439 20.41 + + +
Palmitic Acid n/a 255.23232 26.37 + + +
Apigenin n/a 269.0447 19.54 + + +
Galangin 271.0602 n/a 19.55 + +
Naringenin n/a 271.0603 18.82 - + -
Cardamomin 271.09637 n/a 23.67 - + -
y-Linolenic acid n/a 277.2166 24.44 + + +
o-Linolenic acid 279.23136 n/a 28.99 + - +
Pinolenic acid 279.23209 n/a 26.44 - + -
Linoleic acid n/a 279.2322 25.41 + + +
Oleic acid 283.26303 n/a 31.88 - + -
Stearic acid n/a 283.2634 28.58 + +
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Luteolin n/a 285.0397 17.94 + + +
Sakuranetin 287.09113 n/a 18.91 - + -
Isokaempferide 301.07074 n/a 19.83 - + +
Hesperetin n/a 301.07104 19.35 + - -
Quercetin 303.04963 n/a 14.22 - +
N-Feruloyloctopamine 312.12265 n/a 14.08 - + -
Isorhamnetin 317.06542 n/a 15.24 - + -
Neochlorogenic acid n/a 353.0868 9.67 + - -
Chlorogenic acid n/a 353.087 10.65 + + +
3-O-Feruloylquinic acid n/a 367.1025 12.51 + - -
Riboflavin 377.14523 n/a 11.85 - - +
Nobiletin 403.13812 n/a 22.29 + + +
Kaempferol-3-0- wa 431.00708 1615  + - -
rhamnoside
Astragalin n/a 447.09225 15.07 - + +
Kaempferol-3-galactoside 449.1073 n/a 15.06 - - +
Quercetin-3p-D-glucoside 465.1021 n/a 14.23 - + +
18-B-Glycyrrhetinic acid 471.34549 n/a 25.99 - + -
Miquelianin n/a 477.0657 14.19 - - +
4,5-Dicaffeoylquinic acid n/a 515.11829 14.94 + - +
Diosmin 609.1804 n/a 15.30 + - -

Discussion on found phytochemicals

As described previously in Section 4.1, flavonoids have long been known to be
beneficial for human health, and their antioxidant and anti-inflammatory properties
are highlighted [286]. These compounds are also potent anti-diabetic agents, and from
the annotated compounds, apigenin, isorhamnetin, quercetin, quercetin-3p-D-
glucoside, rutin, and sakuranetin have been reported to contribute to the anti-diabetic
properties of plant extracts by inhibiting a-glucosidase, improving insulin sensitivity,
and reducing oxidative stress [287]. Flavanone naringenin and its derivate
sakuranetin, annotated only from S. ramosissima ethanol extract, have been described
as anti-cancer and anti-viral agents [288,289]. Commonly found in citrus fruits,
flavanone hesperetin, its derivate hesperidin, and flavone glycoside diosmin have also
previously detected form halophytes, including C. maritimum [290-294]. Diosmin
and hesperidin are used in the medical industry to treat chronic venous disorders,
including reticular and varicose veins, swelling, stasis dermatitis, and ulcers
[293,295,296]. Flavonol galangin, annotated from C. maritimum and S. ramosissima
extracts, and flavone luteolin, found in all species, have been compounds of interest
in recent years due to their therapeutic properties towards various types of cancer
[297,298]. Folinic acid, also found in C. maritimum, is already used in the medical
industry to improve the effects of chemotherapy on cancer patients [299]. Flavonoids
kaempferol-3-galactoside, and miquelianin were detected only in T. pannonicum
extracts, of which the latter has been recently studied for its potential as an
antidepressant and inhibition of allergic responses [300,301]. Miquelianin also has
been shown to inhibit the formation of B-amyloid peptides, which have been linked to
the development of Alzheimer’s disease together with oxidative stress and a decrease
in the level of neurotransmitters [301,302]. Galanging and apigenin have been
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reported to be strong BUChE inhibitors in vitro, whereas quercetin has a high
inhibition activity towards AChE [303].

Besides flavonoids, phenolic acids are an abundant group of polyphenols known for
their antioxidant and potential therapeutic properties [50,60,227,276,304].
Chlorogenic acid, one of the dominant compounds in C. maritimum extracts
[143,305-307], is especially known for its anti-diabetic properties by regulating both
sugar and lipid metabolism [308-310]. Its isomer, neochlorogenic acid, has been
shown to have strong anti-inflammatory activity [311,312]. Caffeic acid, found in T.
pannonicum water extract, is used in cosmetics due to its antioxidant and anti-ageing
properties and has shown potential for treating dermal diseases [304]. Recently,
caffeic acid has increased interest due to its activity against hepatocarcinoma [313].
Ferulic acid is commonly found in plants and was detected from C. maritimum and S.
ramosissima extracts. It is commercially used in cosmetics due to its antioxidant
properties, but it has shown other medicinal properties, such as protection against
cardiovascular diseases [314,315]. Caffeic acid, chlorogenic acid, and ferulic acid
have all also shown anti-viral properties [71].

Quinic acid derivative 4,5-dicaffeoylquinic acid, found in C. maritimum and T.
pannonicum extracts, has previously been shown to be a strong a-glucosidase inhibitor
and contributing to the anti-hyperglycemic potential of plant extract [316]. Found only
in water extracts, 5-methoxy salicylic acid has previously been shown to contribute to
the inhibition of tyrosinase activity [317], and lignan syringaresinol has shown
significant anti-inflammatory properties both in vitro and in vivo [318]. Scopoletin is
a coumarin found in all tested water extracts, which has exhibited anti-cancer
properties, amelioration of metabolic and inflammatory diseases, and potent effects
against neurological diseases in vitro and in vivo [319]. Found in S. ramosissima
ethanol extract, triterpenoid saponin glycoside 18-B-glycyrrhetinic acid has also
exhibited tyrosinase inhibition, but also antioxidant and anti-inflammatory properties
and inhibition activity against an enzyme connected to acne [320]. D-mannitol, a
polyalcohol with antioxidant and diuretic properties, have previously been found to
be a predominant compound in C. maritimum [191].

Indeed, various interesting secondary metabolites were found in the studied extracts.
Technologies like bioguided fractionation [321] could be utilised to find compounds
responsible for biological activities of interest. Overall, residual fibres from screw-
press halophytes have shown to be a potential source of valuable secondary
metabolites; hence, extraction processes should be considered as a part of green
biorefineries.

4.2.2. Bioactive Extracts from Salicornia ramosissima J. Woods Biorefinery as a
Source of Ingredients for High-Value Industries

In this section, the results and discussion from Paper Ill, titled “Bioactive Extracts
from Salicornia ramosissima J. Woods Biorefinery as a Source of Ingredients for
High-Value Industries” and published in MDPI Plants, are summarised [48]. The
paper considers the different extracts and fractions from S. ramosissima, their contents
of phenolic compounds and pigments, their biological activities, and how these
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bioactive extracts could be used in high-value applications. Besides juice fractions
(05-2021 and 09-2021) and extracts from S. ramosissima fibre (05-2021) residue, a
water extract obtained from completely lignified plants is also included in the study.
This section focuses on the result considering the phenolic compounds, pigments, and
bioactivity assays, as the amount of extractives and the fatty acid profiles have been
presented in Section 3.2.2 and Section 3.2.3, respectively.

Total bioactive compounds in S. ramosissima extracts

The ethanol extract from fibres had the highest TPC content, 41.1 mg GAE/g DM,
followed by the extract from completely lignified plants with 30.1 mg GAE/g DM.
All extracts had similar TFC content, 3.2 — 3.9 mg QE/g DM, whereas flavonoids
were not detected from juice fractions. Proanthocyanidins were not detected from any
of the S. ramosissima samples, and despite the bright red colour of the juice from
French phenotype (05-2021), anthocyanidins were detected only in water extracts
with low concentration < 1.5 mg CCE/g DM. This may indicate that the red colour of
the juice comes from betalains, also known as betacyanins, previously detected from
other Salicornia and Suaeda species [173,175]. The total chlorophyll and carotenoid
content of ethanol extract were 1446 pg/g DM and 262 pg/g DM, respectively. In the
juice from the French phenotype, only 15 pug/g DM chlorophyll was found, whereas
the carotenoid content of juice was 73 pg/g DM. The juice from the Portuguese
phenotype (09-2021) had a higher concentration of chlorophyll, 39 pug/g DM, but a
lower amount of carotenoids, 52 pg/g DM.

The phytochemical content of S. ramosissima and many other halophytes is strongly
influenced by cultivation conditions, specifically, the biotic and abiotic stresses the
plants have been exposed to [52,61,190,263,264,322—325]. Potential halophyte-based
biorefinery processes need to be designed to be robust enough to withstand a certain
degree of intraspecific variation. The growth stage [245] and processing methods,
such as extraction, drying and storage conditions [206,208,260], also play a role in the
nutritional value of plants and extract composition. Therefore, the TPC concentration
reported for S. ramosissima extracts varies between studies, 6 — 74 mg GAE/g DM
[48,134,188,189,206,208,223,326]. This variation can also be seen in the contents of
TFC and proanthocyanidins [56,63,188].

Antioxidant activity of S. ramosissima

Plants produce phytochemicals to protect tissues from cellular damage caused by the
excessive production of reactive oxygen species triggered by environmental stressors;
hence, these compounds hold potent antioxidant properties [144,277]. The antioxidant
properties of S. ramosissima juice and extracts are presented in Figure 22. The
aqueous extract from screw-pressed fibres had the highest DPPH and ABTS radical
scavenging activities at 10 mg/mL, 47.7 % and 60.1 %, respectively, and the ECso
value of ABTS activity of 2.5 mg/mL is lower than previously reported to acetone
extract from S. ramosissima grown in similar salinity [188]. Antioxidant activity was
also high on the metal-based assays, and aqueous extracts also showed lower ECsg
values in FRAP and ICA assays than those previously reported for S. ramosissima
ethanol extract [39]. Achieving high antioxidant activity of extract without organic
solvents is desirable for biorefinery applications to avoid high costs related to
purchasing and handling hazardous material. Samples also exhibited NO scavenging
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activity, which is linked to potential anti-inflammatory properties [161], which,
together with antioxidant activity, have made Salicornia an interesting ingredient for
dermo-cosmetics in recent years [68,73,326,327].

100 3
90

®

B}

Antioxidant activity [%]

NO FRAP ICA

OlJuice (05-2021)  BJuice (09-2021) DO Water extract  BEthanol extract  OLignified OStandard

Figure 22 Antioxidant activity of S. ramosissima juice and extracts at 10 mg/mL concentration.
ECso values [mg/mL] are marked in call-out boxes for samples exhibiting activity > 50 %.
Figure combined and adapted from ones in Paper III [48] licenced with CC BY 4.0 [249].
DPPH: 2,2-diphenyl-1-picrylhydrazyl, ABTS: 2,2'-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid), NO: nitric oxide, FRAP: ferric reducing antioxidant power, ICA: iron chelating
activity, CCA: copper chelating activity. Standard compounds are gallic acid at 1 mg/mL for
DPPH and ABTS and ethylenediaminetetraacetic acid at 1 mg/mL for ICA and CCA.

Enzyme inhibition activity of S. ramosissima

Juice fractions and extracts were tested for their enzyme-inhibitory activities. One
type of treatment for type Il diabetes mellitus is to prevent hyperglycemia by
regulating the activity of enzymes responsible for the digestion of complex
carbohydrates to available glucose: a-glucosidase and a-amylase [328,329]. The
ethanol extract exhibited a 68.6 % a-glucosidase inhibition at 10 mg/mL, whereas the
benchmark compound acarbose had an inhibition activity of 85.6 % at the same
concentration. There was no significant difference between a-glucosidase inhibition
of aqueous extracts, with measured activities of 34.1 % and 38.9 % of extract from
screw-pressed fibres and lignified plants, respectively. Purifying the raw extract and
increasing the content of phytochemicals could yield a halophyte-based a-glucosidase
inhibitor competitive to the commercial drug. However, acarbose also has inhibition
activity towards a-amylase (61.2 %), whereas aqueous samples had very low
inhibition (< 5 %). Measuring the inhibition activity of ethanol extract was not
possible due to sample precipitation, even if some colour change in the assay due to
a-amylase inhibition was visually observed.

The increased prevalence of obesity, and its effects on metabolic health and risk of
developing various diseases, has led to a search for natural compounds regulating lipid
absorption [330]. Lipase inhibitors also have applications in dermo-cosmetics for
treating acne, as skin inflammation may be partly caused by bacterial lipase breaking
the sebum fats to free fatty acids [331]. The ethanol extract had a moderate lipase
inhibition activity of 41.7 % at 10 mg/mL concentration. Interestingly, the water
extract from de-juiced fibres had no detected activity, whereas juice fractions and
aqueous extract from lignified plants all had similar activities between 19.2 — 21.4 %.
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Ethanol extract from S. ramosissima exhibited high tyrosinase inhibition activity, 71.9
% at 10 mg/mL, compared to the benchmark compound arbutin, with 41.5 %
inhibition activity at 1 mg/mL. Tyrosinase inhibition activity of Salicornia has also
been previously studied: S. bigelovii ethyl acetate extract has shown > 50 % inhibition
activity at 60 mg/mL, S. europaea ethanol extract 21 % at 1 mg/mL, and aqueous S.
herbacea extract > 50 % at 0.1 mg/mL [324,332,333]. Tyrosinase inhibitors are
compounds of interest in the food, cosmetics, and pharmaceutical sectors. In food,
they are used to prevent undesired browning in cut fresh plant products caused by
polyphenol oxidases, including tyrosinase [334,335]. In cosmetics, tyrosinase
inhibitors are used as skin-whitening agents, and their potential to treat
hyperpigmentation and skin cancer melanoma has been studied [64,336-338].

Increasing the levels of neurotransmitters by inhibiting the enzymes responsible for
their degradation is one of the potential therapeutic approaches to target symptoms of
dementia and neurodegenerative diseases, such as Alzheimer’s and Parkinson’s
disease [339,340]. Due to the ageing population and the late-onset nature of
neurodegenerative diseases, the number of people suffering from these conditions has
been projected to increase, presenting major health concerns and financial burdens to
healthcare systems [341]. Therefore, the inhibition activity of S. ramosissima samples
towards acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) was tested.
The highest AChE inhibition activity, 68.4 %, was observed in the ethanol extract,
whereas the juice fraction from the Portuguese phenotype had the highest BUuChE
inhibition activity of 46.3 % at 10 mg/mL. For reference, the dementia drug used as a
benchmark had AChE and BuChE inhibition activities of 88.9 % and 41.4 % at 1
mg/mL, respectively. The aqueous extracts from screw-pressed and lignified plants
showed no inhibition activity towards AChE or BuChE. The neuroprotective
properties of Salicornia have also been previously studied in vitro [342,343], and S.
europaea has shown positive results also in animal models and a small clinical trial
[343,344]. Interspecific and intraspecific variations could explain the varying activity
between studies, but different processing methods can also play a role in extracting
and preserving the compounds responsible for the activity.

Previous studies considering the bioactivity and phytochemical composition of
Salicornia have focused mainly on fresh edible fractions and their nutritional
qualities. This study showcases the potential of partly and completely lignified plant
fractions, often considered agricultural waste, for the production of ingredients for
high-value industries, such as cosmetics, nutraceuticals, and even biopharmaceuticals.
Residual fractions of S. ramosissima could be considered in future studies related to
the therapeutic properties of this medicinal plant. Utilising the residues could help
maximise the valorisation of the available feedstock and potentially bring additional
value to the Salicornia farmers in the future.

4.2.3. Harnessing the value of Tripolium pannonicum and Crithmum maritimum
halophyte biomass through integrated green biorefinery

This section summarises the key points and results of Paper IV, titled “Harnessing the
value of Tripolium pannonicum and Crithmum maritimum halophyte biomass
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through integrated green biorefinery” published in MDPI Marine Drugs [17]. The
article considers the bioactivity of juice fraction and extracts from species mentioned
above and discusses the role of halophyte-based biorefinery targeting high-value
compounds in future sustainable circular economies. Similar to Paper 111 summarised
in Section 4.2.2 [48], juice and extract samples were analysed for their contents on
different types of phenolic compounds and pigments, as well as in vitro antioxidant
and enzyme-inhibitory properties. Existing literature regarding the bioactivity of C.
maritimum is heavily focused on the edible fraction and the essential oils of the plant,
and the bioactivity of T. pannonicum is still rather unexplored for bioprospecting.
Similar to Section 4.2.2, this section focuses on phytochemical contents and
bioactivity assay results.

Total bioactive compounds in C. maritimum and T. pannonicum extracts
The highest concentration of TPC, 64.7 mg GAE/g DM, was observed in C.
maritimum ethanol extract, followed by 45.2 mg GAE/g DM in T. pannonicum
ethanol extract. Water extract from both species had nearly the same concentration of
TPC, slightly above 30 mg GAE/g DM, and a low concentration of TPC was also
found in C. maritimum juice. The highest concentration of TFC was found in T.
pannonicum ethanol and water extract, with concentrations of 6.6 mg QE/g DM and
5.4 mg QE/g DM, respectively. Previous studies have also shown that phenolic acids,
such as chlorogenic acid and neochlorogenic acid, are the predominant phenolics in
C. maritimum [345], which may explain the lower TFC content of C. maritimum water
extract, 4.9 mg QE/g DM. Anthocyanidins were found in concentrations of 1.9 mg
CCE/g DM and 4.4 mg CCE/g DM from C. maritimum and T. pannonicum water
extracts, respectively. Photosynthetic pigments, namely chlorophylls a and b and
carotenoids, were mainly present in the ethanol extracts. Especially T. pannonicum
was rich in total chlorophylls and carotenoids, with concentrations in ethanol extract
being 3632 pg/g DM and 299 pg/g DM, respectively, and > 0.1 mg/g DM of
carotenoids were also found in the juice fraction. In C. maritimum ethanol extract, the
total chlorophyll and carotenoid contents were approximately 1439 pg/g DM and 262
Hg/g DM, respectively.

The phenolic content of C. maritimum varies greatly between studies, and extracts
from plant leaves have shown a significantly higher content of bioactive compounds
compared to extracts from other plant organs, such as stems [143,237,306,346]. As
our C. maritimum extracts have been prepared from biomass containing both leaves
and stems, as well as some flowers, the difference in the phenolic content compared
to edible leaves is expected. Besides intraspecific variation, the effect of cultivation
conditions and stress on the content of phenolics and pigments has been highlighted
in various studies [49,76,82,188,190,217,237]. Different biomass processing
conditions may also have a role in the concentration of bioactive compounds, as
extraction and drying in elevated temperatures could cause degradation and instability
of the sensitive compounds [211,347].

Antioxidant activity of C. maritimum and 7. pannonicum

Different antioxidant activity mechanisms were tested for juice fractions at the initial
concentration of 10 mg/mL. C. maritimum water extract had the highest DPPH
scavenging activity (71.2 %), followed by the corresponding ethanol extract (68.9 %)
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and T. pannonicum water extract (67.2 %). ABTS scavenging activity was similar in
all tested extracts, varying between 72.0 — 79.4 %, and high ABTS scavenging activity
was also observed in C. maritimum juice (60.8 %). Juice and water extract from C.
maritimum exhibited NO scavenging activity of 22.5 % and 24.6 %, respectively,
indicating potential anti-inflammatory properties. On the contrary, T. pannonicum
samples exhibited more pronounced activity in metal-based antioxidant activity
assays, showing lower ECso values in ICA and CCA assays (Table 9).

Table 9 Antioxidant properties of C. maritimum and T. pannonicum juice and extracts [17],
given as half-maximum effective concentrations (ECso) [mg/mL]. DPPH: 2,2-diphenyl-1-
picrylhydrazyl, ABTS: 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid), NO: nitric
oxide, FRAP: ferric reducing antioxidant power, ICA: iron chelating activity, CCA: copper
chelating activity, n.d.: no activity detected, n/a: not available.

Species Extract DPPH @ ABTS NO FRAP ICA CCA
Juice > 10 4.59 >10 3.46 > 10 6.79
C. maritimum Water 3.53 4.36 > 10 1.13 > 10 7.03

Ethanol 2.84 3.95 n/a <10 3.10 3.32

Juice n.d. >10 > 10 >10 >10 3.18

T. pannonicum Water <10 2.24 >10 1.91 <10 3.40
Ethanol 7.67 4.86 n/a 1.66 1.15 2.37

For both C. maritimum and T. pannonicum, antioxidant activities with lower ECsg
values have been reported in previous studies [54,210,307]. As mentioned before, the
studies on C. maritimum have focused on the edible leaves rich in bioactive
compounds, which may explain some of the differences together with growth stage,
biotic and abiotic stresses, and whether used plant material has been cultivated or
harvested from the wild. As many phytochemicals are produced to help plants to
withstand different stressors, plants cultivated in controlled conditions have been
shown to have lower concentrations of these secondary metabolites [190,348].
Different antioxidant properties of T. pannonicum have not been widely studied, but
different caffeoyl esters and flavonoids, quercetin, apigenin, and luteolin, have been
shown to be pronounced in extract fractions with radical scavenging activity [235].
These flavonoids were also later found in our T. pannonicum ethanol extract.
Technologies such as bioguided fractionation could help to identify and separate
compounds responsible for certain bioactivities, which may be desired when targeting
products for biomedicines and cosmetics. However, the interactions and potential
synergistic effects of complex matrices of bioactive compounds and other health-
beneficial factors, such as probiotics, have been acknowledged but little understood
and hereby should not be overlooked [349-352].

Enzyme inhibition activity of C. maritimum and T. pannonicum

Enzyme inhibition activities of C. maritimum and T. pannonicum samples are
presented in Figure 23. Considering the inhibition of AChE, an enzyme responsible
for the degradation of the neurotransmitter acetylcholine and linked to the
pathogenesis of neurodegenerative diseases, C. maritimum ethanol extract at 10
mg/mL concentration exhibited an inhibition activity of 86.7 %, which is nearly the
same as benchmark compounds galantamine at 1 mg/mL (88.9 %). AChE inhibition
activity of T. pannonicum ethanol extract was also high, 71.5 %. Interestingly, both
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water extracts had AChE inhibition activity < 10 %, whereas juice fractions had
significantly higher activity > 40 %, indicating that the compounds responsible for the
AChE inhibition activity of the species are likely mostly ethanol-soluble, or
compounds that can be flushed to the juice fraction in the initial screw press. Drug
development to treat the symptoms of neurodegenerative diseases targets the
inhibition of AChE but also BUChE, an enzyme whose activity has been shown to
correlate with abnormal B-amyloid peptide deposition, which is another characteristic
of Alzheimer’s disease [353]. The highest BUChE inhibition activity of the tested
samples was observed with T. pannonicum ethanol extract at 10 mg/mL (34.3 %).
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Figure 23 Enzyme inhibition activity of C. maritimum (CM, a) and T. pannonicum (TP, b) at
10 mg/mL. Data obtained and figure adapted from Paper IV [17] licenced with CC BY 4.0
[249]. Reference compounds were galantamine at 1 mg/mL for AChE and BuChE, arbutin at 1
mg/mL for tyrosinase, acarbose at 10 mg/mL for glucosidase and amylase, and orlistat at 1
mg/mL for lipase.

Potential anti-diabetic and anti-obesity properties were tested by measuring the
inhibition of key enzymes related to sugar (a-glucosidase and a-amylase) and fat
(lipase) metabolism. Ethanol extracts from C. maritimum and T. pannonicum had
moderate a-glucosidase inhibition activity of 51.0 % and 55.2 %, respectively,
whereas juice fractions and water extracts showed low a-glucosidase and a-amylase
inhibition activities. Many plant phytochemicals, including flavonoids, phenols,
alkaloids, curcuminoids, and terpenoids, have shown potent a-glucosidase inhibition
activity; however, the inhibition activity of specific compounds may vary whether the
enzyme is from the fungal, bacterial or mammalian origin [328]. The lipase inhibition
activity of ethanol extracts was 21.4 % and 41.3 % for C. maritimum and T.
pannonicum, respectively, and low activity was observed using water extracts. The
benchmark compound, orlistat, had an inhibition activity of 82.3 % at 1 mg/mL.
Orlistat is the only anti-obesity drug currently in clinical use that does not enter the
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bloodstream or act on the central nervous system, and the interest in finding lipase
inhibitors from secondary metabolites, such as polyphenols, saponins, alkaloids and
terpenoids, has increased in recent years due to their low toxicity and diversity
[330,354].

Both ethanol extracts at 10 mg/mL exhibited tyrosinase inhibition activity the same
or higher than the benchmark compound arbutin at 1 mg/mL (41.5 %): for T.
pannonicum extract, the activity was 41.2 %, whereas C. maritimum reached 55.1 %
tyrosinase inhibition. The tyrosinase inhibition activity of other samples was low at
the tested concentration, 8 — 14 %. Both C. maritimum and T. pannonicum 1:1 water-
ethanol extracts have shown 30 — 40 % tyrosinase inhibition at 10 mg/mL [355], which
is aligned with the results obtained in this study.

As value-added products for human nutrition and health are highly important in future
sustainable bioeconomies [2,98], and using plant-derived bioactive compounds for
medicinal purposes against chronic conditions has increased interest in recent years
[73,211,328,354,356,357], bioprospecting novel feedstock for these purposes could
be seen as an inseparable part of tomorrow’s biorefinery design. Extracting
compounds with antioxidant and other biological properties from sustainable sources
could be beneficial not only to process economics but also to the overall
socioeconomic impact of biorefinery.

4.2.4. Cytotoxicity of plant extracts

The severe effects and impact of cancer on society are apparent, being a major health
problem and one of the leading causes of death globally [57,58,358,359]. Despite the
significant advances in understanding and treating this group of diseases, there is a
constant demand for new research and more effective drugs, as the number of cases
is forecast to increase, ageing population and risk factors of unhealthy lifestyles being
some of the drivers in developed countries [58,358,360,361]. Chemotherapy is one of
the most common approaches for metastasised tumour therapy; however, many
chemotherapeutic agents have high costs, limited effectiveness due to drug resistance,
and cause severe adverse drug reactions and immune deficiency [58,359,361-363].
Therefore, there is an urgent demand for anti-cancer agents with fewer and less-
harmful side effects. Safety is a key concern in drug discoveries, and potential anti-
cancer agents should exhibit high selectivity towards malignant cells, meaning that
the compound is more toxic to cancerous cells and non-toxic to normal, healthy cells
[364,365]. This is measured with the selectivity index, which compares the cell
viability 1Csq values of cancerous cells to their healthy counterpart [365].

Cell viability below 75 % is considered cytotoxic; therefore, extracts exhibiting lower
viability were also tested with a lower concentration. None of the extracts showed
clear selectivity between healthy S17 cells and tumoral HepG2 cells with the tested
concentration; however, half maximal inhibitory concentration (1Csg) values were not
determined to extracts that did not exhibit cytotoxicity at tested concentrations. On
the contrary, the ethanol extracts showed significantly lower RAW 264.7 cell viability
at 200 pg/mL. Each cell line and tissue has different susceptibilities to the compounds
present in the extract, which translates to the differences in cell viability between cell
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lines; hence, the results should be considered only as preliminary screening. Cell
viabilities after extract inclusion are presented in Table 10.

Table 10 Cell viability [%] after incorporating extracts with 200 pg/mL concentration. * Cell
viability at 100 pg/mL, ** cell viability at 50 pg/mL. S17: healthy mice murine bone marrow
stromal cells, HepG2: human hepatocarcinoma, RAW 264.7: mice leukemic macrophage.

Species Extract S17 HepG2 RAW 264.7
70.26 £ 6.02

Water 94.49 +4.43 84.07 +8.35 9836 + 6.83*

C. maritimum 17.31 £5.63
Ethanol 76903882 fsgé‘;o* 78494590  65.00+441*
) ) 89.86 £6.47**

Water 91.67 £9.54 96.87 +3.75 90.55 + 6.94

S. ramosissima 13.95+1.71
Ethanol 83.39 £4.50 83.54+£7.72 7952 + 6.46*

Water 102.84 +5.16 96.27 £5.68 76.74 £ 1.88

T. pannonicum 18.10 £4.51
Ethanol 78.93 £ 14.25 88.24 £3.90 99 84 + 7 81*

According to the American National Cancer Institute, raw extracts should exhibit ICsq
values below 30 pg/mL for them to be relevant for use in anti-tumoral applications,
and this criterion is commonly used in studies related to cancer drug discovery [58].
None of the tested extracts filled this criterion, as all samples had ICsp values > 100
pug/mL. Lopes et al. [63] tested 80 % aqueous acetone extracts from S. ramosissima
and T. pannonicum for their cytotoxicity at 125 pg/mL against S17, HepG2, and THP1
(human leukemic monocyte) and showed cell viability results comparable to those
obtained in this study. Gnocchi et al. [366] also showed in a preclinical study that
ethyl acetate extract from C. maritimum combined with a reduced dose of traditional
chemotherapeutic drug effectively inhibited the growth of HepG2 cells while reducing
the toxic effects. Methanolic extracts from S. brachiata and S. europaea have
exhibited 1Csq > 250 pg/mL towards HepG2 and ICso > 100 pg/mL towards MCF7
(breast carcinoma), respectively [367,368].

The research on plant-derived compounds has led to the discovery of phytochemical
cancer drugs currently in clinical use, including alkaloids from Catharanthus roseus
used to treat leukaemias and lymphomas, and terpenes from Taxus brevifolia used for
solid tumours [57,58,361]. Pronounced biosynthesis of antioxidant and other
bioactive compounds has made halophytes an interesting and valuable source of
potential medicinal phytochemicals [58,358]. Plant metabolites with reported
cytotoxic properties include alkaloids, flavonoids and other phenolics, terpenes and
terpenoids, lignans and carotenoids [57,227,359,362]. The potential of flavonoids and
polyphenols as adjuvants for immunotherapy has also been briefly explored [358].
Regardless of the potential of plant extracts shown in vitro, animal models, and early
clinical trials, there is no approved polyphenol medicine in the market due to
regulatory issues related to the complex nature of plant extracts [227,362]. Extensive
studies are still needed to understand which compounds in novel plant extracts are
responsible for the cytotoxic effect and the potential interactions between plant
metabolites and drugs [362].
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Chapter 5. Protein from Green Juice

5.1. Introduction to protein precipitation methods

Heat coagulation is one of the most well-established methods for high-efficacy protein
precipitation, which is demonstrated and used in large-scale applications
[122,369,370]. The green juice is heated to 60 — 90 ° C, typically with heat exchangers
or direct stem injection, which triggers the opening of the hydrophobic sites in the
protein surface and protein denaturation [115,116,371-374]. As different types of
protein have different denaturation temperatures, step-by-step heat coagulation allows
the separation of green protein, which denature in temperatures 50 — 60 °C, and more
water-soluble white protein when increasing the temperature up to 75 — 90 °C
[115,370,373,375]. One of the main disadvantages of heat coagulation is the high
energy input required to heat a large volume of juice to high temperatures [116,376].
A Maillard reaction between amino acids and sugars may occur, formatting undesired
reaction products if a temperature in the system gets too high locally [377]. Also, even
if high protein recoveries to concentrate have been achieved with heat coagulation,
irreversible changes due to denaturation may affect protein functionality, solubility,
and digestibility [115,373].

Acidification, sometimes called isoelectric precipitation, has been suggested to be a
gentler method to preserve protein quality and yield concentrate with the highest
content of essential amino acids [116,371]. The pH level of the green juice is
decreased using acid to an isoelectric point, which is the pH where proteins have an
equal negative and positive charge and minimum solubility to water [115]. For green
leafy biomass protein, this level is typically between pH 3.5 — 4.5 [115,116,375,378].
Existing literature shows divergent results considering the effect of final acidification
pH on protein yields. Damborg et al. [375] reported non-significant differences in
protein yields from white clover, alfalfa, and perennial ryegrass juices within the pH
range of 3.0 — 5.0, whereas protein yield from red clover juice was dependent on the
final pH. On the contrary, Miller et al. [379] showed a significant increase in protein
yield when acidification pH was decreased from 4.5 to 3.5. Acidification can also be
combined with heat treatment to enhance the precipitation or to separate the green and
white protein fractions [373,380]. Decreasing the pH below 4.0 can also improve the
juice stability and preserve it from contamination, thus lengthening the potential
storage time [381]. However, chemical costs, as well as storing and handling
hazardous materials, can limit the potential of acidification for scale-up applications.

Flocculants are chemicals that promote the agglomeration of suspended particles in
the liquid to larger clusters, and their use in protein precipitation has been studied for
easier and more efficient separation of aggregated proteins [371,374,382,383].
Flocculants are usually combined with acidification, heat coagulation, or both, but
Knuckles et al. [383] reported cationic flocculants to improve green protein separation
from alfalfa juice even without elevated temperature. Baraniak [371] also tested
anionic and cationic flocculants as separate methods to precipitate protein from alfalfa
juice and obtained concentrates with slightly lower protein content than those from
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heat coagulation and acidification. The use of calcium salt has also been shown to
allow lower temperatures for heat coagulation without compromising the protein yield
[382]. La Cour et al. [374] were able to promote the total nitrogen recovery from grass
and clover juices to concentrate by using lignosulfonates; however, a high dosage was
needed for significant improvement. As the addition of chemicals increases the
operational costs of the biorefinery, the use of flocculants on a large scale may not be
economically feasible and justified without significant process development.

Fermentation with lactic acid bacteria (LAB) uses the same principle as acidification,
but the pH decrease is achieved with lactic acid produced by bacterial metabolism
instead of adding concentrated acid. In this method, developed by Kiel et al. [180],
the green juice is inoculated with LAB, which consumes the available carbohydrates
in the juice and produces lactic acid, which acidifies the juice to the protein isoelectric
point. Fermentation has been shown to have high efficacy in separating protein from
various forages [178,180], and it has been tested on a demonstration scale for the
mixture of grass and clover [384]. Plant enzymes present in the juice may also convert
the complex carbohydrates to sugar monomers usable by bacteria [377]. Also,
produced lactic acid, an important platform chemical with various applications, could
provide additional value for the processing [385,386], whereas bacterial biomass in
the concentrate could increase the final product's functionality. Potential challenges
could be microbial consumption of protein, as well as extended residence time in
slightly elevated temperatures [116].

Ultrafiltration has also been tested for protein separation, especially to separate the
more water-soluble white protein [372,373]. However, due to the long process time
and costs related to membrane fouling, the potential of filtration in large-scale
processes is still to be evaluated [116]. The separation of protein using solvents, such
as acetone, butanol and isopropyl alcohol, has been tested [119,387,388]; however,
these methods are not viable as they require large quantities of toxic and costly organic
solvents. Precipitated proteins are typically separated from juice using centrifugation
and decantation, but different filtration techniques can also be applied. The crude
protein (CP) content of protein-enriched concentrate (PEC) and CP recoveries
achieved with different methods are summarised in Table 11.

Table 11 Crude protein content of dried concentrates and recovery of crude protein (or total
nitrogen) from green juice to concentrate of different biomass. CP: crude protein, PEC: protein-
enriched concentrate.

CPin PEC CP recovery

Biomass Method (%] (%] Ref.
L. salivarius fermentation ~42 38.6 [180]
Ultrafiltration n/a ~51
n/a ~52 [372]
Alfalfa Heat coagulation n/a 54.9 [375]
53.0 n/a
Flocculents 42.7-45.0 n/a [371]
Acidification pH 3.5 42.9 n/a
Acidification pH 4.0 38.8 n/a [378]

Cassava leaf Acidification pH 4.0 n/a 48.7 [108]
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5.2. Selection of lactic acid bacteria for fermentation

CHAPTER 5. PROTEIN FROM GREEN JUICE

Heat coagulation
Spontaneous fermentation
L. salivarius fermentation
L. salivarius fermentation
L. salivarius fermentation

Heat coagulation +
Acidification pH 3.3
Ultrafiltration

Heat coagulation

Flocculents
Acidification pH 4.0 — 4.5
Acidification pH 4.0

L. salivarius fermentation

Heat coagulation

Acidification pH 4.0 — 4.5
Flocculents
Heat coagulation

Heat coagulation

Heat coagulation +
Acidification pH 3.3
L. salivarius fermentation
Acidification pH 4.0
Heat coagulation

45.1
422
40.4

28.7-32.8
~ 40
~45

n/a

n/a
n/a
339
n/a
31.6
25.7
304
24 .4
35.0-41.5
~39
n/a
43.6
46.8
39.0
n/a

29.9

n/a

19.3-232
34.7
n/a

n/a
n/a
n/a
72 - 86
51.7
43.7

~30

~59
~45
n/a
58.5
~35
~44
~37
n/a
72— 80
66.7
60.6
~45
~ 46
~51
46 — 57

n/a

~23

76 — 86
n/a
594

This section elaborates on the process of selecting the LAB for the experiments. Lactic
acid can be produced using micro-organisms through anaerobic bacterial fermentation
or aerobic fungal fermentation [390]. In this study, fermentation using LAB is
considered, and the final product is targeted for feed production, which sets limitations
for the used strain; however, the majority of LAB are generally recognised as safe
(GRAS) organisms [391]. From a technical point of view, Morlon-Guyot et al. [392]
determined the criterion for bacteria used for silage fermentation, which is partly
applicable to choosing the acidifying organism for green biorefinery [377]. According
to the aforementioned criterion, the used LAB strain should have the following
properties [377,392]:

e Rapidly growing strain able to outcompete other micro-organisms.

e Lactic acid is the main metabolic product (homofermentative).
e Tolerant to acidic conditions and able to decrease the medium pH < 4.0.
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e Capable of using glucose, fructose, sucrose, and preferably other types of
sugars, such as pentoses, as substrate.
e Not using or having any action on organic acids.

Unlike in silage fermentation, thermophilic strain with tolerance to high temperatures
is not necessary for protein precipitation, and mesophilic bacteria thriving in moderate
temperatures can be used. Using lower process temperatures is also beneficial due to
its lower energy consumption. Homofermentative strains are preferred for commercial
use and applications aiming at maximum lactic acid production [390,393] as they
produce lactic acid as their main product of glucose metabolism, whereas
heterofermentative strains produce lactic acid together with acetic acid or ethanol. The
homofermentative Embden-Meyerhof metabolic pathway is the most common in
LAB, producing two lactic acid molecules from one glucose molecule under
anaerobic conditions [390]. LAB are commonly anaerobes, but they can tolerate
oxygen (microaerophilic) and some strains, such as L. plantarum, have shown to be
capable of aerobic growth; however, exposure to oxygen may affect the used
metabolic pathways of the micro-organism [375,377,394].

The key parameters considering the growth of LAB are the possible presence of
oxygen, sufficient availability of essential nutrients, temperature and pH level
[393,395,396]. Additionally, considering the fermentation of halophyte juice, the
strain tolerance to NaCl and saline conditions is of great importance. The use of
halophilic LAB Tetragenococcus halophilus, commonly used in the food industry to
produce high salt content condiments, with optimal salinity of 7.5 — 12. 5 w/v% was
considered. However, it was omitted due to a longer lag phase and slower growth,
heterofermentative nature, and limited literature considering its probiotic properties;
in other words, it did not fill the set criterion [397,398]. Studies report L. plantarum
and closely related Lactiplantibacillus pentosus to tolerate 6 — 10 % NacCl in culture
media and being able to grow at minimum pH of 3.0 — 4.5 [395,399-401]. Robust L.
salivarius has been shown to tolerate the approximate media salinity of 5 % [402,403],
and it has also been previously used for fermentation in green biorefineries [178,180].
Reddy et al. [404] showed that both L. plantarum and L. salivarius could tolerate
acidic conditions to pH as low s 2.5 and had high survival rates through spray-drying,
which could be a desired quality for industrial applications. Lactococcus lactis, which
produces the antimicrobial peptide nisin, has been shown to tolerate up to 4 % NacCl
culture media salinity and grow at minimum pH of 3.0 — 4.0 [405-4071].

In order to improve the potential functionality of the separated PEC, the search for
LAB strains was focused on those with reported probiotic properties. Probiotics are
micro-organisms which provide several health benefits for the host by either
colonising the host’s gastrointestinal tract or creating unfavourable conditions for
pathogens, for example, by producing antimicrobial bacteriocins [408]. Indeed,
probiotic LAB could be used as a more safe and sustainable replacement for antibiotic
supplements in animal feed for aquacultures and terrestrial livestock, and several
studies with animal models have been carried out reporting the probiotic effects of
novel LAB supplementation, which are summarised in Table 12. The focus of this
study is on novel probiotics, as some of the most commonly used and known probiotic
LAB, e.g., Lactobacillus acidophilus and Lacticaseibacillus casei, are sensitive to
saline conditions [399,409]; hence, they are not suitable for fermenting the halophyte
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juice. Supplementation is commonly done using live bacteria, but some studies show
probiotic potential and protective effects against diseases with dead bacteria [410—
412] or using only some specific protein of bacterial cells [413]. In aquacultures,
probiotic LAB supplementation has shown a protective effect against several
pathogens [410,414-420], attenuation of the effect of some toxins, e.g. pesticides
[421], decrease the accumulation of heavy metals in fish tissues [422], and improved
stress capacity in acute exposure to changing salinity [411,423]. In addition, several
studies reported enhanced growth rate and feed utilisation in probiotic-fed subjects
compared to subjects with basal diets wunder challenged conditions
[410,414,415,417,420,424]. For mono-gastric terrestrial livestock, the LAB
supplement has shown a protective effect against various pathogens, including
common Salmonella and Escherichia coli [425-429], as well as enhancing the gut
microflora and immune system of healthy animals [430-433].

Screening experiments

Based on the studies existing literature, the selected strains for experiments were L.
salivarius, L. plantarum, L. pentosus, and L. lactis. Initial tests in flasks and bioreactor
were run to show their acidification potential and viability in saline halophyte juice.
In the first test, the LAB was grown in MRS broth, an optimised media for LAB, ina
batch system where the optical density (OD) at 600 nm and the pH of the culture were
measured hourly (Figure 24). All tested strains, except L. lactis, were able to acidify
the juice to final pH < 4.0 within 14 — 20 h before inhibition. In the second initial test,
the LAB viability in juice samples was tested by fermenting fresh and pasteurised
juice samples; pasteurised samples were used as a control, as the acidification could
also be enhanced by micro-organisms naturally present in the juice. All selected
strains were able to ferment the juice from the Portuguese phenotype of S.
ramosissima. However, no acidification was observed in the juice from the French
phenotype of S. ramosissima, likely due to extremely high salt content, as the ash
content of the juice was 81.83 g/100g DM [48]. Finally, L. salivarius and L. plantarum
were selected to be used for further experiments based on the screening and reported
probiotic properties.
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Figure 24 Optical density (OD) at 600 nm (a) and pH (b) of lactic acid bacteria culture in MRS
media for the first 8 hours of the fermentation.
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5.3. Findings on the protein precipitation from halophyte juice

5.3.1. Precipitation and separation of protein-enriched concentrate from .
ramosissima and T. pannonicum green juice

This section summarises the concept, results, and discussion of Paper V, a submitted
manuscript titled “Valorisation of Residual Biomass Fractions from Biosaline
Agriculture Through Green Biorefinery” [132]. Green biorefinery targeting the
production of protein-enriched concentrate (PEC) from juice fractions for animal feed
applications has been well-established for grasses and other leafy biomass, and the
process is currently run on a demonstration scale [370,384,389,442,443]. However,
there is a gap in knowledge regarding the potential and suitability of succulent
halophyte biomass for this type of processing, and only one study conducted with
Salicornia bigelovii was found in the literature [128]. In this study, protein
precipitation from S. ramosissima and T. pannonicum juices was tested using different
precipitation methods: heat coagulation, acidification with HCI, and fermentations
with Lactiplantibacillus plantarum and Ligilactobacillus salivarius to shed light on
the potential of halophytes for green protein production.

Screw-press has shown to separate 55 — 60 % of the inherent liquid in biomass like
alfalfa, clover, and grass [444], and green juice fractions of 40 — 71 % have been
reported for different biomass commonly used in green biorefineries [178,180,384].
However, halophytes often hold more water leading to a larger green juice fraction
(67 — 90 % ) with lower DM content (4 — 14 %) [34,128,131,132]. The DM contents
of tested S. ramosissima and T. pannonicum juices were 6.47 £ 0.21 % and 4.01 +
0.04 %, respectively, and the constituents are presented in Figure 25 [132].

a 12.53 b
18.00
34.08 (0.14)

3.68 (0.14)
OAsh
183 (036) O Carbohydrates
OLipids
7 O Crude protein
12.20(0.13) 27.62 (1.65) o Other

64.76 (0.13)

17.17 (3.66)
223 (0.06)

Figure 25 Composition of the green juice dry matter (DM) from S. ramosissima (a) and T.
pannonicum (b). Values are given as [g/100g DM], and standard deviations are marked in
brackets. Data from Paper V, in which the composition of fibre fraction is also available [132].

The different methods were tested on a small scale in flasks, and the protocols were
described earlier and in Paper V [132]. Both LAB species were able to acidify the
juice media to average final pH of 3.5, consuming 83.4 — 99.9 % of the available
glucose in juice samples. The final pH is within the pH range of 3.2 — 4.5, in which
proteins from plant leaves typically have minimal solubility in water (isoelectric
point) [116,178]. From S. ramosissima samples, 7.3 — 12.8 % of the initial juice weight
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CHAPTER 5. PROTEIN FROM GREEN JUICE

was recovered to wet PEC, with DM contents in the 18.0 — 21.6 % range. The largest
PEC fraction was achieved with acidification with HCI, whereas the smallest fraction
was obtained with L. plantarum fermentation. On the contrary, fermentation with L.
plantarum yielded the PEC with the highest DM content, 21.6 %, followed by the
sample fermented with L. salivarius. In the T. pannonicum samples, the wet PEC
constituted 10.7 — 29.4 % of the initial juice mass; however, the centrifuge cake
crumbled during the decantation of some samples, leading to PEC with low DM
content, 4.6 — 9.4 %.

Considering DM and CP recoveries from juice to PEC, differences in the results
between precipitation methods and control samples were non-significant, excluding
the acidification of S. ramosissima juice. In S. ramosissima, DM recoveries varied
from 24.2 %, obtained using L. salivarius fermentation, to 35.3 % from acidification.
In T. pannonicum samples, the DM recovery was 12.2 — 34.4 %. Average mass
balances (Table 13) were calculated from the data presented in the paper [132].
Besides the selected protein precipitation methods, the role of pre-processing, like
efficient fractionation and potential filtering steps, should not be overlooked. Previous
studies show that adding water to the screw press could help the compounds to flush
out and improve the protein recovery to the liquid fraction [445,446]. However,
adding freshwater to the processing would counter-effect the benefits of using the
saline biomass, as the key argument for halophyte processing is to reduce the amount
of freshwater needed. Also, fibrous solid particles suspended in the juice were not
removed by filtration, as some of the phytochemicals present in the fresh biomass [48]
could potentially enhance the functionality of the PEC product in feed applications.

Table 13 Fresh weight, dry matter, and crude protein mass balances, averaged from the data
from all tested precipitation methods. PEC: protein-enriched concentrate. *Calculated using
fractionation and dry matter data from 171 mM NaCl cultivated 7. pannonicum [34].

Species Whole Fibres (.;rfzen PEC Ju.lce
juice residue

Fresh weight [w/w%]

S. ramosissima 100 333 66.7 6.2 60.5

T pannonicum 100 17.5* 82.5 * 14.4 68.1
Dry matter [w/w%]

S. ramosissima 100 69.7 30.3 8.6 21.7

T. pannonicum 100 58.2 * 414 10.7 31.1
Crude protein [w/w%]

S. ramosissima 100 72.6 27.4 18.4 9.0

T. pannonicum 100 42.5 57.5 16.5 41.0

The obtained results for the CP recoveries and CP contents (Table 14) in PEC were
compared to those reported in the existing literature on forage-based green
biorefineries (Section 5.1). For S. ramosissima, the achieved CP recoveries, 61.7 —
81.8 %, are comparable to some of the biomasses with the highest reported CP
recoveries, such as chicory, red clover, timothy, and white clover [178,180,375].
However, the challenge regarding the process feasibility lies in the low initial CP
content of the plant, which can be seen in the lower CP content of the PEC, 19.0 —
22.1 %. As the protein content of the plant may vary significantly depending on the
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cultivation conditions, growth stage, and harvest time [34,108,178,447], optimisation
in this regard could be beneficial. In T. pannonicum juice, the initial CP content was
higher, which was reflected in the higher CP content of the PEC, 27.4 — 33.9 %, which
are similar to those reported to perennial ryegrass, chicory, and sugar beet leaves
[110,178,374]. On the other hand, the CP recovery from juice to PEC was low, only
12.8 — 36.8 %. Similar low results have been previously reported for switchgrass and
orchardgrass [380]. Low CP recovery could indicate that the juice is rich in other non-
protein nitrogen-containing compounds, such as nitrate, which can not be precipitated
but affect the total nitrogen measurement. Overall, based on this screening study, S.
ramosissima and T. pannonicum could be seen as interesting species for green protein
production; however, significant process development and optimisation are needed.

Table 14 Crude protein content of dried concentrates and recovery of crude protein from green
juice to concentrate of S. ramosissima and T. pannonicum. CP: crude protein, PEC: protein-
enriched concentrate. Data from Paper V [132].

Biomass Method CPin PEC [%] @ CP recovery [%]
Heat coagulation 19.0+1.0 62.1+£2.5
S ramosissima Acidification pH 3.5. 20.1 1.3 81.8+£7.8
’ L. plantarum fermentation 21.6 £1.5 63.3 £3.0
L. salivarius fermentation 22.1+£0.9 61.7+0.0
Heat coagulation 274 1.5 36.8 +12.1
T pannonicum Acidification pH 3.5. 29.0+£0.7 341455
’ L. plantarum fermentation 314+1.9 12.8 £0.8
L. salivarius fermentation 33.9+1.9 29.8 £12.4

5.3.2. Fermentation experiments in bioreactor

S. ramosissima juice was fermented in a bioreactor to study the consumption of sugars
and production of different metabolites during the process and to see if there is a
difference in DM and CP recoveries when the juice is acidified to pH 4.0 and pH 3.5.
In previous studies, a target pH within the range of 3.3 — 4.5 has been used for direct
acidification [107,371,374,378,380], as well as LAB fermentations [178,180]. With
the used 10 v/v% L. plantarum inoculate (average OD 600 nm of 1.1206), the final
pH of 3.5 was reached within 9 h 30 min + 40 min, whereas acidification to pH 4.0
was achieved in an average time of 5 h 30 min = 15 min. However, the starting pH
was slightly lower in the experiment targeting pH 4.0, likely due to a higher
concentration of lactic acid injected into the media with the pre-culture. The lower
inoculate volume (4 - 5 v/v%) used for forage biomass [178,180,385] should also be
investigated for halophyte juice in order to reduce costs related to the purchase,
processing, and handling of pre-culture media, especially in scale-up applications.
During the fermentation to target pH of 3.5, on average, 58.7 % of the available
glucose was used, whereas only 11.6 % of available sugar was used to each pH of 4.0.
The concentrations of glucose and metabolites in the media throughout the
fermentation are presented in Figure 26. Free xylose was not detected from the juice.
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Figure 26 Sugars and metabolites in S. ramosissima juice fermented to final pH of 3.5 (a) and
4.0 (b) with 10 v/v% L. plantarum inoculate. The reported values are averages of two runs.

After fermentation, the wet PEC constituted 5.2 + 0.3 % and 6.1 + 0.8 % of the initial
fresh juice weight with target pH of 3.5 and 4.0, respectively, and results are slightly
lower than those previously obtained in flask fermentations presented in Paper V
[132]. However, similar CP contents of PEC were obtained in a bioreactor, values
being 22.07 % and 20.9 % for target pH 3.5 and 4.0, respectively, and there were no
significant differences between the results. Both DM and CP recoveries from juice
PEC were significantly lower in bioreactor experiments than in flask fermentation
trials [132]. DM recoveries were 14.7 £ 0.5 % and 15.3 £ 1.0 % for target pH 3.5 and
4.0, respectively. Finally, CP recoveries from juice to PEC were 35.8 %and 36.9 %,
and the differences between results were non-significant. Potential explanations for
lower recoveries could be partial hydrolysis of some suspended solid particles in the
acidic conditions in the bioreactor, smaller amount of bacterial biomass, and losses
due to biomass handling. These experiments provide an interesting first sight to PEC
production from S. ramosissima, but significant process optimisation would be needed
to reach higher CP recoveries and make the protein precipitation by fermentation of
halophyte juice a viable process option for integrated biorefineries.

Figure 27 Fermentation setup with a 2 L bioreactor vessel (a) and an example of protein-
enriched concentrate obtained after precipitation, centrifugation and oven drying (b).
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Chapter 6. Conclusions and Future Work

In this PhD project, the potential of selected halophyte species for green biorefinery
processing was studied in an exploratory manner. The overview of the studied process
and general mass balance of S. ramosissima is provided in Figure 28. The research
carried out during the PhD project period led to the development of process
technologies, which are currently in the patent application filing process or under
investigation for their patentability.

Biomass (100 %)

Fibres (33 %) —p@uﬁi fibres (10 9/9
Screw press
Drying
A 4
Tuice (67 %) 3
Water (biomass- ) ( . -
( solvent 1:6) Extractives (3 %JD

LAB (4 viv%) Extraction Pretreatment

Water (5 ww liquid (2 %)

DM loading)

Residual fibres (5 %)
Centrifugation

Residual juice (62 %)

Figure 28 Overall mass balance of halophyte green biorefinery, the case of S. ramosissima (09-
2021), combined from the data obtained during the PhD project period. DM: dry matter, LAB:
lactic acid bacteria, PEC: protein-enriched concentrate.

Dried PEC (1 %)

The key research objectives, introduced in Section 1.4.2, were met as studies
contributing to these goals were performed. Firstly, the biomass of unedible aerial
parts of C. maritimum, S. europaea, and T. pannonicum was characterised, and the
effect of cultivation salinity on the chemical composition of selected species was
investigated. This study showed selected species having different responses to the
increasing salinity, and cultivation salinity affected especially the composition of S.
europaea. The study highlighted the importance of optimising cultivation conditions
and processes for each type of biomass, especially when using plant species known
for their phenotypic plasticity, such as Salicornia and Sarcocornia genera.

Halophytes are super-producers of bioactive secondary metabolites with increased
interest in high-value industries, such as biopharmaceuticals, nutraceuticals, food and
feed additives, and cosmetics. The concentration of phenolic compounds, pigments
and vitamins found in halophyte plants was reviewed. In order to evaluate the potential
value of fractionated halophyte biomass, juice fractions and the extractive material
from C. maritimum, S. ramosissima, and T. pannonicum were used for bioprospecting,
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where their potential for high-value application was assessed by testing antioxidant
activity, enzyme inhibition activity and cytotoxicity in vitro. Also, the total
concentrations of polyphenolic compounds and pigments were tested with absorption
spectroscopy assays and from the extracts, specific bioactive compounds were
annotated using untargeted chromatographic methods.

Indeed, the results showed interesting properties of C. maritimum, S. ramosissima,
and T. pannonicum. Plant extracts exhibited high antioxidant activities and possible
anti-diabetic, neuroprotective, and tyrosinase-inhibitory properties. This brings new
insights into the potential of these species as feedstock for cascading, multi-product
biorefinery, and using screw-pressed fibres to extract and produce bioactive
compounds could be seen as an intriguing processing option in halophyte-based green
biorefinery. Using bio-guided fractionation technologies, finding the fractions and
specific compounds responsible for the bioactivities of interest could be a study of
interest in the future.

The extractives-free, relatively pure lignocellulose fibres were pretreated and tested
for their enzymatic convertibility, which is essential if there is a desire to use
lignocellulose-derived sugars for biofuels or biochemical production. Neither of the
tested pretreatment conditions gave the desired results, as only low sugar recoveries
were achieved at milder severity, and a high concentration of toxic furfural was
produced at higher severity. Therefore, optimising hydrothermal pretreatment
conditions and the simultaneous enzymatic saccharification and fermentation to
bioethanol could also be interesting, considering the biorefinery process design.

Finally, the protein precipitation from S. ramosissima and T. pannonicum juice
fraction was tested with methods well-established for green biorefineries using grass
as feedstock. Heat coagulation, acidification with hydrochloric acid, and fermentation
with lactic acid bacteria were tested. Out of these two species, S. ramosissima
exhibited higher crude protein recovery from juice to the protein-enriched concentrate
and better suitability for such a process; however, challenges related to the low initial
protein content of the plant are something to overcome. As the PEC obtained from
green juice processing is often targeted to be used in animal feed supplements,
determining the true protein content and amino acid profile of the PEC product would
be necessary to evaluate its nutritional qualities. Testing potential juice pre-processing
options, and optimising the fermentation process, complemented by feeding trials
with animal models to evaluate the product’s functionality and bioavailability, would
also be essential. The juice fraction from halophytes also exhibited biological
activities, and possible further valorisation of the residual juice fraction after protein
separation could be investigated.

Considering future work, process simulation and techno-economical assessment of
the process are of high importance in order to evaluate the economic feasibility of the
suggested halophyte-based biorefinery. The challenges regarding the assessment lie
in determining the price for halophyte extracts, as the market value is highly
dependent on extract purity, potency, and targeted use. Identifying and quantifying
the bioactive compounds using mass spectrometry with analytical standards would
provide important information regarding the target markets of different extracts.
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Halophytes can have a significant role in the development of biosaline agriculture and
valorising marginal lands in arid and semi-arid rural regions. They can provide a novel
source of food and biomass feedstock for cascading integrated biorefineries. This
project provided a comprehensive general view of utilising selected species in green
biorefinery applications and studied species can be seen as potential raw materials for
further investigations and process development towards establishing said
biorefineries. Overall, one of the aims of the interdisciplinary PhD project was also
to narrow the gap between process engineering, botany, phytochemistry,
pharmacology, and other associated research fields. Communication and
collaboration between scientific disciplines are crucial for the development of
sustainable, efficient and effective biomass use, new production systems for essential
goods, and in the end, a circular bioeconomy.
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Cultivation and characterisation
of Salicornia europaea, Tripolium
pannonicum and Crithmum
maritimum biomass for green
biorefinery applications

Laura S. S. Hulkko™™, Ariel E. Turcios?, Stéphane Kohnen?, Tanmay Chaturvedi?,
Jutta Papenbrock? & Mette Hedegaard Thomsen®

Salt-tolerant halophytes have shown potential for biorefinery and agricultural use in salt-affected
soils, increasing the value of marginal lands. They could provide a bio-based source for compounds
obtained from the petrochemical industry or an altematrve for blomass currently imported overseas.
Salicornia paea, Tripolium p icum and Cri were culti d in hydrop
systems under various salinity conditions, harvested green but not food-grade, and fractionated to
green juice and fibre residue. Obtained fractions were characterised for contents ofcarbohydrates,
Klason lignin, crude protein, organic acids, lipids, and minerals to evals the b

for biorefinery. Significant differences were observed in the biomass yield and the composition of
the biomass fractions from different cultivation salinities. High concentrations of crude protein were
found. Thus, these species could have the potential for green protein production. Fractions rich in
carbohydrates could be used for lignocellulose processing and processes utilising micro-organisms.

Soil salinisation has been reported as one of the major factors to the degradation of agricultural land'. The Food
and Agriculture Organization of the United Nations (FAO) estimates that 79 million hectares are considered
either salt-affected or sodic in Europe, covering 3.9% of the total land area™. Worldwide, salt-affected soils
consider more than 100 countries, and total area of saline and sodic soils is estimated to be more than 1 billion
hectares”. According to The United States Department of Agriculture, 10 million hectares of farmland is lost every
year due to over-irrigation and poor water management*. Most conventional crops are glycophytes, meaning
that their growth is inhibited in the presence of salt, and a 50% decrease in biomass yields have been reported
for rice, durum wheat and barley at salinities of 80 mM NaCl, 100 mM NaCl and 120 mM NaCl, respectively’.
FAO defines saline soils as areas, where the electric conductivity of soil extract is 4 dS/m or higher’, which cor-
responds to approximately 40 mM NaCl. Besides economic losses, soil salinisation is a threat to food security,
as it creates challenges to meet the demand for food for the world’s increasing population.

The natural habitat of halophytes are seashores, marshes and salt deserts, and utilisation of these naturally
salt-tolerant plants in agricultural applications is a key to re-valorise these salt-affected marginal lands, which
are not suitable for conventional farming**. Flowers and Colmer® define halophytes as plants that can complete
their full life cycle and reproduce under the salinity of 200 mM or more, and these type of plants cover approxi
mately 1% of known plant species. Some halophytes can yield as much biomass as traditional crops under full
seawater irrigation®. Several cultivation practises for saline agriculture has been set for halophytes, including
field or greenhouse cultivation with brackish or seawater irrigation, constructed wetlands, or saline hydroponic
systems®”. Hence, the irrigation water from valuable freshwater resources may not be needed for cultivation.
Due to their capability to grow in hydroponics and constructed wetlands, plants can also be used to bio- nlm
excessive nutrients® or residues of antimicrobial compounds® from aquaculture effluents. Combini
with Salicornia cultivation has also been evaluated for its potential to reduce halophyte produchon costs”. The
most suitable cultivation system depends on the species, salinity of the irrigation water, and available soil type’.

IAAU Energy, Aalborg University, Niels Bohrs Vej 8, 6700 Esbjerg, Denmark. Znstitute of Botany, Leibniz
Universitdt Hannover, Herrenhduser StralRe 2, 30419 Hannover, Germany. *CELABOR, Avenue du Parc N°38,
4650 Herve, Belgium. Bemail: kksh@energy.aau.dk
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Halophytes have previously been used as medicinal plants, and nowadays, fresh tips of many edible spe-
cies are sold for culinary use*!". After harvesting for food, the remaining fraction of halophyte is often seen as
waste as the plant lignifies, trapping high concentrations of salt within the plant structure. Due to this high salt
concentration, halophytes are suitable for animal feed only when incorporated with other feed sources. The
halophyte-supplemented feed has been tested for aquacultures', chicken'*!* and ruminants'*'¢,

According to the IPCC 2021 report'’, humans as a society have to aim for net-zero carbon dioxide emission
by 2050 in order to limit global warming to 1.5 °C. As a part of this green transition, it is necessary to find bio-
based alternatives to the variety of products currently obtained from the petrochemical industry. Considering
bioenergy, Salicornia spp. have been tested for their potential for bioethanol** and biodiesel*’?! production,
and Tripolium pannonicum has been tested for biogas production®, As the production of only biofuels is rarely
feasible, value-added products can be introduced to the bi y process. These multi-product systems are
seen as the most robust option for the future’*?, The utilisation of residual fractions for bioenergy production
would also lead to a zero-waste biorefinery.

Green biorefinery, where fresh but food grade biomass is fractionated to green juice and fibre residue,
could provide an opportunity to produce protein-rich feed supplements’* and nutraceutical compounds, such
as polyunsaturated fatty acids and carotenoids***’. This approach has been tested previously for Salicornia sinus-
persica and Salicornia bigelovii****. One of the key compounds to be valorised in green biorefinery is protein
and halophytes could provide a source for locally produced feed. The demand for high- quality plant-derived
protein is increasing and farmers are currently strongly dependent on imported sources, such as soybean, for
their livestock’*. High-value bioactive compounds suitable for cosmetics and pharmaceutical ingredients can
also be found from Saficornia spp.*™**~%, Tripolium pamromcumw‘ and Crithmum maritimum’>* extracts, and

these compounds have exhibited id activity, anti yand antimicrobial effects, anti-obesity
properties, and even cancer-preventing capabilities.

Halophytes could provide a valuable feedstock for multi-product green b dless of their
potential, halophytes are currently underutilised in agncu.llure and mduslxial applicaﬂons In 'hls study, three
halophyte plams native to European hores are d and ct t, marsh

d or sea beans), T. pannonicum (sea aster, prevnously deﬁued in taxonomy as
Aster lropolmm) and C maritimum (sea fennel or rock samphire). These species represent different plant fami-
lies (A and Apiaceae, respectively) and they have all suggested as potential crops for
halophyte-based agncu]tum by Ventura et al.'. The focus is to study the effect of cultivation salinity on biomass
yields and the chemical composition of biomass fractions. The plant material was characterised for the contents
of carbohydrates, Klason lignin, organic acids, crude protein, lipids, and minerals, for the further evaluation of
the species’ suitability for green biorefinery and different types of processes.

Methods

Biomass cultivation. The plants were cultivated in a greenhouse at the Institute of Botany, Leibniz Univer-
sity Hannover, Germany (52°23'42"N; 9°42'13"E), with temperatures varying between 14 °C (minimum tem-
perature during the night) and 35 °C (maximum temperature during the day). The seeds of T. pannonicum
(Jacq.) Dobrocz. were collected with official permission at the North Sea, Germany (53°29'13"N; 8°03'16"E).

‘The formal identification of the specxes was carried out at the Institute of Botany, Leibniz University Hannover,
and the voucher speci was deposited in the herb with i number TP20191001. Seeds of S.

europaea L. var. Aprica were obtained from Serra Maris bvba, Belglum, and the seeds of C. maritimum L. were
obtained from mother plants grown at the Institute of Botany, Leibniz University Hannover. The agronomic
handling from sowing through transplanting was carried out as described by Buhmann et al.””. 8. europaea and
T. pannonicum were cultivated with different NaCl concentrations in hydroponic systems: 0, 10, 20, 30, and
40 g/l NaCl (corresponding to 0, 171, 342, and 685 mM NaCl, respectively). It was noted that C. maritimum did
not survive under the highest salinities. Hence, it was grown with lower salinities: 0, 5, 10, 15, and 20 g/l NaCl
(corresponding to 0, 86, 171, 257, and 342 mM NaCl, respectively). All plants were cultivated in polypropylene
containers (400 mmx 300 mm x 175 mm) with a capacity of 16 1, and each container had 13 1 of Hoagland
solution containing: 606 mg/l KNO,, 944 mg/l Ca(NO;),-4H,0, 230 mg/l NH,H,PO,, 246 mg/l MgSO,7H,0,
3.73 mg/l KCI, 1.55 mg/l H;BO;, 0.34 mg/l MnSO-H,0, 0.58 mg/l ZnSO,7H,0, 0.12 mg/l CuSO,-5H,0,
0.12 mg/l MoNa,0,-2H,0, and 9.16 mg/l Fe-EDDHA (0.56 mg/l Fe). Small compressors constantly aerated the
water, and one air stone was placed in the middle of each tank. The hypocotyl was fixed with soft foam in 35 mm
holes. The water level was adjusted constantly in each tank with tap water to compensa(e for evapotranspiration.

Each experimental unit consisted of eight plants per iner and three per
treatment. Plants were exposed to 14 h of artificial light from sodium vapour lamps (SON T Agro 400, Philips),

and the light intensity ranged from 65 to 850 umol m? s™* depending on the time of the year, the time of the day,
and the weather conditions. The cultivation time in hydroponic systems was 5 weeks for T. pannonicum and S.
europaea and 11 weeks for C. maritimum. Plants were harvested partly lignified, weighed, immediately frozen in
liquid nitrogen to inhibit metabolism, and then kept at - 80 °C.

Biomass fractionation and processing. Biomass processing and characterisation were performed in
AAU Energy, Aalborg University, Denmark. Harvested aerial parts of biomass were thawed and fractionated
to green juice and fibre residue by using a horizontal single-auger juicer. Both fractions were recovered to pre-

weighed containers. The contents of dry matter (DM) and ash in green juice and fibre residue fractions were
determined usmg the al pr Is by National R le Energy Lab y (NREL)**. The juice was
analysed unfiltered and ined small suspended solid particles, which passed through the particle retention
of the juicer. For storage, the fibre residue was dried overnight at 60 °C in a fan oven, knife-milled to particle
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size<2 mm and kept at room

indry d from light. Green juice was frozen after
fractionation and kept at — 40 °C before composition ana.lysns

Characterisation methods. ~ Crude protein determination. 'The crude protein content of the biomass was
determined from homogenised DM by measuring the total nitrogen content using an elemental analyser and
applying the Jones conversion factor of 6.00%.

Extraction of lipids. 'The lipid content was defined as a lipid-enriched non-polar fraction in the biomass. For
solid biomasses, a dried sample (3-5 g) was weighed onto a cellulose thimble. Lipids were extracted with 250 ml
n-hexane using the Soxhlet apparatus with a 100 ml extraction chamber. After extraction, the solvent was recov-
ered using a rotary evap and d non-polar compounds were weighed.

In order to extract non-polar compounds from green juice, liquid-liquid extraction was performed by mix-
ing a juice sample (10 ml) with n-hexane (20 ml) in Falcon tubes. Tubes were kept in a nutation mixer for 1 hat
room temperature, and juice solids and liquid phases were sep d afterwards by centrifuging for 15 min with
4000 rpm (SL16, Thermo Scientific). The non-polar fraction was recovered, the solvent evaporated in the fume
hood, and the lipid-enriched fraction was weighed.

Total carbohydrates and organic acids. 'To analyse the lignocellulosic fraction of solid samples, subsequential
10 h water and 8 h ethanol extractions were performed to remove non-structural compounds. Extraction was
performed in a similar setup as used for lipid extraction, and one sample (5 g) was used from each biomass
batch. The extracted material was recovered and weighed. Strong acid hydrolysis and determination of structural
carbohydrates and Klason lignin in the extractive-free biomass were carried out in duplicate using a protocol by
NREL*. Carbohydrates from juice fractions were measured after weak acid hydrolysis, where the juice sample
(10 @) was mixed with H,SO, (10 ml, 8%) in Pyrex tubes and autoclaved at 121 °C for 10 min. Hydrolysis and
analytics were run as duplicates for samples and recovery standards. Free sugar and the ¢ ion
of organic acids were also determined directly from fresh, untreated juice samples using a protocol by NREL.

All hydrolysates and fresh juice samples were filtered through 0.22 um syringe filters. Sugars and organic acids
were analysed with high-p, ‘mance liquid ct hy (1260 Infinity I1, Agilent Technologies), using H,SO
mobile phase (0.005 M), organic acid column (Aminex "HPX-87H, Rio-Rad Laboratories Intc. ), and refractive
index detector. Separated sugars were glucose, xylose and arabinose, and the calculations for the concentrations
of sugars were performed as described by Alassali et al.'. Analysed organic acids were lactic acid, acetic acid,
malic acid, succinic acid and glycolic acid.

Mineral analysis. 'The minerals present in the ash fraction were analysed at the scientific service centre CEL-
ABOR, Belgium. Ash samples were digested in acidic conditions under pressure (40 bar) at 240 °C using a
microwave system in compliance with EN 13805:2014 standard. Concentrations of the following minerals were
measured using inductively coupled plasma momxc emission spectrometry (8300 DV ICP-AES, Perkin Elmer)
witha method adapted from EN 11885 standard: antimony, arsenic, barium, cadmium, cobalt, chro-
mium, copper, iron, p i lybd sodium, nickel, lead, silver, selenium,
titanium, zinc, phosphorus, strontium, vanadium, thallium and calcium. Inductively coupled plasma with mass
spectrometry (820 ICP-MS CRI, Varian) with a method adapted from EN 15763 standard was used to determine
the concentrations of rubidium, scandium and yttrium. Detected minerals with a concentration higher than
100 ppm in DM were reported. Analysis was run only once to each ash sample; thus, results are presented in
Supplementary Information.

Statistical methods.  All analyses were carried out as triplicates unless stated otherwise. All results, exclud-
ing fractionation yields and results from the mineral analysis, are given as mean values with standard deviation.
One-way analysis of variance (ANOVA) coupled with Tukey honest significance test was used to test the statisti-
cal significance of differences between results from biomass batches cultivated in different salinity conditions.

Ethics. The study complies with local and national guidelines.

Results

Biomassyields. Inall plant species, significant differences were observed between biomass yields from dif-
ferent cultivation salinities (p <0.001). The lowest total yield of S. europaea biomass (1586 g) was gained from the
non-saline cultivation conditions, whereas the highest total biomass yield (4365 g) was achieved with a cultiva-
tion salinity of 342 mM NaCl.

On the other hand, there was an inverse relationship between cultivation salinity and T. pannonicum yield.
The total amounts decreased from 1641 g of fresh biomass (0 mM NaCl) to 44 g (684 mM NaCl). Similarly, the
total C. maritimum yield decreased from 1440 g (0 mM NaCl) to 126 g (324 mM NaCl). C. maritimum also exhib-
ited Jower biomass production compared to two other species. Obtained biomass yields are presented in Fig. 1.

Fractionation and dry matter determination. After fractionation, green juice covered 84.6-90.2
w/w% out of the total biomass. Biomass yields of T. pannonicum and C. maritimum cultivated in high salinities
(> 171 mM NaCl) were too low to perform the fractionation process. Hence, these plants were considered only as
whole shrubs. In S. europaea and T. pannonicum, the juice fraction increased when cultivation salinity increased,
whereas, in C. maritimum, the juice fraction decreased.
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Figure 1. Yicld of fresh halophyte biomass cultivated under different salinities. Different letters above the bars
stand [or significantly different (p < 0.05) results calculated individually for each plant species.
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Table 1. Green juice and fibre residue fractions obtained from halophyte biomass and their respective dry
matter (1DM) contents, and the total DM content of the biomass. Due to small biomass yiclds, batches of

T. pannonicurn and C. maritimum cullivaled in high salinily condilions were nol [ractionaled. Results are
expressed as |w/w3%] on a fresh weight basis. Diflerent letters denole significantly different {p <0.05) resulls
calculated individually for each plant species and its biomass fractions.

There was a posilive correlation between S. europaca juice DM content and cultivation salinily, as waler-
soluble sall is mainly present in the juice [raction. The total DM conlent of T. pannonicum and C. marilinm
biomasses increased as caltivation salinity increased, and significant changes were observed between samples
(p<0.001}. In contrast, the changes in the total DM content of 8. ewropaca were non-significant (p<0.058).
[alophyte fractions and their respective DM contents are summarised in Table 1. 'Ihe characterisation results
Jor compounds in juice and [ibre residue [raclions are given on he basis of their respective DM and the total
DM calculated from these two fractions {(whele biomass).

Composition of halophyte biomasses.  Saficornia exropaca.  The composition of S. enropres biomass
fractions are shown in lig. 2. The crude protein content of S. ewropaea was relatively high, and considering the
biomass [ractions separalely. the changes in (he crude prolein content were more significant in the juice fraction
(p<0.001} than in the pulp fraction {p<0.011}. Oul of the Lotal crude protein,>60% was present in the juice
fractions, except for the 8. europaea cultivated at 513 mM NaCl, where most of the protein was found in the
fibre residue fraction. ‘The lipid content of green §. europaea was low, 1.7-3.7 g/100 g DM. Based on the results,
no clear relationship between cultivation salinity and the lipid content of the halophyte biomass was ebserved.
‘The analysis showed Lhe conlent of carbohydrales in the biomass being highest when the biomass was cul-
tivated in more optimal conditions in terms of biomass yield (342 inM NaCl). Significant differences were
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Figure 2. Chemical composition of Saficormia europaeq green juice (a), fibre residue (b} and whole biomass (<),
and Lotal sugar profile (d}. DM: dry malter. The contenl of a compound in whole biomass was calculated from
juice and fibre residue fractions. Different letters abave the bars denote significantly different (p<0.05) results
calculated individually for each biochemical group.

observed for all Lypes ol sugars measured in the hydrolysates from juice and fibre residue {p<0.001). Contrary
to the total carbohydrate content, in the green juice fractions, the concentration of carbohydrates determined
from hydrolysates had an inverse relationship to cultivation salinity, the concentration of sugars being highest
in the juice obtained from 0 mM NaCl cultivated plants. Therefore, the carbohydrates from the fibre fraction
are more pronounced in Lhe Lotal carbohydrale content of the biomass. Overall, the Klason lignin content was
very low in all S. exropaedn fibre residues. Similarly to the total carbohydrates, the lignin content correlated with
the oblained biomass yields (more lignocellulose from more oplimal cultivation salinity). In S. europaes plants,
even the highest share of lignocellulose was only 26.1% of the total biomass composition (342 mM NaCl). ‘The
average composition of lignocellulose was 43.5% cellulose (ghacose), 11.3% hemicellulose (xylose and arabinose}
and 15.2% Klason lignin.
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In the fresh juice (non-hydrolysed sample), low concentrations of free sugar monomers were detected. The
glucose concentration was the highest in the juice from biomass grown in 0 mM NaCl (2.15 + 0.01 g/100 g DM)
and the lowest in the juice from 513 mM NaCl cultivated biomass (0.91 + 0.79 g/100 g DM). Arabinose was
not present in any fresh juice samples, and xylose was detected only from juice samples from 171 mM NaCl
(2.06£0.02 g/100 g DM) and 684 mM NaCl (1.29 £ 0.00 g/100 g DM) cultivated biomass. The results of the
organic acid analysis showed only low amounts of lactic acid in the fresh juice samples (< 1.00 g/100 g DM in
total DM), whereas other acids were not detected inthe analysxs

The ash content of S. europaea i d as the culti salinity i d due to the high amount of water-
soluble salts in the juice fraction. This can be observed when fractions are considered separately: ash content of
fibre residue fraction varied between 13.7 and 18.2 g/100 g DM, but the ash content of the juice increased from
49.31 £0.19g/100 g DM (0 mM NaCl) up t0 76.02 £0.11 g/100 g DM (513 mM NaCl).

Tripolium pannonicum. Qverall, increased cultivation salinity affected the biomass yield and size of fractions
rather than the chemical composition of T. pannonicum plants. An inverse relationship was observed between
cultivation salinity and the total crude protein content, and the differences between samples were significant
(p<0.001). However, considering the green juice and fibre residue fractions from lower salinities (0 mM and
171 mM NaCl) individually, the crude protein content was stable, and changes were non-significant (p =0.259
and p=0.063, respectively). The total lipid content of T. pannonicum varied between 1.59 +0.46 g/100 g DM
(513 mM NaCl) and 2.81 +0.04 g/100 g DM (171 mM NaCl). Despite the significant differences in the total lipid
content of biomass samples (p=0.002), it was not possible to observe a clear relationship between cultivation
salinity and lipid content based on the obtained results. Due to the small amount of biomass available, it was not
possible to run the lipid extraction in triplicate for 684 mM NaCl salinity grown biomass. The changes in the
lipid content were more pronounced in the fibre residue fraction, as in the juice fractions, the lipid content stayed
nearly constant and changes were non-significant (p=0.488).

Significant differences were observed in the total carbohydrate content of samples from different cultivation
conditions (p <0.001). As sugars were determmed from the extractive-free fraction of the solid samp]es, only
the amount of structural carbohyd ined for the samples idered whole (not fracti
inverse relationship between cultivation sahmty and the content of structural carbohydrates was observed, bu(
only samples cultivated in the two highest salinities were significantly different to the others. Considering the
types of sugars separately, the increased cu.lnvmonsahmty aused significant changes in total glucose and xylose
contents of total DM (p <0.001), but there were no signifi in the arabi content of biomass
(p=0.171). The Klason lignin content of T. pannonicum was up to 21.97 +1.70 g/100 g DM (171 mM NaCl), and
the changes between biomass samples were non-significant (p=0.072).

High concentrations of free sugar monomers were detected from fresh T. pannonicum juice, xylose being the
most abundant sugar with ions of 16.43 +0.32 g/100 g DM and 7.99 + 0.08 g/100 g DM in
green juice from 0 mM NaCl and 171 mM NaCl cultivated biomasses, respectively. Fresh green juice was also
rich in glucose, but arabinose was not detected in the samples. Only a low amount of lactic acid was measured
from fresh juice; other acids were not detected.

The significant difference in the total ash content was only observed in the samples cultivated in the lowest
and the highest salinity (p=0.020), whereas changes between other samples were non-significant. When con-
sidered separately, the green juice fractions showed no significant change in the ash content (p = 0.829). During
the composition analysis, the cumulative mass balance of T. pannonicum samples exceeded 100%, which is
suggested to be caused by the overestimated amount of crude protein and large standard deviations in the ash
content results. The composition of T. pannonicum biomass fractions are shown in Fig. 3.

Crithmum maritimum. 'The p of C. it biomass fractions is shown in Fig. 4. Cultivation
salinity affected mainly the biomass yleld and less the chemical composition of C. maritimum. The camulative
mass balance exceeded 100% during the composition analysis of all fibre residue fractions and the juice frac-
tion from biomass grown with 0 mM NaCl. Significant changes (p=0.002) were observed in plants’ total crude
pmlem content, wlnch \r.med between 21.3 and 23.1 g/100 ¢ DM. When fractions were considered separately,

were i in green juice samples (p<0.001) and an inverse relationship between
crude protein content and cultivation salinity was observed, whereas no significant differences were observed in
the crude protein content of fibre residue fractions (p =0.070). The total lipid content of C. maritimunt was low
(<2.5g/100 g DM) in all samples, with changes between biomass batches being non-significant (p=0.045). Most
of the total lipids (> 60%) were present in the fibre residue fraction after the screw press. In the green juice frac-
tions, the lipid content was < 2.2 g/100 g DM, and the differences between juice samples were also non-significant
(p=0.475).

& Significant changes were observed in the total carbohydrate content of the biomass samples (p <0.001). The
content of carbohydrates was highest in the plants cultivated in 86 mM NaCl, the total amount of sugars being
34.71+2.86 g/100 g DM. Significant changes were observed in the total contents of glucose (p <0.001), xylose
(p< 0 001) and arabmose (=0 002) intotal DM of C. maritimum. However, when hydrolysed juice samples were

ly non-signifi changes were observed in the concentrations of glucose (p=0.510)
and xylose (p 0.051), and arabinose was detected only in the sample from 171 mM NaCl cultivated plants in
very low concentration (< 0.1 g/100 g DM). Considering the amounts of l carbohydrates in solid samples,
only the pulp fraction from 86 mM NaCl cultivation salinity was significantly different, whereas the carbohy-
drate content in other solid samples remained nearly constant. Klason lignin content of total DM varied from

22.37+1.09 g/100 g DM (171 mM NaCl) to 27.68 + 1.99 g/100 g DM (86 mM NaCl) with the p-value of 0.004.
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Figure 3. Chemical composition of Tripolium pannomicum green juice (a), fibre residue (b} and whole biomass
(<), and total sugar profile (d). DM: dry matter. For 0 and 171 mM NaCl salinily cullivated samples, the

centent of a compound in whole biomass was calculated frem juice and fibre residue fractions. Only structural
carbohydrates were analysed for samples cultivated in 342, 513, and 681 mM NaCl. Biomass samples which were
not fractionated were not analysed for their contents of organic acids. Different letters above the bars denote
significantly diflerent (p<0.05) resulls calculated individually for each biochemical group. *Not possible Lo give
the standard deviation for the sample.

Fresh C. maritimum juice was rich in free sugar monomers, and concentration varied between samples
(p<0.001). In these samples, glucosc was the most abundant sugar, and the concentration reached up to
22.14+0.20 g/100 g DM (0 mM NaCl). The amount of xylose was also found Lo be high, being 18.63+0.47 g/100 g
DM in the green juice from plants cullivaled with 0 mM NaCl and > 10.00 g/100 g DM in other [resh juice
samples. Arabinose was not detected in any of the fresh juice samples. The largest amount of lactic acid was
detected from the 86 mM NaCll cultivated sample (3.77 1 0.00 g/ 100 g DM}, but in other juice samples, lactic
acid concentrations were low (<0. 1 g/100gDM}).
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Figure 4. Chemical composition of Crithmum niaritimum green juice (a), fibre residue (b} and whole biomass
(¢}, and total sugar profile (d). DM: dry matter. For 0, 86, and 171 mM NaCl salinity cultivated samples, the
conlent of a compound in whole biomass was calculated from juice and [ibre residue [ractions. Only structural
carbohydrates were analysed for samples cultivated in 257 and 342 mM NaCl. Duc to the small concentration
of organic acids {< 0.1 g/100 g DM), all bars are nol visible in Lhe graphs. Biomass samples which were not
fractionated were not analysed for their contents of organic acids. Different letters above the bars denote
significantly diflerent (p<0.05) resulls calculated individually for each biochemical group.

Cultivation salinily is directly related Lo the ash content of the C. maritimum biomass {(p<0.001}.
Discussion
Halophytes can be divided into two groups: abligate halophytes, which need salt to produce the highest biomass

yields, and facultative halophytes, which tolerate salt but have optimal growth in low salinities. In general,
dicotyledonous halophyte plants have shown higher salt tolerance compared to monocotyledonous grasses
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and glass-like species*’. As an obligate halophyte, S. europaea requires salt for optimal growth, and the highest
obtained biomass yield from cultivation at 342 mM NaCl salinity (approximately 34 dS/m) aligns with the previ-
ous studies reporting the optimal salinity range for Salicornia spp. to be 200-400 mM NaCl (corresponding to
approximately 20-40 dS/m)**". In the cultivation study by Araus et al. ¥, brackish water (25 dS/m) irrigation lead
to taller plants and higher S. europaea biomass production compared to seawater (40 dS/m) irrigation. Adapt-
ability to changing environments was shown, as S. europaea exhibited sufficient growth in various salinities. In
the study by Cérdenas-Pérez et al.*” no significant anatomical changes were observed in S. europaea cultivated
at 200-800 mM salinity, whereas changes in plant cells were observed with extreme salinity treatments (0 mM
and 1000 mM NaCl). S. europaea exposed to high salinity stress (700 mM) has also exhibited recovery after the
stress and as high production of fresh biomass as control plants*“. Saficornia spp. are fully adapted to flooding
conditions, which has also been shown to enhance growlh M

Unlike Salicornia spp., T. p icum and C. mari idered facultative halophytes. Uno et al.*”
and Ueda et al.*! have repurted T. pannonicum growth mhthou in salinities above 300 mM NaCl. Obtained
results are aligned with these observations, as biomass yield was sl.gmﬁcan!ly Iowet when sahmty mcreased to
342 mM NaCL Wiszniewska et al. also obtained the optimal T. p
but reported a non-significant difference in yields in 150 mM and 300 mM NaCl culuvaled plants. Turcios et al.”
reported T. p icum being able to withstand salinities up to 770 mM (45 g/l NaCl). Even if T. pannonicum
survived under 684 mM NaCl salinity, the biomass yield was very low, and only small changes in the chemical
composition of the biomass were observed. Al-Hawija et al.** also reported T. pannonicum seeds being able to
germinate under salinity up to 600 mM, but the germination percentage decreased from 78 to 24% compared to
non-saline conditions. Considering obtained results and previous literature, C. maritimum tolerates lower NaCl
concentrations than the other two species. This can be explained by the type and the natura] habitat of the species.
According to eHALOPH database*, S. europaea and T. p are cl d as hydrohalophytes found in
salt marshes, which can be affected by tidal changes in coastal areas, whereas C. maritimum is a chasmophyte
found in rocky seashores. In addition, plants have several mechanisms to continue their growth and development
under salt stress conditions, including the restriction of Na uptake and excl I

cellular compart isation
of Na*in the vacuole. antioxidant regulation, compatible solutes (osmolytes), morphological adaplations, among
others. Germi of halophyte seeds also show high variability depending on plant population and
their natural habitat®". The mechanism used depends on the group of plants, glycophyta or halophytes, and on
each specles. resulting in a wide range of tolerance to salinity. For example, Ben Amor et al.* and Ben Hamed
etal.”” reported a significant reduction in C. marmmum yields in salinities higher than 200 mM NaCl and at

300 mM NaCl, respectively, but showed h d or unch d growth under mod 50 mM NaCl and
100 mM NaCl salinities, resp 1y, MartinsNoguerol et al.“ defined the optimal cultivation salinity
for C. maritimum in greenhouse conditions to be 50 mM NaCl pproxi 5dS/m). Regardless of the lower

total biomass production and longer cultivation time, the utilisation of C. maritimum could be feasible, as the
plant has been reported to be rich in valuable bioactive compounds™*.

It must be taken into consideration that the cultivation of plants in dnﬂerent gmwth medla (hydroponic system
or cultivation in sonl) can a]so lead to different plant growth resp and b itions. However,
the use of hyd hasi dinimp 1dwide due to the known advantages, mainly
inthe eﬂicnem useofthe resources, being necessary to carry out research in this field. In addition, under hydro-
ponic conditions and for research purposes, the concentrations of salt and nutrients can be easily and precisely
controlled, allowing an accurate comparison between the different treatments. The cultivation system to select
also depends on other factors. Different cultivation systems provide varying capabilities to control the salinity’,
which among other things, such as targeted products, has to be taken into account when choosing the cultivation
practices and following processing methods. As S. europaea is an annual plant, it could provide an interesting
species for crop rotation, where it would be used in the remediation process and to uptake the excessive salt from
the substrate, which may inhibit the growth of other crops.

Tl'us studypresemsabrond ovelvww of the ition of green i d halophyte bi grownin

e h

P system, provi ion for .planmng potenual biorefinery pmcasscs The crude protein
content of studied halophytes was relahvely high, and these species could have the potential for protein produc-
tion. Results for total crude protein content for S. enropaea were aligned with amounts previously reported for
Salicornia spp.'°. The content of soluble protein in S. exropaea has previously shown to be relatively stable
and content to decrease only when exposed to very high salinities*’. The crude protein content was lower in S.
europaea samples cultivated in more optimal conditions regarding biomass yield; thus, the actual crude protein
content was 12.7% higher in plants cultivated in 171 mM NaCl than plants cultivated in 342 mM NaCL Therefore,
the cultivation in 171 mM NaCl could be more desirable for a biorefinery targeting maxi protein produc-
tion when assuming that all crude protein could be extracted as true protein and changes in the biomass yields
would be significant. Even if the total crude protein content is nearly the same in 171 mM NaCl and 684 mM
NaCl cultivated samples, due to significantly lower biomass yield obtained with 684 mM, the amount of total
proteinwould decrease. Therefore this cultivation condition cannot be suggested. For T. pannonicum, the crude
protein content was higher than previously reported for species” and six other species in the Asteraceae family™.
The crude protein content of T. pannonicum DM was comparable to widely used legumes, such as chickpea
(24.0 g/100 g), lentil (26.1 g/100 g) or green pea (24.9 g/100 g)*’, which makes it the most interesting species
for protein production. However, the presence of non-protein free amino acids (e.g. asparagine) may cause an
overestimation in protein content®, as well as high content of nitrate, which depending on cultivation practices,
may also become an anti-nutritional factor in T. pannonicum'. Nitrogen is also present in chlorophylls, and high

ion may affect the estimation of protein content. Therefore, an amino acid analysis would be needed to
carry out in further investigations. Also, C. maritimum showed relatively high crude protein content, and previous
studies have shown optimal cultivation conditions to increase the content of essential amino acids in the plant™.
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Low lipid content was measured from all studied plant species, which is typical for succulent halophytes™.
For T. pannonicum, the total lipid content was lower than values previously reported in the literature’?. Abiotic
strcsss. such as high or low salinity, could increase the antioxidant capacity and production of certain protective

polar compounds, such as ¢ ids, in plams!‘ €2 Therefore, analysis of fatty acid profile and charac-
of other 1 ds (eg. and tocopherols) from lipid-enriched fractions could
be desired to evaluate '.he teaslblhty of lipid separatlons as part of the biorefinery process.

With respect to total biomass yield, optimal cultivation conditions seem to increase the lignocellulosic frac-
tion in the . ewropaea biomass. This can be linked to the larger plant size obtained from the cultivation under
optimal salinity*”**, Therefore, biomass cultivated in these conditions could be more suitable for biorefinery
targeting cellulose and hemicellulose derivatives, cellulose being present mainly in the lignified stems'”. Regard-
less of the significantly higher carbohydrate content in C. maritimum from 86 mM NaCl salinity cultivation, the
actual amount of carbohydrates in obtained fresh biomass was still higher in plants cultivated in 0 mM NaCl
due to higher biomass yield. Klason lignin content of S. europaea was found to be low, and it is aligned with
acid-insoluble lignin contents previously reported for Saficornia species'®'**%, Low lignin content may indicate
biomass to be non-recalcitrant, allowing less severe processing conditions, especially after the removal of extrac-
tive material. In C. maritimum and T. pannonicum biomass, Klason lignin comem was higherthan S. eumpaen,
and the insoluble lignin content was aligned with 18.2 g/100 g DM previously reported for T. p
Studied facultative halophytes had a high concentration of available sugam in the juice, making them mteremng
for processes utilising micro-organisms. Compared to forage alfalfa juice, which has been suggested as media
for lactic acid fermentation®, the amount of available glucose is similar in T. pannonicum and nearly triple in C.
maritimum cultivated in moderate salinities. The high amount of available xylose could also make T. pannonicum
a potential feedstock for the production of pentose-derived platform chemicals.

Halophytes are known to accumulate salt and other minerals in their tissues, and high ash contents were
also measured from studied biomass. Ushakova et al.*® showed increased sodium intake and decreased potas-
sium, calcium, and magnesium uptake of S. europaea, which aligns with obtained results. Studied halophyles.
especially C. maritimum and S. europaea, were rich in calcium (see Suppl. y Table S1 and Suppl
Table $3), which has been shown to have an essential protective role in the salt tolerance of plan!s growing
in saline conditions®’. Compared to the other studied species cultivated in the same salinities, C. maritimum
exhibited lower salt accumulation.

Conclusion

S. europaea, T. pannonicum, and C. maritimum were cultivated in different salinity conditions, and S. europaea
yielded the most biomass in 342 mM NaCl (approximately 34 dS/m) salinity, whereas facultative halophyte
species exhibited the highest biomass production in non-saline conditions. T. pannonicum, and especially S.
europaea, could be potential crops due to their higher biomass yields and shorter cultivation time. Obtained
biomass was fractionated to green juice and fibre residue, and the chemical composition of the fractions were
analysed. Significant differences were observed between biomass batches cultivated under different salinities, and
this study is the first one to report the composition of the species after green fractionation. All species exhibited
high crude protein content. Therefore, they can be seen as potential feedstocks for biorefinery targeting green
protein production. Obtained results can be used to plan possible processing routes for halophyte-based biore-
finery. Still, halcrphytes and their suitability for different applications should be further explored as a part of the
green transiti of inal lands.

Data availability
The data generated and analysed during the study is available from the corresponding author on request.
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Abstract: [Talophytes are salt-tolerant plants, and they have been utilised as healthy, nutritious
vegetables and medicinal herbs. Various studies have shown halophytes to be rich in health-beneficial
compounds with antioxidant activity, anti-inflammatory and antimicrobial effects, and cytotoxic
properties. Despite their potential, these plants are still underutilised in agriculture and industrial
applications. This review includes the state-of-the-art literature concerning the contents of proantho-
cyanidins (also known as condensed tannins), total phenolic compounds, photosynthetic pigments
Various extraction
s have exhibited
potential for use not only as novel food products but also in the production of nutraceuticals and as

(chlorophyll and carotenoids), and vitamins in various halophyte biomasse:

and analytical methods are also considered. The study shows that various spe
ingredients for cosmetics and pharmaceuticals,

Keywards: halophytes; bioactive molecules; saline cultivation; pigments; phenolics

1. Introduction

According to the Luropean [nnovation Partnership for Agricultural Productivity and
Sustainability [1], soil salinisation is a significant threat to soils at a global scale, causing
agricultural land degradation through natural causes or poor land and water management.
As most conventional crops are salt-sensitive glycophytes, the increased salt concentration
in cultivation soil causes nutritional imbalances and toxicity in plants, inhibiting their
growth and making the soil unsuitable for traditional farming [1]. T.oss of arable land
affects the economic situation of people who depend on agricultural activities and creates a
threat to the world’s food security.

Halophytes are salt-tolerant plants adapted to thrive in saline habitats, such as
scashores, marshlands, and saline deserts worldwide. ITumans have used halophytes
for centuries, primarily in medicinal practices, due to their high levels of bivactive com-
pounds [2—4]. Nowadays, fresh shoots of halophytes are sold as gourmet vegetables [5,6].
Cultivation and commercialisation of these naturally salt-loving plants are scen as one
of the critical implementations to help the remediation of saline areas and adapt to the
changes in soil quality [1].

Vegetables and fruits are typically rich in health-beneficial bioactive compounds, such
as phenolics and carotenoids [7,8]. However, these compounds can also be found in high
concentrations in botanical extracts obtained from some agricultural and food processing
waste, as mentioned in the review by Rauf et al. [7]. TTalophytes are likely to produce high
levels of these protective compounds due to their adaptation to extreme environmental
conditions [9,10]. Besides healthy food, these plants could provide a novel feedstock for
bio-functional feed, nutraceuticals, and the pharmaceutical industry [2,11-13]. Tor example,
Lopes et al. [3] studied halophytes from saline habitats of southern Portugal and suggested
various species that can potentially be utilised in cosmetic ingredients. These valuable
bioactive compounds can also serve as value-added products that can be obtained from
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a halophyte-based biorefinery. For some succulent halophytes, such as Salicornia species,
the food production period is relatively short, as the shrubs become more woody as they
mature, making them unpleasant to eat. Due to high salt concentrations accumulated in
the plant tissues, halophytes can be directly used as animal feed only when blended with
other feed sources [14,15]. Therefore, these partly lignified plants are often considered
agricultural waste. However, they could be used to extract phytochemicals as a part of a
multi-product biorefinery. This concept is visualised in Figure 1. This would provide a
value-added product stream for a biorefinery, whereasresidual extractive-free fibres could
be utilised in bicenergy production, or in the production of other lignocellulose-derived
products, such as bulk chemicals. Halophyte biomass has previously been tested for
bioethanol and biogas production [16-18]. Production of botanical extracts can also be
beneficial considering the pretreatment of lignocellulosic fibres, as it makes the fibres less
recalcitrant, and lowers the severity of the pretreatment conditions that are needed [16,19].
Extraction with water would also remove salts which could otherwise cause issues during
the processing [20]. In terms of other major compounds, since halophytes have exhibited
interesting nutritional profiles [21-23], protein production has also been studied [24,25].
Despite their potential, halophytes are still underutilised both in agricultural and industrial
applications [3,12,23].

Production of
healthy food
¥
Production of

botanical
extracts

¥

Production of
bioenergy

Figure 1. Simplified process chart of halophyte-based biorefinery.

2. Methods

This study reviews the existing literature reporting the phenolic compounds, pigments,
and vitamins in halophyte biomass and provides information about the potential of these
plants in multi-product biorefinery applications. Several scientific databases were used
to retrieve articles, including those of Elsevier, Taylor & Francis, Springer, and MDPI, but
other peer-reviewed articles and some book chapters were also considered. Only articles
written in English were considered, and the review focused on studies published in and
after the year 2010. However, a few papers from 2008 and 2009 were also included. The
review was performed to investigate the amount of the following compounds reported for
botanical extracts from the biomass of edible halophytes:

Proanthocyanidins (condensed tannins);
Phenolic compounds (total phenols);
Chlorophyll;

Carotenoids;

Vitamins.

e o o o o

The main keywords used in the search were: halophytes, phytochemicals, bicactive
compounds, proanthocyanidin, condensed tannin, pigments, chlorophyll, carotenoid, and
vitamins. Some of the reviewed studies compared the composition of different biomass
batches of same species, or extraction methods. From these studies, the data from the
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sample with the highest concentration of the compound of interest was presented in
the results. This review also briefly summarises the extraction methods and analytical
procedures used to obtain, quantify, and identify the bioactive compounds. The strength of
the solvent was also noted whenever it was specified in the original study.

3. Proanthocyanidins

Proanthocyanidins (also known as condensed tannins) are pigmented polymerised
polyphenolic compounds that contribute to the antioxidant action and cardiovascular
disease-preventing properties of botanical extracts, and these medicinal properties make
them interesting for the pharmaceutical industry [26-28]. Rauf et al. [7] reviewed the
reported health benefits linked to proanthocyanidins, and found that besides antioxidant
and cardiovascular protective functions, condensed tannins have cancer-preventing, neuro-
protective, and antimicrobial properties. In nature, proanthocyanidins are present in the
flowers, leaves, fruits, nuts, seeds, and bark of various plants, protecting them from stress
caused by environmental conditions or other living organisms, such as insects, parasitic
nematodes, or diseases. More than a thousand derivatives of condensed tannins have been
identified, and they have recently attracted increased interest due to their influence on
various biological processes [29]. Plants rich in proanthocyanidins have also been used as
herbal medicines for mild skin and oral mucosa inflammation and digestion issues [29].

The total amount of condensed tannins is typically determined from a methanol
or acetone extract as an amount of catechin equivalent (CE) in the dry weight (DW) of
the extract. The most common method for determining total condensed tannins is an
applied vanillin assay method developed by Sun et al. [30], which is based on the reaction
between catechin or proanthocyanidins and vamllm in methanol solution. However, a
colourimetric method using 4-dimethylami dehyde hydrochloric acid (DMACA-
HCI), developed by Li et al. [10], is said to have higher sensitivity and specificity compared
to a vanillin assay.

Chekroun-Bechlaghem et al. [31] studied the extraction of polyphenolic compounds
from halophyte biomasses using different solvents and found the concentration of con-
densed tannins was highest in aqueous fractions or methanol and acetone soluble fractions.
As seen from Table 1, the level of proanthocyanidins in halophyte biomasses varies sub-
stantially between different species, even those within the same genus. For example,
the concentration of proanthocyanidins in Mesembryanthemum species varies between
2.01 £ 0.04 mgCE/gDM [32] and 20.3 + 0.98 mgCE/gDM [33], and in Suaeda species be-
tween 1.21 + 0.05 mgCE/gDM [32] and 15.76 + 1.43 mgCE/g [34]. The highest concentra-
tion of proanthocyanidins (118.43 + 11.79 mgCE/gDM), measured from water extract, was
found from Tamarix africana [31]. For comparison, 17.28 + 1.95 mgCE/gDM of proantho-
cyanidins were found from Tamarix gallica [35] species within the same genus.

Table 1. The total amount of p hocyanidins (total condensed i d from halophy
biomasses. Studies that used a vanillin assay applied the method by Sun et al. [30], except Chekroun-
Bechlaghemt et al. [31], who used the modified method by Julkunen-Tiitto [36].

Concentration

Plant Species Solvent Method [mgCE/gDM] Ref.
Arthrocnemum macrostachyum Water Vanillin assay 7.50 £ 0.80 [31]
Aster tripolium Acetone (80%) DMACA-HC1 Not detected 31

Cakile maritimum Methanol Vanillin assay 14.94 + 0.04 37
Carpobrotus edulis Ethanol DMACA-HC1 20.3 £ 098 [33]
Cladium mariscus Acetone (80%) DMACA-HC1 387 +221 31
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Plant Species Solvent Method ?:;gg;;gﬁ? Ref.
n/a n/a 1.06 £0.77 [38]
Crithmum

Acetone (80%) 0.63 [39]
Inula crithmoides Acetone (80%) 0.95 [39]
Ipomoea pes-caprae Methanol (80%) 19.67 + 2.54 [34]
Limenium delicatul Methanol (80%) Vanillin assay 4838 +0.75 [40]
Methanol 142+ 09 [28]
Mesembryanthemum edule Methanol 951 £1.07 4
Methanol 7.6 [10]
Mesembryanthenum nodiflorunt Methanol DMACA-HC1 201 £0.04 [32]
Pluchea lanceolata Methanol (80%) 2052 +4.32 [34]
Reaunuria vermiculata Dichloromethane Vanillin assay 27.98 +£1.01 [41]
Retama raetam Acetone (60%) 10.16 [42]
Acetone (70%) 325+ 46 5]

lico DMACA-HCI
Acetone (80%) Not detected 31
Salsola kali Methanol 2.03 £0.62 [43]
Salsola vermiculata Acetone (80%) Vanillin assay Not detected 3]
Salvadora persica Methanol (80%) 22.35 + 2.87 [34]
Sarcocornia fruticosa Methanol DMACA-HC1 0.46 + 0.04 [32]
Sarcocornia perennis Methanol 1.09 [44]
Methanol 7.76 +0.28 [31]

3 Vanillin assay
Suaeda fruticosa Methanol (80%) 15.76 + 1.43 [34]
Acetone 150 £ 013 [45]
Suaeda maritima Methanol DMACA-HC1 1.21 £+ 0.05 321
Tamarix africana Water 118.43 + 11.79 311
Tamarix gallica Methanol Vanillin assay 17.28 +1.95 [35]
Thespesia populnea Methanol (80%) 20.14 +3.54 [34]

4. Phenolic Compounds

Phenols are a diverse group of phytochemicals which include phenolic acids (hy-
droxybenzoic acids and hydroxycinnamic acids) and flavonoids, amongst other types of
compounds [32]. They are potent antioxidants linked to various health benefits, such as
anti-inflammatory, anti-obesity, and even anti-cancer properties [11,46]. They have also
been shown to prevent cardiovascular diseases and diabetes [46].

Phenolic compounds can be extracted with water, polar organic solvents, and their
mixtures [46]. The colourimetric Folin—Ciocalteu method is well established and commonly
used to estimate total phenols in plant extracts. In this method, gallic acid is used to
determine a reference curve, and total phenols are measured as an amount of gallic acid
equivalent (GAE) in the dried extract. The protocols use Folin—Ciocalteu reagent to
measure absorbance at 760 nm, and the process is well described by Singleton and Rossi [47]
and Dewanto et al. [48]. The total phenols found in halophyte extract are summarised in
Table 2. The concentration of phenols may vary between different parts of a plant, and
Ksouri et al. [35] and Medini et al. [40] have shown that phenol content is highest in extracts
obtained from flowers. The concentration of phenolic compounds depends on biological
factors, such as genotype, the part of the plant, and environmental conditions, such as

136



Appl. Sci. 2022, 12, 840

temperature, salinity, water stress, and light intensity [10]. Therefore, the composition
extracts from the same species can vary, as can be seen in methanol extracts of Salicornia

ramosissima and Tamarix gallica.

Table 2. Total phenolics measured from halophyte extracts with the Folin-Ciocalteu method.
Chekroun-Bechlaghem et al. [31] Stankovic et al. [49], Qasim et al. [26], Lopes et al. [3], Ro-
drigues et al. [50], Lima et al. [5], Pereira et al. [51], Zengin et al. [52], and Castaneda-Loaiza et al. [32]
used method by Singleton and Rossi [47]. Hamdoon et al. [33] used the method by Quy et al. [54].

Other studies use the protocol by Dewanto et al. [43].

Concentration

Plant Species Solvent Method [mgCAE/gDMI Ref.
Artemisia santonicum Methanol 212.71 4+ 0.68 [49]
o - Water 10244001 [31]
Ethyl acetate 2954 4078 1521
o Acetone (80%) 2234263 3]
Aster tripol
Methanol 14475 + 059 [49]
Cladium mariscus Acetone (80%) 254 - 2.26 31
Carpobrotus edulis Ethanol 272.82 4559 [33]
Acetone (80%) 78 391
Crithmum
Water 353 + 298 [51]
Halimone portulacoides Ethyl acetate 14.59 + 0.21 [52]
Inula crithmoides Acetone (80%) 14.1 391
Ipomoea pes-caprae Methanol (80%) 54.21 4231 [34]
Limoniastrum monopetalum Methanol 15.85 [55]
Limonium algarvense Methanol 228 +2 [50]
Limonivwm delicatulum Acetone (80%) 929 +145 [40]
Limonium densiflorum Methanol 56.18 + 0.92 [56]
Lycium shawii Ethanol (95%) FolirCuotay 5272 +£3.17 [53]
Water 2122448 [28]
Mesembryanthemum edule Methanol 68.75 +1.07 4]
Methanol 70.07 [10]
Mesembryanthenum nodiflorum Methanol 6.75 + 0.08 [32]
Pluchea lanceolata Methanol (80%) 42,28 +3.58 [34]
Reaumuria vermiculata Methanol 11712 331 41
Retama raetam Water 137.0 [42]
Runtex vesicarius Ethanol (95%) 2854+1.13 [53]
Ethyl acetate 24.46 + 016 [52]
Salicornia ewropaea Ethanol/water ~11 571
Methanol 58.20 + 0.4 [49]
Acetone (80%) 741+249 2]
li Acetone (80%) 129 +19 151
Water 15.02 + 2.01 [58]
Methanol 1723 +£10 [43]
Salsola kali
Methanol 17.23 [101
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Table 2. Cont.
1 Concentration

Plant Species Solvent Method [mgCAE/gDM] Ref.
Salsela vermiculata Acetone (80%) 133 +2.62 21
Salvadora persica Methanol (80%) 58.23 +3.54 [34]
Sarcocornia fruticosa Methanol 5.69 £ 0.06 321
Methanol 11.09 + 0.08 [59]

. Acetone 317 £ 051 [45]

Suaeda fruticosa ————————

Methanol/water 47.73+1.17 [31]

t 1 (80% .5 .32 34]

Me;a;:islo 2l Folin-Ciocalteu 4?6: i ii [ 2]

Suaeda i G X . [32]
Methanol 62.88 + 0.88 [49]

Tamarix africana Water 61.06 +0.40 [31]
- Methanol 135.35 £ 7.70 135]

Tamarix gallica e s

Methanol 7056 [o]

Thespesia populnea Methanol (80%) 63.91 4+ 5.28 [34]
Zaleya pentandra Methanol 22,60 +0.14 [60]

Several different protocols have been established to determine the phenolic profile of
plant extracts and measure the concentration of single bicactive compounds using high-
performance liquid chromatography (HPLC). The analytical procedure used depends on
the compounds of interest; this study presents procedures used in some of the reviewed
studies and the main separated compounds detected. Various HPLC methods and phenolic
profiles of halophyte extracts has previously been reviewed by Lopes et al. [61]. Rodrigues
et al. [50] determined the concentration of phenolic compounds in Limonium algarvense
extract with a “Mediterranea sea 18” column, a mixture of methanol and aqueous acetic
acid as mobile phase, and a diode array detector (DAD),. The targeted compounds with
the highest concentrations were gallic acid (3.37 mg/gDM), catechin (2.87 mg/gDM),
and salicylic acid (1.89 mg/gDM). However, Medini et al. [32] identified phenolic acids
from the closely related Limonium delicatulum by means of reverse-phase HPLC with
an RPC18 column, aqueous a trifluoroacetic acid and acetonitrile mobile phase, and a
DAD, finding the major compounds to be coumaric acid and chlorogenic acid; however,
the compounds were not quantified. Castafieda-Loaiza et al. [32] determined phenolic
profile using the same method as Rodrigues et al. [50] and found the dry matter from
Mesembryanthemum nodiflorum extract to be rich in ferulic acid (15.3 pg/mgDW) and caffeic
acid (3.85 pg/mgDW). In extracts of Suaeda maritima and Sarcocornia fruticosa, the phenolic
compounds with the highest concentrations were coumaric acid (0.98 ug/mgDW) and
chlorogenic acid (2.25 ug/mgDW), respectively [32]. Mariem et al. [42] identified the major
phenolic compounds in Retama raetam as syringic acid and coumarin, using reverse-phase
HPLC with an ODS C18 column and a mixture of acetonitrile and sulphuric acid as the
mobile phase. Qasim etal. [34] determined the phenolic profile of Ipomoea pes-caprae, finding
that the major compounds were chlorogenic acid and gallic acid (7.37 + 0.11 mg/g and
1.42 £ 0.07 mg/g, respectively). For Suaeda fruticose, they found major compounds to be
catechin and chlorogenic acid (1.67 = 0.08 mg/g and 1.27 + 0.09 mg/ g, respectively). Silva
et al. [58] used HPLC with a C18 column, a mixture of methanol and water as the mobile
phase, and a photodiode array detector (PDA). They found the predominant compound
in the extract to be flavonoid myricetin (0.43 £ 0.02 mg/gDM). Jdey et al. [62] analysed
phenolic compounds with a C18 column, a methanol and formic acid mobile phase, and
DAD; they found the total amount of phenolics in Frankeani laevis to be 16 mg/gDM.
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5. Chlorophylls

Chlorophylls (chlorophyll 4 and chlorophyll b) are photosynthetic pigments responsi-
ble for the green colour of plants. In human nutrition, chlorophyll has antioxidant activity,
and the rich colour makes products more desirable for consumption [6,63,64]. It has also
been shown to have anti-cancer properties, as it can interfere with the absorption of some
carcinogenic compounds in the gastrointestinal tract [65]. Chlorophyll-derivative chloro-
phyllin is also registered as a food additive and natural colourant (E140i), and pigment
concentrates can be extracted from edible plants using organic solvents [66].

Most of the studies determine the concentration of pigments as a basis of the dry
weight or fresh weight (FW) of the biomass. When considering FW, it is important to note
that succulent halophytes, in particular, have a high moisture content which can exceed
80% of the fresh weight [6,67]. The amount of pigment can also be determined based on
leaf surface area: Geissler et al. [68] applied this method in their study of photosynthesis of
Aster tripolium.

Spectrophotometric methods are widely used to determine the amount of chlorophyll
in halophyte extracts. Most of the reviewed studies use the technique introduced by
Lichtenthaler et al. [69], where wavelengths are used for measuring absorbance, and the
conversion coefficients depend on the solvent used. Duarte et al. [67] and Sghaier et al. [70]
used a novel quantification technique after ultrasound-assisted acetone extraction which
involved applying the Gauss peak spectra method developed by Kiipper et al. [71] instead
of traditional spectroscopic methods. Some HPLC methods are also available for pigment
determination. The method by Mendes et al. [72] was firstly developed for marine algae
biomass, and it uses a C8 column with methanol, acetonitrile, and acetone (50:25:25 v%) as
the mobile phase.

As seen from Table 3, among halophyte species, the highest chlorophyll content in
fresh biomass were found in acetone extracts of Salicornia europaea and Salicornia persica
(approximately 1.25 mg/gFW and 2.21 mg/gFW, respectively) [73]. Values are relatively
high compared to other species.

Table 3. Total chlorophyll content measured from halophyte biomasses. Studies that used spectropho-
tometry applied the method by Lichtenthaler et al. [69], except Lu et al. [22], who used the method
proposed by Vernon [74]; Ventura et al. [63], who used the method proposed by Amon et al. [75];
and Barreira et al. [6]. who used the method proposed by Nagata and Yamashita [76].

Plant Species Solvent Method Concentration Unit Ref.
Arthrocnemum macrostachyum Acetone /hexane 283+71 mg/100 gDM 61
Aster tripofium Ethanol ~51 mg/cm? [68)
Halimione portulacoides Acetone 95,04 £ 2347 ug/gFW 671
Mesembryanthemum nodifiorsm Methanol Spectrophotometry ~280 mg/100 gDM (32
Salicornia bigelovii Acetone 5601+ 9.10 mg/kgFW 22]
Salicornia brachiata Acetone 7465+ 882 ng/gbM (771
Salicornia europaea Acetone -125 mg/gFW 1721
‘Salicornia neei Methanol HPLC 233+ 425 ng/gDM 78]
Acetone 121 mg/gFW (@]

Acetone -5 ug/gFW (631

Salicornia prostrata Acetone 014 mg/gFW 3]
Salicornia ramosissima Acetone/hexane 2156345 mg/100 DM [G]
Methanol ~290 mg/100 DM (2]

Sarcocornia fruticosa Acetone Spectrophotometry 102.01 + 1823 ug/gFW (67
Acetone -350 ug/gFW 631

Sarcocornia perennis Acetone/hexane 14784233 mg/100 DM [G]
Suaeda maritima Methanol -250 mg/100 DM [22)
Suaeda prostrata Acetone -0.08 mg/gFW 71
Tamarix galtica Acetone ~180 mg o
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6. Carotenoids

Carotenoids, which can be divided into carotenes (e.g., 3-carotene and lycopene)
and xanthophylls (e.g., lutein and zeaxanthin), are potent antioxidants and have various
functions in human health, such as pro-vitamin A activity, cancer-preventing properties,
and improvements in cognitive function as well as eye and cardiovascular health [8,11].
Immunomodulation activities and prevention of degenerative diseases have also been
reported as possible health benefits of carotenoids [80]. In plants, these yellow and orange
pigments take part in photosynthesis by protecting photosystems [78].

The level of total carotenoids is often approximated by measuring the absorbance
of the acetone extract with a 470 nm wavelength. Conversion calculations depend on
the solvent used and whether the calculation focused on the amount of chlorophyll in
the extract. Some protocols describing the determination of chlorophyll also include the
determination of total carotenoids [69,76]. The total carotenoid content measured in the
biomass of various halophytes are summarised in Table 4.

Table 4. Total carotenoid content measured from halophyte bi All studies d the
absorbance with 470 nm, except Qasim et al. [34], who used the method by Duxbury and Yentsch [31];
Ventura et al. [63], who used the method by Ben-Amotz et al. [82]; Barreira et al. [26], who used
the same method as Uslu et al. [83]; and Kumari et al. [84] and Rangani et al. [85] who used N,
N-dimethylformamide (DMF) as a solvent with the method by Chamovitz et al. [86]. The conversion
calculations may differ.

Plant Species Solvent Method Concentration Unit Ref.
Arthirocremum macrostachyum Acetone 210 £ 10 mg/100 gDM ]
Aster tripolium Ethanol -8 mg/cm* [68]
Halimione portulacoides Acetone 5147 + 17.76 ug/gFW (671
Ipomoea pes-caprae Acetone (90%) 061+ 0.01 mg/g 34]
Mes il Methanol Spectrophotometry 21 mg/ 100 gDM 2]
Pluchea lanceolala Acetone (90%) 007 4 0.02 mg/g [34]
Salicornia bigelovii Hexane 159.0 4+ 574 mg/kgFW 22
Salicornia brachiata Acetone 4338 + 46.0 ug/gbOM 7
Salicornia europaea Acetone ~043 mg/gFW 73]
Salicornia neei Methanol HPLC 2871+ 752 ug/gDM 781
Salicomnia persica Acetone ~044 mg/gFW 73]
Acetone Spectrophotometry 545 ug/gFW [63)

Salicornia prosirata Acetone ~0.25 mg/gFW [79]
Ethyl acetate HPLC 349 mg/ 100 gFW 5]

Acetone 200 4+ 20 mg/ 100 gDM 16]

E— Acetone (20%) 084 + 0.02 mg/g (34]
DMF 114425 1g/100 gDM [84]

Methanol -16 mg/100 gDM 32

Sarcocornia fruticosa Acetone 56.6 ug/gFW (631
Acetone 34.76 + 9.03 ug/gFW 67

Sarcocornia perennis Acetone Spectrophotometry 280 + 10 mg/ 100 gDM 18]
Suaeda fruticosa Acetone (90%) 056+ 0.01 mg/g [34]
Suaeda maritima Methanol -12 mg/100 gDM [32]
Suaeda prostrata Acetone -0.19 mg/gFW 7]
Tamarix gattica Acetone -70 mg [70]
— Acetone (90%) 072+ 0.02 mg/g [31]
DMF 235453 mg/100 gDM (851
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De Souza et al. [78] determined the detailed pigment content of Salicornia neei us-
ing ultrasound-assisted methanol extraction and the HPLC method proposed by Mendes
etal. [72]. They found the B-carotene and the total xanthophyll content of Salicornia neei
biomass to be 0.99 + 0.41 ug/gDM and 27.72 + 7.12 ug/gDM, respectively. Addition-
ally, Lima et al. [5] used HPLC with a reverse-phase RP-18 column and PDA in several
wavelengths for the determination of pigments and vitamins from Salicornia ramosissima
biomass and found 2.37 + 0.12 mg/100gFW and 1.12 + 0.05 mg/100gFW of B-carotene
and lutein, respectively. Alongside measuring the total carotenoids using a spectropho-
tometric method, Castafieda-Loaiza et al. [32] determined the amount of carotenes in
the methanol extracts using HPLC with a RP-18 column and a PDA in 450 nm, find-
ing Sarcocornia fruticosa, Suaeda maritima, and Mesembryanthemum naodiflorum to be good
sources of lutein (8.89-19.7 mg/100 gDM) and latter two also good sources of B-carotene
(9.30-20.7 mg/100 gDW).

Duarte et al. [67] determined the carotenoid content of Halimone portulacoides and
Sarcocornia fruticosa and found that concentrations of B-carotene (7.60 - 2.06 ug/gFW and
5.53 4= 0.94 ug/gFW, respectively), lutein (17.09 =+ 6.04 ug/gFW and 14.93 + 3.91 ug/gkfW,
respectively) and other xanthophylls (26.78 + 9.66 ug/gFW and 14.09 + 4.18 ug/gFW,
respectively) decreased when the plants were exposed to salt stress due to lengthened
period of relatively high temperatures in harvest region. The opposite effect was observed
in salt-stressed Salicornia ramosissima in the study by Lima et al. [5], which suggests the
higher carotenocid content in biomass may be caused by the increased antioxidant capacity
to protect photosystems from photo-oxidation.

7. Vitamins

Vitamins are essential nutrients to ensure average growth and human health. They
are a diverse group of organic compounds, classified either as water-soluble (vitamins B
and C) or fat-soluble (vitamins A, D, E, and K) [80]. Vitamins have various biochemical
roles, and they are already highly commercialised as nutraceutical and functional food
additives [80]. Vegetables, fruits, unrefined cereals, seeds, and nuts are key sources of
vitamins for humans [87].

Compared to other studied compounds, a large variety of methods are used to analyse
vitamin concentrations. Hexane and ethyl acetate are commonly used solvents for the
extraction of lipid-soluble vitamins. A wider variety of solvents are used for the extraction
of water-soluble compounds. Castafieda-Loaiza et al. [32] and Lima et al. [5] use the
extraction and analytical methods proposed by Santos et al. [88] for fat-soluble and water-
soluble vitamins. Various HPLC methods involving a photodiode array detector (PDA)
or fluorescence detector (FL) are widely used; only Chamkouri et al. [89] use a DAD and
Zaier et al. [90] an ultraviolet (UV) detector in their analytical methods.

Ascorbic acid (vitamin C) is an essential nutrient for humans and other animals.
Humans cannot synthesise vitamin C, and deficiency due to insufficient intake can cause
scurvy disease [80,87]. It has also been reported to help maintain the integrity of cellular
membranes and improve skin health [84,85]. It is a co-factor for enzyme reactions and a
potent antioxidant which has been shown to have a preventive effect on various chronic
conditions [91]. It has also been reported to improve skin health [84,85].

Ascorbic acid degrades relatively fast, and a study by Lu et al. [22] showed a gradual
decrease in the ascorbic acid content of Salicornia bigelovii during storage: 56% of ascorbic
acid was lost after eight days at 0 °C. The succulent Amaranthaceae family halophytes
Arthrocnemum indicum, Halocnemum strobilaceum, and Salicornia bigelovii have been found to
be rich in ascorbic acid [22,90]. Kumari et al. [84] also found considerably high amounts
of vitamin C from Salvadora persica fruit. Rangani et al. [85] also suggest that the ascorbic
acid content in Thespesia populnea leaves is enough to fulfil the daily requirements of a
healthy individual.

Compounds considered as B complex vitamins are antioxidants and essential co-
enzymes, supporting vital biological processes [80,89]. For example, thiamine (B1) is
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essential to carbohydrate metabolism, pyridoxine (B6) to protein metabolism, folate (B9)
to the synthesis of nucleic acids, and cobalamin (B12) for the nervous system, cell growth,
and bone health [5,89].

Chamkouri et al. [89] developed an optimised analytical method to measure the
vitamin in B complex in halophyte extracts and suggested that Suaeda aegyptiaca and Suaeda
vera may be promising sources for the production of health-beneficial products for food
and pharmaceuticals. Suaeda aegyptiaca, in particular, was found to be a significant source
of cobalamin [89], with concentrations being higher than in sea buckthorn [92], making it
desirable for people following a strictly plant-based diet and who are at risk of vitamin B12
deficiency. The amounts of water-soluble vitamins (vitamin C and B complex vitamins)
found in the biomass of various halophytes are summarised in Table 5.

Table 5. Ascorbic acid (vitamin C) and thiamine, pyridoxine, folate, and cobalamin (vitamin B1, B6,

B9, and B12, respectively) concentrations d in halophyte bi . The analysed vitamin is
marked in p h after its c i
Plant Species Solvent Method Concentration Unit Ref.
Arthrocnemum indi -Phosphoric adid (4.5%) 19.17 + 050 100 gFW
m indicum m-Phosphoric add (: ) HPLC-UV © mg/ 100 gl 0]
il m-Phosphoric acid {4.5%) 738+ 0.54 (C) mg/ 100 gFW
. Ammonium -0.5 (C) g/100 gDM
Mesembryanthemum nodiflorum . HPLC-PDA 32]
bry if acetate/methanol (50:50) o) g/ 100 gDM 132
Salicornia bigelovii Oxalic acid solution Indophenol titration 58.4 + 1.39 (C) mg/kgFW [22]
~ g Ammonium 30.4 + 2.0 (B1) g/ 100 gFW ;
Salicornia ramosiss i HPLC-PDA [5]
Lo Nonima acetate/methanol (50:50) 26+ 0.1 (B6) g/ 100 gFW
Salvadora persica Trichl cetic acid (6%) Spectrop y 68.0+ 159 (C) mg/100 gDM [84]
. . Ammonium ~1.0(C) /100 gDM
Sarcocornia fruticosa ¢ HPLC-PDA [32]
frid acetate /methanol (50:50) T10(86) ng/ 100 DM
181 + 23 (B6) mg/kg
Suaeda aegyptiaca Methanol HPLC-DAD 118 + 22 (B9) mg/kg 1891
466 + 2.5 (B12) mg/kg
Suaeda fruticosa m-Phosphoric acid (4.5%) HPLC-UV 246+ 0.07 (C) mg/ 100 gFW [e0]
Ammonium -3(C) 8/100 gDM
Suaeda matritima y HPLC-PDA 132)
acetate/methanol (50:50) 95 (B6) mg/100 gDM
102 + 1.4 (B6) mg/kg
Sugaeda vera Methanol HPLC-DAD 118 + 2.2 (B9) mg/kg [89]
271+ 1.7 (B12) mg/kg
Thespesia populniea Trichl icacid (6%)  Spectrop y 43 +55(C) mg/ 100 gDM 1851

Tocopherols (vitamin E) are lipid-soluble antioxidants, and their radical scavenging
activity protects cell membranes, lipoproteins, and other molecules against lipid peroxi-
dation caused by oxidative stress [6,11]. Improved cardiovascular health, prevention of
degenerative disorders, and anti-cancer properties are also reported as potential health
benefits of tocopherols [80]. Tocopherols are present in different isomers, a-tocopherol
being reported as the most abundant in halophyte biomasses [11].

Ellouzi et al. [93] studied the effect of salt stress on the «-tocopherol content of glyco-
phyte (Arabidopsis thaliana) and halophyte (Cakile maritima) species. They found the vitamin
E content of glycophytes decreases by 50% soon after being exposed to salt, whereas the
vitamin levels of halophyte plants remained significantly higher throughout the cultivation
period. Barreira et al. [6] found high concentrations of a-tocopherol in Arthrocnemum
macrostachyum shoots, making it a good source of vitamin E, similarly to other green vegeta-
bles, such as kale and broccoli. The concentration of a-tocopherol measured in halophyte
biomasses is summarised in Table 6. Significant variations in vitamin E content are possible
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between species within the same genus, which can be seen in the reported results, for
example, in Sarcocornia and Suaeda species.

Table 6. x-Tocopherol (vitamin E) concentrations measured from halophyte biomasses.

Plant Species Solvent Method Concentration Unit Ref.
Arthrocnemum indicum Hexane 212 +0.01 mg/100 gFW [39]
Arthrocnemum macrostachyum Hexane PR 8.74 £0.19 mg/100 gDM [6]
Cakile maritima Methanol ~200 ug/gbM [93]
Halocnemum strobilaceum Hexane 335+ 0.08 mg/100 gFW [90]
Mesembryanthemum nodiflorum Ethyl acetate Not detected [32]
L Ethyl acetate HELGEDR 241 +10 g /100 gFW [5]
Salicornia
Hexane HPLC-FL 1.14 £ 0.07 mg/100 gDM [6]
Sarcocornia fruticosa Ethyl acetate HPLC-PDA ~18 mg/100 gDM [32]
Sarcocornia perennis Hexane HPLC-FL 1.11 £0.10 mg/100 gDM [6]
Suaeda fruticosa Hexane 1142 £0.14 mg/100 gFW [90]
Suaeda matritima Ethyl acetate HPLC-PDA ~125 mg/100 gDM [32]
Teucrium alopecurus Hexane 316.25 mg/kg [94]
Teucrium polium Hexane HPLC-FL 277.25 mg/kg [94]
Teucrium nabli Hexane 296.04 mg/kg [94]

Concerning another fat-soluble compound, retinyl acetate (vitamin A), Castafieda-
Loaiza et al. [32] found concentrations of 4.51 mg/100gDM and 5.39 mg/100gDM in
Mesembryanthemum nodiflorum and Suaeda matritima, respectively. No other studies were
found to measure the vitamin A content in halophytes. However, the most important plant-
based vitamin A intake for humans comes from the pro-vitamin A activity of carotenoids,
mainly B-carotene [95].

Changes in environmental conditions influence plants, and some halophytes exhibit
changes in their colour as an adaptation to the stress caused by high UV radiation, temper-
ature, or salinity, factors which also affect the plants” chemical composition, as shown by
Zaier etal. [90]. Studies have shown that the phenotypic stage (green or red—purple) has a
significant effect on the ascorbic acid content of Suaeda fruticosa and the «-tocopherol con-
tent of Suaeda fruticosa and Arthecnemun indicum [90]. As the red—purple phenotype has a
lower concentration of these vitamins [90], the possible loss of health-beneficial compounds
should be considered when planning the cultivation and harvest of halophytes. Lima
et al. [5] studied the effect of cultivation salinity on the nutritional composition of Salicornia
ramosissima and reported that higher salinity led to a significant increase in thiamine content
but a decrease in pyridoxine and x-tocopherol content.

8. Potential Applications

As suggested in Figure 1, potential applications for botanical extracts obtained from
biorefinery could include bio-functional feed and nutraceuticals, cosmetics, and even
biomedicines. This is due to various health-beneficial properties and bioactivities of the
compounds found in such extracts. Halophytes can provide a healthy and nutritious
food source, but botanical extracts could also be utilized in bio-functional food and nu-
traceuticals [6,22,23,32]. Sufficient consumption of phytochemicals, especially phenolic
compounds, has been shown to reduce oxidative stress and inflammation, which helps
prevent diabetes, cardiovascular diseases, and neurodegenerative diseases [27,29,34,56).
The state-of-the-art literature review concerning the biocactive secondary metabolites in
halophytes shows that many species are rich in these protective compounds and vitamins,
which are essential nutrients for human health.
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Botanical extracts are commonly used as cosmetics ingredients, and the potential of
halophyte extracts for the cosmetics industry has been reported [2,3,11,39,96]. Extracts are
often used in cosmetics due to their antioxidant activity, but anti-ageing, photoprotective,
and skin-whitening properties of halophyte extracts have also been reported [61,96-99].

In some applications, such as utilizing specific pharmacological compounds, it is
desirable to isolate specific compounds from botanical extracts. This can be done with
filtration or serial solvent extractions when the characteristics of the targeted compounds
are known [100], and some of the commercialized plant extracts used for pharmacological
purposes have a high market value [101]. However, in plant extracts, various compounds
found in the matrix work together and single compounds are rarely responsible for the
bioactivity of the botanical extract [100]. Anti-inflammatory effects, radical-scavenging
activity, and cytotoxicity have made halophyte extracts interesting for pharmaceutical
applications [2,13,41,102,103]. Many studies have also reported the antimicrobial effect of
halophyte extracts against pathogenic strains, making them interesting for the biomedicine
industry [2,11,35,40,55,61,104].

9. Conclusions

The studies reviewed here show that halophyte biomasses have the potential for
nutrient-rich food production in salt-affected areas as well as production of nutraceuticals
and ingredients for cosmetics and pharmaceutical industries. Many studies concern the
nutritional profile of fresh plants.

The food harvest period for succulent halophyte tips is short, as the shrubs lignify and
turn woodier as they mature, making them unpleasant to eat. Leftover shrubs are usually
considered agricultural waste. Therefore, to minimise the competition with food resources,
it could be desirable to analyse these partly lignified, non-food grade but still-succulent
remains for their potential for producing nutraceuticals, bio-functional feed, and other
high-value compounds.

Exploring new biomasses and the repurposing of remnants previously seen as waste
could help identify new bio-derived sources for valuable compounds and improve the
sustainability and economic feasibility of existing production systems. In addition, utilis-
ing salt-tolerant plants could bring more value to salt-affected areas which are currently
unsuitable for farming and considered marginal lands.
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Abstract:
for biorefineries. After harvesting fresh shoots for food, the lignified fraction of Salicornia ramo:

Salt-tolerant plants, also known as halophytes, could provide a novel source of feedstock

ima
1. Woods could be used to produce bioactive botanical extracts for high-value industries such as
nutraceuticals, cosmetics, and biopharmaccuticals. The residual fraction after extraction can be further
used for bioenergy or lignocellulose-derived platform chemicals. This work analysed S. ramosissitna
from different sources and growth stages. After pre-processing and extractions, the obtained fractions
were analysed for their contents of fatty acids, pigments, and total phenolics. Lxtracts were also
evaluated for their in vitro antioxidant properties and inhibitory effect towards enzymes related to
diabetes, hyperpigmentation, obesity, and neurogencrative discases. The ethanol extract from the fibre
residue and the water extract from completely lignified plants showed the highest concentration of
phenolic compounds along with the highest antioxidant potential and enzyme-inhibitory propertics.
ITence, they should be further explored in the context of biorefinery.

Keywords: halophytes; biorefinery; antioxidants; enzyme inhibition; pigments; phytochemicals;
biomedicines; nutraceuticals; sustainability
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1. Introduction

Halophytes are salt-tolerant plants that thrive in saline environments and can be found
in different locations, including seashores, marshes, and saline deserts. Several species have
commercial uses in different areas, including food and cosmetics, and can be commercially
cultivated in saline systems. Soil and water salinisation has increased the rate of agricultural
land degradation worldwide, and therefore, the cultivation of halophytes is one of the
key implementations to solve these issues as they could be used for bioremediation and
valorisation of these marginal lands [1]. Salicornia ramosissima J. Woods (Amaranthaceac),
commonly known as sea asparagus or glasswort, is an edible annual succulent halophyte
present in saltmarshes from the Arctic to the Mediterranean region. The importance of
S. ramosissina as a commercial vegetable is increasing due to its organoleptic properties,
including crunchy texture, slightly salty taste, and nutritional and functional properties.
Itis considered a reliable substitute for salt (NaCl) and, therefore, a promising functional
ingredient to prevent cardiovascular discases with appropriate levels of protein, dictary
fibre, and minerals [2-5].

S. ramosissima can be cultivated in salt-affected marginal lands or hydroponic and
aquaponic systems using saline water, including secawater [6-8]. However, as the plant
matures, it lignifies, making it unpalatable. Due to the high salt content accumulated
in the plant matrix, it is appropriate for animal fodder only when blended with other
feedstuffs [9,10]. Therefore, this woody residual fraction is often considered agricultural
waste; however, it could be utilised as a feedstock for biorefinery to bring additional value to
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farmers and provide a way to maximise material valorisation. In this regard, two concepts
can be applied, depending on the plant’s growth stage: green biorefinery from partly
lignified plants or more traditional lignocellulose biorefinery from completely lignified
plants after seed production. The green biorefinery approach, where the biomass is first
fractionated to green juice and fibre residue, often targeting the production of biochemicals,
feed products, and biofuels, has been previously tested for Salicornia sinus-persica, Salicornia
bigelovii, Salicornia dolichostachya, and Salicornia europaea [11-14].

In multi-product biorefinery, the value-added compounds with high market value
can be produced to improve the process’s overall feasibility before residual fractions are
utilised for bioenergy. Due to adaptation to extreme environmental conditions and a high
natural defence against predators and pests, Salicornia spp. produce high concentrations
of bioactive secondary metabolites, such as phenolic acids, flavanols, flavones, and fla-
vanones [3,15,16]. These metabolites have reported health-beneficial properties, including
antioxidant, anti-inflammatory, and anti-diabetic activities [7,15,17-19]. Intake of these
compounds can prevent the onset of different diseases, such as cancer, hypertension, and
cardiovascular diseases [3,4,20]. Moreover, studies suggest that S. ramosissima extracts
exhibit photoprotective effects against UV radiation [4,21] and protective effects against
testicular toxicity [22].

Botanical extracts or bioactive compounds with different purities could be used in dif-
ferent commercial areas, including nutraceuticals, pharmaceuticals, and cosmetics [16,23,24].
These are high-value industries, and the market size of nutraceuticals is forecasted to reach
USD 650.5 billion by 2030. The leading force behind this growth is the increased demand for
dietary supplements and functional foods [25]. The natural skin care market is forecasted
to reach USD 11.87 billion by 2030, and the demand for natural cosmetics has increased due
to changes in consumer behaviour [26]. The interest in biopharmaceuticals is also driven
by the trend of shifting from synthetic medicine to plant-derived drugs [27].

However, the existing literature considering the bioactivity and nutritional charac-
teristics of S. ramosissima has been mostly focused on fresh food-grade plants [4,18,22,28].
The number of studies considering fully mature or fractionated Salicornia biomass for its
exploitation for bioactive compounds is limited, and only a few studies have analysed
the non-food waste fraction [29] or the effect of the growth stage on the concentration
of bioactive compounds. One study showed that the content of flavonoids in S. herbacea
increases as the plant matures [30]. After extraction and production of value-added com-
pounds, residual fractions could be utilised to produce lignocellulose-derived biochemicals
or bioenergy. Considering this, biogas and bicethanol production from Salicornia spp. fibres
and juice have been previously assessed [11,31].

In this study, the green juice fractions and botanical extracts from partly and com-
pletely lignified S. ramosissima plants were analysed for their total contents of fatty acids,
chlorophylls, carotenoids, and phenolic compounds. In vitro antioxidant activity was also
evaluated using assays with different antioxidant mechanisms. The in vitro enzyme inhi-
bition activity was measured against enzymes related to dementia and neurogenerative
diseases (such as Alzheimer’s and Parkinson’s), diabetes, obesity, and skin issues (such
as hyperpigmentation and acne). Based on the obtained results, possible applications for
the extracts and potential of S. ramosissima waste fractions for halophyte-based biorefinery
are discussed.

2. Materials and Methods
2.1. Raw Material

Fresh, non-food grade, partly lignified S. ramosissima biomass was obtained from two
different producers: Les Douceurs du Marais in France (FR) and Riasearch in Portugal (PT).
S. ramosissima is native to these regions and is already produced (e.g., Les Douceurs du
Marais) or collected from the wild for commercial purposes, and the locations have the
potential for expansion of biosaline agriculture; thus, the potential for integrated halophyte-
based biorefineries. In Les Douceurs du Marais, the plants were produced on an organic
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open-field farm in the marsh exposed to tidal changes on the west coast of France near
La Turballe. Partly lignified shoots were harvested at the vegetative stage right after the
food production period and the start of lignification in May 2020. The data from the
closest weather station show that during the last month of cultivation, the average daily
maximum and minimum temperatures were 18.6 °C and 9.8 °C, respectively, and the
extreme maximum and minimum temperatures were 28.7 °C and 4.9 °C, respectively, and
the total rainfall was 35.9 mm divided into 7 days with precipitation [32]. The plants obtain
their water uptake from seawater (approximately 3.5 dS/m), but the salinity may vary
depending on the occurrence of precipitation or droughts.

In Riasearch, biomass was cultivated in a sandy soil bed in a greenhouse. During
the growth phase, plants were irrigated two times a day with a mixture of brackish water
aquaculture effluent, which also fertilised the plants, and freshwater to keep the soil salinity
atapproximately 1.2 dS/m. Additional light fixtures were not used, and during the months
with high temperatures and UV radiation, partial removable shade structures were used to
protect the plants from drying and premature lignification. On the coast of Central Region
of Portugal, during the summer months, the lowest average daily minimum temperature is
15.1 °C (June), and the highest average daily maximum is 24.4 °C (August) [33]. The plants
were germinated at the end of February 2020, and for partly lignified biomass, aerial parts
were harvested after 26 weeks of cultivation.

Dry, completely lignified, and woody S. ramosissima was also obtained from Riasearch.
Plants were cultivated under the same conditions as those harvested at the earlier growth
stage, but they were allowed to produce seeds before harvesting approximately 8 months
after germination. After harvesting, the lignified plants were air-dried for approximately
5 weeks in mesh trays in shade before shipping. The plants were carefully handled after
drying to avoid seed loss. The biomass batches and considered fractions and extracts are

summarised in Figure 1.

ionati soat
Fractionation Fractionation R

Partly Ilgmﬁed biomass, Partly lignified homm (‘omplelely Ilgmﬁed
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Figure 1. Origin of Salicornia ramosissima biomass batches and considered fractions and botanical extracts.

water
70 % F1OH (aq)
n-hexane

Fresh biomass batches were first fractionated into green juice and fibre residue fractions
using a screw press. The green juice fractions were centrifuged at 4000 rpm for 20 min,
filtered using a Whatman filter (GE Healthcare), and freeze-dried using a ModulyoD freeze
dryer (Thermo Scientific, Waltham, MA, USA). The fibre residue was dried overnight at
a 60 °C fan oven, homogenised using a knife-miller to achieve a particle size of less than
2 mm, and stored at room temperature (RT).

The completely lignified plant material was first rinsed with water, dried at RT, and
size-reduced into pieces of less than 2 cm using an agricultural straw shredder (AM55, .
N. Jensen og Senner, Agerskov, Denmark). The dried, shredded biomass was stored at RT.
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The dry matter (DM) and ash concentration of the fractions were determined according to
the protocols by the National Renewable Energy Laboratory (NREL) [34,35].

2.2. Extract Preparation

From the fibre fraction of partly lignified S. ramosissima, after screw press, botanical
extracts were prepared using water, 70% aqueous ethanol (EtOH), and n-hexane as solvents,
and the traditional Soxhlet apparatus with 100 mL extraction chambers. The sample size
was approximately 10 g for water and EtOH extractions and 5 g for n-hexane extraction.
All extractions were run as parallel experiments. The extraction time was 8 h for water
and 6 h for organic solvents. Excess solvent was removed using a rotary evaporator, and
EtOH and water extracts were freeze-dried. As the fibre residue from partly lignified
plants from Portugal was not available for study, only the biomass from France was used
in the extractions.

Completely lignified biomass was extracted with a pilot-scale Soxhlet using 25 L of
demineralised water. The amount of biomass used was 2 kg with a dry matter content of
88.5%, and the extraction time was 8 h. It must be noted that the pilot-scale equipment
does not have the same particle retention as the lab-scale Soxhlet, and in order to avoid the
smallest particles in the extract phase, the shredded biomass was sifted through a 2 mm
sieve. Only particles with a size more than 2 mm were used for the extraction. The obtained
waler extract was spray-dried using an inlet temperature of 130 °C and outlet temperature
of 80 °C. All dried extracts were re-solubilised in the corresponding solvents at a final
concentration of 10 mg/mL and used in the assays.

2.3. Chemical Characterisation of Samples
2.3.1. Determination of Fatty Acids

The fatty acid (FA) profile was determined from the n-hexane extract of fresh S. ramosissima
fibre residue. In transesterification, approximately 0.15 g of lipid extract was dissolved in
1 mL of 0.5 M sodium hydroxide in methanol (MeOH) at 90 °C. Samples were cooled to RT,
1 mL of boron trifluoride and 0.5 mL of hydroquinone solution were added, and samples
were kept at 90 °C for another 5 min. For phase separation, 4 mL of saturated NaCl water
solution and 3 mL of n-heptane were added. The non-polar fraction was recovered and
analysed using gas chromatography (Clarus 500, Perkin Elmer, Waltham, MA, USA) with a
capillary column (Elite-WAX, 30 m < 0.25 mm ID x 0.25 um, Perkin Elmer). Helium was
used as a carrier gas, and the temperature program was set to 1 min at 150 °C, heating
10 °C/min until reaching 240 °C, and 10 min at 240 °C. Mass spectrometry was used for
the detection and quantification of fatty acids.

2.3.2. Determination of Total Phenolic Compounds

The total phenolic contents (TPC) of the extracts, at the concentration of 10 mg/mL,
were determined using the Folin-Ciocalteau assay described by Velioglu et al. [36] and
adapted to 96-well plates. The plates were incubated for 90 min at RT, protected from
light, and the absorbance was read at 650 nm using a microplate reader (EZ Read 400,
Biochrom, Cambridge, United Kingdom). Results were expressed as the amount of gallic
acid equivalents (GAE) in the dried extract using a calibration curve (R? = 0.997).

The total flavonoid content (TFC) was also estimated in the dried extract at a concen-
tration of 10 mg/ml, using the method developed by Pirbalouti [37] adapted to 96-well
plates. Aliquots of 50 uL of the samples were mixed with 50 pL of 2% aluminium chloride
in MeOH solution. The plates were incubated for 10 min at RT and read at 405 nm. Results
were expressed as the amount of quercetin equivalent (QE) per gram of dried extract using
a calibration curve (R2 = 0.999).

Total condensed tannins (TCT) of dried extracts at 10 mg/ ml were determined using
a method described by Li et al. [38] using p-dimethylaminocinnamaldehyde hydrochloric
acid (DMACA-HCI). Briefly, 10 uL. of extracts were mixed with 200 uL of 1% DMACA in
MeOH and 100 pL of 37% HCI. Plates were incubated for 15 min at RT and read at 640 nm.
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Re,sults were expressed as the amount of catechin equivalent (CE) using a calibration curve
(R? = 0.991).

Total anthocyanidins (TAC) were measured as cyanin chloride equivalent (CCE) in
the dried extract based on a calibration curve (R? = 0.991). The method developed by
Mazza et al. [39] was followed and adapted to 96-well microplates. In brief, aliquots of
20 uL of the samples at 10 mg/mL were mixed with 20 uL 95% EtOH containing 0.1% HCl
and 160 ul. 1 M HCL. The absorbance was read at 492 nm.

2.3.3. Determination of Photosynthetic Pigments

The total concentrations of chlorophylls (CHL) and carotenoids (TCA) were deter-
mined from green juice fractions and EtOH extracts, as described by Lichtenthaler and
Wellburn [40]. The absorbance was measured at 470 nm, 649 nm, and 665 nm using a
UV-visible spectrophotometer (Genesys 50, Thermo Scientific, Waltham, MA, USA). The
following equations [40] were used to calculate the concentration of pigments:

CHLa=13.95 x Ags — 6.88 x Agso )
CHLb =2496 x Agso — 7.32 % Ages ()
TCA = (1000 x Ago —2.05 x CHLa — 114.8 x CHL b)/245 16)

2.4. In Vitro Antioxidant Activity Assays

Antioxidant properties were tested in vitro using radical-based and metal-based as-
says. S. ramosissima extracts were first tested at a concentration of 10 mg/mL, and the
absorbances were read using a microplate reader. Antioxidant activities were calculated as
a percentage relative to a control sample. For the samples with activities more than 50%, a
minimum of eight different concentrations were evaluated to calculate the half-maximal
effective concentration (ECx).

2.4.1. Radical-Based Antioxidant Activity

Radical scavenging activity was tested against 2,2-diphenyl-1-picrylhydrazyl (OPPH),
2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and nitric oxide (NO). For all
assays, 1 mg/mL gallic acid was used as the positive control.

The DPPH assay was carried out using the method developed by Brand-Williams et al. [41]
adapted to 96-well microplates by Moreno et al. [42]. A sample of 22 uL. was mixed with
200 uL of 120 uM DPPH in EtOH solution. Samples were incubated for 30 min in the dark,
and the absorbance was read at 492 nm.

A protocol described by Re et al. [43] was used to determine the ABTS radical scav-
enging activity. The 7.4 mM ABTS solution was prepared by mixing 100 mL of ABTS with
100 mL of 2.6 mM potassium persulphate in the dark and RT and incubating overnight.
The final ABTS solution was diluted with EtOH to obtain an absorbance of approximately
0.7 at 734 nm. In the ABTS assay, 10 uL of the extract was mixed with 190 uL of the final
ABTS solution, and plates were incubated for 6 min in the dark and read at 650 nm.

In the NO scavenging assay developed by Baliga et al. [44], aliquots of 50 uL of sample
solution and 10 mM sodium nitroprusside were mixed, and plates were incubated for
90 min at RT. Afterwards, 50 uL of Griess reagent (Sigma-Aldrich, Lisbon, Portugal) was
added, and the absorbance was read at 562 nm.

2.4.2. Metal-Based Antioxidant Activity

In metal-based assays, iron chelating activity (ICA), copper chelating activity (CCA),
and ferric reducing antioxidant power (FRAP) were tested. Positive control samples
for metal-based assays were 1 mg/mL gallic acid for FRAP and 1 mg/mL ethylenedi-
aminetetraacetic acid (EDTA) for chelating activity. All metal-based assays were carried
out following Megias et al. [45], with minor modifications.
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In the ICA assay, 30 uL of sample solution was mixed with 200 uL of distilled H,O
and 30 uL of 0.01% aqueous FeCly, the plates were incubated for 30 min, 12.5 uL. of 40 mM
aqueous ferrozine was added, the plates were further incubated for 10 min, and absorbance
was read at 562 nm.

For the CCA assay, a 30 uL sample was mixed with 200 uL of 50 mM sodium acetate
buffer, 100 uL of 0.005% aqueous CuSOy, and 6 uL of 4 mM aqueous pyrocatechol violet,
and plates were immediately read at 620 nm.

The FRAP assay was performed by mixing 50 uL of the sample with 50 uL of distilled
Hy0 and 50 uL. 1% potassium ferrocyanide. The plates were incubated for 20 min at 50 °C
oven, 50 L. of 10% aqueous trichloroacetic acid and 10 uL of 0.1% aqueous FeCl; were
added, the plates were incubated for another 10 min at RT, and read at 650 nm.

2.5. In Vitro Enzyme Inhibition Assays

Enzyme inhibition activity of 10 mg/mL sample solutions was analysed in vitro using
spectrophotometric methods adapted to 96-well plates. Drugs already on the market were
used as a reference: acarbose (10 mg/mL, anti-diabetic drug), arbutin (1 mg/mL, tyrosinase
inhibitor), galantamine (1 mg/mL, dementia treatment), and orlistat (1 mg/mL, drug used
to support weight-loss). Results were expressed as the percentage of inhibition.

The assay used for x-amylase inhibition was developed by Xiao et al. [46] based on
the reaction between iodine solution and starch. Aliquots (40 uL) of sample, 0.1% boiled
potato starch suspension and 100 U/mL «-amylase in 0.1 M sodium phosphate buffer
solution (pH 6.9) were mixed, plates were incubated at 37 °C for 10 min, 20 uL of 1M
HCl and 100 uL of iodine solution (5 mM I; and 5 mM Kl in distilled H,O) were added,
and absorbance was read at 570 nm. Results were calculated using two negative control
samples, one without an enzyme (blank, 100% inhibition) for calculations and one with an
enzyme for colour correction:

«-Amylase inhibitory activity [%] = (Aszo sample — Aszg colour control)/Asy blank x 100% (4)

Inhibitory activity against x-glucosidase Saccharomyces cerevisiae was determined as
described by Custddio et al. [47]. An aliquot of 50 pL of sample solution was mixed with
100 uL of 1 U/mL «-glucosidase in phosphate buffer, and plates were incubated at 25 °C
for 10 min. Afterwards, 50 uL of 5 mM p-nitrophenyl-«-d-glucopyranoside was added,
plates were incubated for another 5 min at 25 °C, and absorbance was read at 405 nm.

Tyrosinase inhibition activity assay was performed as described by Trentin et al. [48]
by mixing 70 puL of sample solution with 30 uL of 333 U/mL fungal tyrosinase solution,
incubating plates for 5 min in RT, adding 110 uL of substrate solution (2 mM L-tyrosine
diluted in 25 mM potassium phosphate buffer, pH 6.5), and incubating plates for 45 min at
RT before reading the absorbance at 405 nm.

Inhibition of acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) were
analysed using a method developed by Ellman etal. [49]. A sample of 20 uL. was mixed
with 140 uL 0.02 M sodium phosphate buffer (pH 8.0) and 20 uL of 0.28 U/mL enzyme
solution. Plates were incubated for 15 min at 25 °C, and 10 uL of acetylcholine iodide or
butyrylcholine iodide substrate in 4 mg/mL buffer solution, and 20 uL of 5,5'-dithiobis-(2-
nitrobenzoic acid) (Ellman’s reagent) in 1.2 mg/mL EtOH solution was added. Plates were
incubated for another 15 min at 25 °C and read at 405 nm.

The protocol used by McDougall et al. [50] was used to measure the porcine pancreatic
lipase inhibition activity. A sample of 20 uL. was mixed with 200 pL. 100 mM Tris-HCl
buffer (pH 8.2), 20 uL of 1 mg/mL enzyme solution, and 20 uL of substrate solution
(5.1 mM 4-nitrophenyl dodecancate in EtOH). Plates were incubated for 10 min at 37 °C,
and absorbance was read at 405 nm.

2.6. Statistical Methods

Results are given as mean values with standard deviation marked in brackets. For
the extraction yields, FA, phenolic acids, HCA, and pigments, the samples were tested in
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triplicate (n = 3), while for phenolic compounds, antioxidant activity and enzyme inhibition
activity, the samples were tested in sexuplicate (# = 6). One-way analysis of variance
(ANOVA) combined with the Tukey honest significant difference (HSD) test was used to
evaluate significant differences between the results, and significantly different results are
denoted with different letters. EC50 values were determined for antioxidant activities using
an online tool by AAT Bioquest Inc. [51].

3. Results and Discussion
3.1. Extraction Yields

Extraction yields and fractions considered in the study are presented in Table 1. The un-
filtered juice fraction corresponded to more than 80% of the fresh weight of partly lignified
S. ramosissima from France and 66.7% of biomass from Portugal. The biomass from Portugal
was fractionated using a lab-scale single-auger juicer, whereas French biomass was juiced
using a pilot-scale double-auger juicer with higher fractionation performance. The green
juice fraction had a high ash content due to water-soluble salts accumulated in succulent
plant tissue. The green juice obtained from the biomass from France exhibited especially
high ash content, 81.8%, which could be explained by plants’ exposure to seawater flooding
and more succulent texture compared to the more woody phenotype from Portugal. The re-
sults are aligned to those previously reported for other Salicornia spp., as Alassali et al. [11]
found 61.1% ash content of S. sinus-persica juice, and Christiansen et al. [12] reported more
than 80% of the total ash from the fresh S. bigelovii was recovered in the juice fraction after
screw press. Changes in cultivation salinity do not only affect the ash content of plants but
may also change the metabolism of sugars and lipids, which has been previously shown
by Hulkko et al. [13] and Duan et al. [52] for S. europaea and Magni et al. [53] for Salicornia
perennis. The DM from lignified plants had a lower ash content than fibre residue from
partly lignified plants, but rinsing with water could have removed some of the salts from
the biomass surface. The ash content of lignified S. ramosissima is also greatly lower than
the 43.8% ash content previously reported for S. bigelovii [54].

Table 1. Yields of Salicornia ramosissima extracts. Results are given as [w/w%] on the basis of fresh
biomass weight for dry matter content and dry matter weight for extractives and ash. n/a: not
available. Results are expressed as mean values with standard deviations (in brackets).

EtOH n-Hexane

. Dry Matter ~ H20 Extract o Ash
Fadtion [who%l Rt vt B
Juice, FR 7.73 (0.01) n/a n/a n/a 81.83 (0.39)
Juice, PT 6.47 (0.21) n/a n/a n/a 64.76 (0.13)
Fibre residue, FR ~ 25.49 (027)  33.68(231)  31.45(059) 113 (0.06) 2031 (0.11)
Lignified biomass 89.65* 18.83+ n/a n/a 17.28 (0.98)

* Extraction was run as one batch in a pilot-scale system; not possible to give a standard deviation.

3.2. Fatty Acid Profile

The content of non-polar compounds in S. ramosissima fibre residue was found to
be low (1.13%). However, the lipid profile can be an important factor when biomass is
considered for nutraceutical or feed application. The FA profile of the fibre residue of
S. ramosissima is presented in Table 2. The total detected FA consisted of polyunsaturated
fatty acids (PUFA, 58.2%), followed by saturated fatty acids (SFA, 41.0%), and monounsatu-
rated fatty acids (MUFA, 1.3%). The predominant FA was linoleic acid (34.5%), followed
by palmitic acid (30.9%). The obtained w-6 and w-3 FA ratio of 1.5 is interesting, as a ratio
lower than 5 has been reported to contribute more to the anti-inflammatory state of PUFA,
thereby reducing the risk of cardiovascular diseases, cancer, and autoimmune diseases [18].

157



EXPLORING THE POTENTIAL OF HALOPHYTE BIOMASS FOR GREEN BIOREFINERY APPLICATIONS

Plants 2023, 12, 1251

8of 19

Table 2. Fatty acid profile of the lipids extracted with n-hexane from French Salicornia ramosissima
fibre residue. Results are given as [% FA/total FA], n.d.: not detected. Results are expressed as mean
values with standard deviations (in brackets).

Fibres, n-Hexane Extract

FattyAsld 1% FA/total FA]
Myristic acid C14:0 04 (0.4)
Palmitic acid C16:0 309 (2.3)

Palmitoleic acid C16:1 n.d.
Stearic acid C18:0 27 (0.1)
Oleic acid C18:1 13(0.1)
Linoleic acid C18:2 345 (0.7)
a-Linolenic acid C18:3 237 (14)
Arachidic acid C20:0 1.0(0.9)
Behenic acid C21:0 3.9 (0.1)
Lignoceric acid C24:0 21(1.8)
LSFA 41.0 (0.9)
EMUFA 13(0.1)
XPUFA 58.2 (2.0)
w-6/w-3 15(0.1)

Our results are consistent with those reported by Maciel et al. [55], who found the
total SFA, MUFA and PUFA in chloroform extract from fresh S. ramosissima shoots to be
32.44%, 6.24%, and 61.32%, respectively. However, they reported a lower ratio of w-6
and w-3 FA (0.51), and the major difference was the amount of detected «-linolenic acid
(39.6%). Isca et al. [18] determined the whole lipophilic profile for n-hexane extract from
vegetative S. rmosissima and found 31.27% SFA and only 3.29% of unsaturated FA in total.
Barreira et al. [56] found that 60.8% of the total FA in S. ramosissima was SFA, and the
contents of arachidic acid (8.6%), behenic acid (10.0%), and lignoceric acid (7.1%) were
especially higher compared to results obtained in this study. The differences in the lipids
profile may be explained by the different phenotypes and growth stages of S. ramosissima.
However, no studies have been found to show the variations in the FA profile regarding
the growth stage or place of origin of this species. Cultivation conditions also affect the
FA profile, and additional irrigation has been shown to increase the content of MUFA and
PUFA in S. ramosissima [18]. The biomass drying process has been shown to affect the FA
composition of S. ramosissima, as freeze-dried samples exhibited a higher amount of PUFA
compared to oven-dried samples [4].

3.3. Bioactive Compounds

The total amounts of compounds from different phenolic groups and the concentra-
tions of pigments in the fractions are presented in Table 3. The EtOH extract from fibre
residue and water extract from lignified plant material were the richest in terms of TPC,
with contents of 41.06 mg GAE/g DM and 30.10 mg GAE/g DM, respectively. These results
are higher than those previously reported for S. ramosissima by Lima et al. [28] for the
acetone extract from 200 mM salinity-cultivated fresh shoots (12.9 mg GAE/g DM) and
Silva et al. [3] for the water extract from wild-harvested plants (15.02 mg GAE/g DM).
However, the study by Lopes et al. [57] reports that 74.1 mg GAE/g DM of TPC were found
in the S. ramosissima acetone extract from wild-harvested plants. Obtained results are also
higher than water and EtOH extracts from S. europaea [58]. No significant differences were
observed in the content of TFC in extracts where TFC were detected. The concentration
of TEC in extracts was lower than previously reported for Salicornia spp. extracted with
EtOH or MeOH using conventional solid-liquid extraction, such as maceration [59]. TCT
was also not detected in the study by Lopes et al. [57]. However, Lima et al. [28] reported
relatively high concentrations of TCT (32.5 mg CE/g DM). Polyphenols found in Salicornia
spp- contain a variety of compounds, such as phenolic and hydroxycinnamic acids and
flavonoids, linked to several biological activities of the extracts, such as anti-inflammatory
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and antimicrobial effects [3,4,60]. Antioxidant and cardiovascular-protective properties
have been linked to compounds previously found in S. ramosissima, such as derivates of
the flavonoids quercetin, kaempferol, and rutin, and derivates of phenolic acids, such as
chlorogenic acid, p-coumaric acid, and protocatechuic acid [60].

Table 3. Bioactive compounds in S. ramosissina fractions. TPC: total phenolic compounds [mg GAE /g
DM] (p < 0.001), TFC: total flavonoids [mg QE/g DM] (p = 0.240), TCT: total condensed tannins [mg
CE/g DM], TAC: total anthocyanidins [mg CCE/g DM] (p < 0.001), CHL: total chlorophyll [ug/g
DM] (p < 0.001), TCA: total carotenoids [ug/g DM] (p < 0.001), n.d.: not detected or concentration
lower than the limit of detection, n/a: not available. Results are expressed as mean values with
standard deviations (in brackets). Different letters denote significantly different results, calculated
individually for each compound group.

TAC

. TFC TCT CHL (a +b) TCA
Fraction [ng%ﬂAElg [mg QE/g DM]  [mg CE/g DM [m%fwcllilg lug/g DM] [ug/g DM
Juice, FR 134 (0.54) ¢ nd. nd. nd. 1542 (3.15) ¢ 7316 (1.41)®
Juice, PT 3.66 (0.74) 4 nd. n.d. nd. 39.26 (0.22)® 52.31(243)°

Fibres, H,0 18.84 (1.04) € 3.61 (0.67)* nd. 1.46 (0.31)2 n/a n/a
Fibres, EtOH 41,06 (4.09) 3.22 (0.45)2 nd. n/a 144637 (13.99)®  261.55 (1.56)®
Lignified 30.10 (1.97)® 3.86 (0.71)2 nd. 053 (0.11) P n/a n/a

Many processing parameters can affect the concentration of bioactive secondary
metabolites, such as the used extraction method and solvent used [3], as well as dry-
ing and storage conditions [4,61]. In addition, intra-specific variability, different plant
growth stages [30], biomass fractions, and plants” exposure to abiotic and biotic stresses
also affect biomass composition and phytochemical concentration. For example, condensed
tannins, also called proanthocyanidins, and other flavonoids have been associated with
a protective effect on plants exposed to abiotic stresses such as intensive UV radiation,
drought and cold temperatures [62]. High temperatures and waterlogging (flooded condi-
tions) have also been reported to increase the amount of bicactive compounds, as exposure
to these conditions includes the production of free radicals [15,53]. Significant differences
in chemical composition can be observed between plants harvested even within the same
region [53]. Duan et al. [52] showed S. europaea cultivated under increased salinity to be
enriched in phenolic acids and flavonoids in roots and aerial parts and exhibiting upregu-
lation in bicactive compounds, including protocatechuic acid, quercetin and kaempferol
derivatives, p-coumaric acid, and ferulic acid. Cultivated plants have also been shown
to have lower phenolics content than wild populations, likely due to more controlled
cultivation [63]. These aspects must be taken into consideration when planning potential
biorefinery processes to ensure they are robust enough to withstand variations.

Despite the bright red colour of the juice from French plants, anthocyanins were not
detected in the sample. The red colour was only observed in the juice from French plants,
which could be due to their cultivation methods, could have produced some protective
pigments in response to abiotic stresses. However, the concentration of the pigments
may have been below the limit of detection, or the stability of the compounds has been
compromised due to the neutral pH of the solvent [64]. Among sugar-free anthocyanidins,
pelargonidin is known to have colours ranging from orange to red, whereas cyanidin has a
strong magenta colour [62]. Thus, there may be a difference in the maximum absorbance of
the compounds present in the sample and cyanin chloride used as a standard.

Photosynthetic pigments were detected in the EtOH extract due to the more non-
polar nature of these compounds. In the EtOH extract, the concentration of CHL a was
higher compared to the juice fraction, with a CHL a/CHL b ratio of 2.3, whereas in the
juice fractions from the French and Portuguese biomass, the corresponding ratios were
0.72 and 0.53, respectively. A similar ratio in Salicornia EtOH extract has been reported
previously for S. neei [65]. The amount of total CHL in the EtOH extract was lower than
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that previously reported for S. ramosissima EtOH extracts by Barreira et al. [56] (21560 ug/g
DM) but higher compared to S. brachiata (746.5 ug/g DM) and S. neei (233.3 ug/g DM)
studied by Parida et al. [66] and De Sousa et al. [65], respectively. Salt stress may decrease
the amount of CHL in the plants [65], which may explain the lower CHL content in the
juice from French plants compared to Portuguese plants, as the plants cultivated in France
were exposed to higher salinity.

The concentration of total carotencids in Salicornia spp. varies between different
studies [16], and all obtained results lay within the range of reported results. Carotenoids
are non-enzymatic antioxidants produced in response to different stressors [67]. The
different results reported for the same species are strongly dependent on the conditions
where the plants have grown, and light, temperature, and salinity variations are the main
factors that may lead to carotenoid production. Carotenoids have been previously reported
to have a key role in the salt-tolerance mechanisms of Amaranthaceae, and cultivation
salinity has been shown to impact the pigment content of Salicornia spp. [65,68,69].

An efficient water-based extraction process with high phenolics yield would be desir-
able in a biorefinery targeting the production of bicactive compounds, as using solvents
such as EtOH increases the capital expenditures and operational costs of the larger-scale
facility. Biomass cultivation in a controlled environment, such as a hydroponic system,
could provide a possibility to modify the growth conditions and environmental stresses to
enhance the production of target compounds, such as phenolic acids and flavonoids.

3.4. Antioxidant Activity

Salinity and other environmental stresses trigger oxidative reactions and the gen-
eration of reactive oxygen species, causing cellular damage and metabolic disorders in
plants [7,70]. For halophytes, these stresses are more pronounced, and they have developed
efficient antioxidant defence mechanisms to cope with extreme environmental stresses.
Halophytes produce different classes of antioxidant compounds, such as phenols and
carotenoids, which may have a synergic effect as radical scavengers. As seen in Figure 2,
all fractions presented antioxidant activity in radical-based assays, and the water extract
from the fibre residue exhibited the highest activity in a 10 mg/mL concentration. Com-
pared to the antioxidant activity previously reported for S. ramosissima EtOH extract by
Barreira et al. [56], the obtained extracts exhibited lower DPPH radical scavenging activity
(IC505.69 mg/mL). The results for aqueous extracts are also higher than those reported by
Faria et al. [71], who found the DPPH and ABTS radical scavenging activity of 10 mg/mL
S. neei 80% EtOH extract to be 37.1% and 46.1%, respectively. Considering the water extract
from the fibre residue, the ECsp value of ABTS radical scavenging activity was very similar
to that reported by Lima et al. [28] for S. ramosissima acetone extract. The activity in the
NO assay indicates that the extracts from S. ramosissima could have anti-inflammatory
properties, as exposure to NO radicals has been directly linked to chronic inflammation [44].
Thus, the extracts could be a potential source of ingredients for dermo-cosmetics and bio-
pharmaceuticals. Extracts from S. europaea and S. brachiata have been previously reported
to have anti-inflammatory properties [72]. Chronic inflammation is involved in various
diseases, including but not limited to cardiovascular diseases, diabetes, autoimmune and
neurogenerative conditions, and chronic kidney disease [73]. There are no available results
for the NO scavenging activity of EtOH extract due to the precipitation of the sample.

The antioxidant activity was generally more pronounced in metal-based assays (Figure 3).
Considering the FRAP assay, even though the differences between the results for water
and EtOH extracts are non-significant, the ECsg values for water extracts are much lower.
Therefore, the extracts can be considered more potent, indicating the presence of strong,
water-soluble antioxidant compounds in the S. ramosissima biomass. Unfortunately, there
are no results for CCA of the green juice from Portuguese biomass due to issues with
the assay. The ECx values of fibre residue water extract for FRAP, ICA, and CCA were
also greatly lower than those reported by Barreira et al. [56] for S. ramosissima EtOH
extract. For the fibre residue water extract, the obtained EC5y (4.91 mg/mL) of CCA
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is very similar to the one reported by Lima et al. [28] for S. ramosissima acetone extract.
Achieving the same antioxidant activity with water extraction and reducing the use of
toxic and flammable organic solvents is highly desirable considering large-scale industrial
applications. Similarly, obtaining extracts from S. ramosissima residues with bioactivity
comparable to extracts from food-grade plants highlights the biorefinery and valorisation
potential of these residues.

100 2
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z 60 BJuice, PT
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‘= a 7w
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Figure 2. Antioxidant activity [%] of extracts from S. ramosissima at the concentration of 10 mg/mL in
relation to blank samples with extraction solvent determined by assays with radical-based antioxidant
mechanisms. DPPH: 2,2-diphenyl-1-picrylhydrazyl, ABTS: 2,2-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid), NO: nitric oxide. EC50 values [mg/mL] are presented in callout boxes for Salicornia
samples with activity more than 50%. The standard compound is gallic acid (1 mg/mL). Different
letters denote significantly di results, d individually for the results from each assay
and for all assays (p < 0.001).

Overall, the green juice fractions exhibited the lowest bioactivity, whereas water and
EtOH extracts from the fibre residue of French plants had the highest activity. Even though
more mature plants have been shown to have higher concentrations of certain compounds
with antioxidant activity [30], the extract from completely lignified Portuguese plants
exhibited the highest activity only in ICA and FRAP assays. Therefore, the cultivation
conditions could explain the higher antioxidant activity of French S. ramosissima. Plants
grown in an open field have most likely been exposed to more abiotic stresses, such as high
UV radiation and temperature difference, as well as higher cultivation salinity, leading to
increased antioxidant production. On the contrary, S. ramosissima was grown in a more
controlled greenhouse environment. The difference can also be observed in the juice
fraction, as the juice obtained from French plants had higher antioxidant activity in all
assays, except ABTS scavenging activity, compared to Portuguese phenotypes.

The mixture of different bioactive compounds present in the specific biomass fraction
or extract could also contribute differently to each antioxidant mechanism, affecting the
observed activities. The high concentration of antioxidants produced by halophytes has
made them interesting for functional food applications and improving the nutritional
quality of everyday products such as bread or pasta [2,7,58].
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Figure 3. Antioxidant activity [%] of extracts from S. ramosissima at the concentration of 10 mg/ml. in
relation to blank samples with extraction solvent determined by assays with metal-based antioxidant
mechanisms. FRAP: ferric reducing antioxidant power, ICA: iron chelating activity, CCA: copper
chelating activity. FC50 values [mg/mL] arc presented in callout boxes for Salicornin samples with
activity more than 50%. The standard compound is ethylenediaminetetraacetic acid (1 mg/mlL).
Different letters denote significantly different results, calculated individually for the results from each
assay and for all assays (p < 0.001).

3.5. Enzyme Inhibitory Propertics

The enzyme inhibitory properties of green juices and extracts are presented in Table 4.
Samples displayed different inhibitory activities against the different enzymes, and the
1itOH extract with 10 mg/ml. concentration exhibited moderate to high inhibition activity
against enzymes related to diabetes (x-glucosidase), obesity and acne (lipase), hyperpig-
mentation (tyrosinase), and neurogenerative diseases (AChL).

Table 4. Iinzyme inhibition activity [%] of reference compounds and 10 mg/mL S. ramosissima stock
solutions in relation to blank samples. n.d.: not detected or activity lower than the limit of detection,
n/a: not available. Reference compounds were tested with 1 mg/ml, except acarbose (10 mg/ml.).
Results are mean values with standard deviations (in brackets). Different letters denote significantly
different results, calculated individually for the results from cach enzyme assay. For all assays
(p < 0.001), except for lipase inhibition assay (p = 0.002).

Hrioiion «-Amylase «-Glucosidase Lipase Tyrosinase AChE BuChE
[%] %1 %] %1 [%] [%]
Juice, TR 2,10 (0.41) b= 546 (498) ¢ 19.21 (9.09)® 10.84 2.66)° 1611 (1.91) ¢ 2403 (2.77)°
Juice, T 3.29(1.16) ® 1291 (1.73) ¢ 21.40 (877 ® nd. 28.44 (4.60) © 46.25(1.74) "
Fibres, HyO 4.08(0.72) * 341221000 nd. nd. nd. nd.
Fibres, EOH n/a 68.63 (8.85) 2 41.74 (8.93) 2 71.85 (5.42) @ 68.42 (1.59) 2 17.82 (1.77) ¢
Lignified 1.10 (0.47) © 38.93 (3.90) ® 2113 (8.64) " nd. nd. nd.
Acarbose 61.18 (1.30) 85.61 (0.89) n/a n/a nfa n/a
Orlistat n/a n/a 82.33(1.52) nfa n/a n/a
Arbutin n/a n/a n/a 41.46 {1.51) n/a n/a
Galantamine n/a n/a n/a n/a 88.88 (0.96) 41.41 (4.11)

One treatment for diabetes mellitus is to limit glucose absorption using inhibitors
against enzymes responsible for breaking the carbohydrates, such as a-glucosidase and

162



Plants 2023, 12, 1251

13 of 19

a-amylase, and the potential of plant-derived extracts as inhibition agents has been investi-
gated [74,75]. Some compounds linked to anti-diabetic properties are phenolics, flavonoids,
and anthocyanidins [74]. The «-glucosidase inhibition activity of the EtOH extract (68.63%)
is high, especially when compared to acarbose with the same concentration (85.61%) of
10 mg/mL. Raw water extracts, which still include a high amount of salt, had moderate
«-glucosidase inhibition activity (34.12% and 8.93% for extracts from fibre residue and com-
pletely lignified biomass, respectively), which could be improved by extract purification
and increasing the concentration of phenolics. There was no significant difference in the
a-glucosidase inhibition activity of water extracts from partly lignified and completely
lignified biomass. Considering other Salicornia spp., flavonoids isorhamnetin 3-O-glucoside
and quercetin 3-O-glucoside isolated from Korean S. herbacea (syn. S. europaea) EtOH
extract have previously shown potential for blood sugar regulation by «-glucosidase inhi-
bition [76]. Similarly, hydroxycinnamic acid trans-ferulic acid, also found in S. ramosissima,
has also been reported to have anti-diabetic properties [60]. Hwang et al. [77] also reported
a-glucosidase inhibition of 31.9% using desalted 70% aqueous EtOH extracts from fresh
shoots of S. herbacea with a concentration of 0.5 mg/mL.

For the EtOH extract from S. ramosissima fibre residue, the a-amylase inhibition activity
was observed visually by the change in sample colour. However, due to precipitation in
the sample, it was not possible to reliably measure the absorbance. Green juice fractions
and water extracts showed only a very low inhibition of a-amylase.

Obesity, resulting from excessive accumulation of fats, affects metabolic health and
its increased prevalence has led to various public health concerns worldwide [78]. To
address this issue, phytochemicals with lipase inhibitory properties have been studied
as a means of reducing lipid absorption [78]. S. herbacea has been shown to have lipase
inhibition activity in vitro, and its consumption reduced plasma triglyceride and cholesterol
levels in an animal model [77,79]. In addition to their use as anti-obesity agents, lipase
inhibitory phytochemicals have been investigated for their potential in treating acne,
a common chronic disease, as bacteria related to acne produce lipase to break down
triglycerides in sebum to free FA, which then causes skin inflammation [80]. EtOH extract
from S. ramosissima fibres showed moderate (41.74%) lipase inhibition at a concentration
of 10 mg/mL. There was significant differences in the lipase inhibition activity of water
extracts from fibre residue and completely lignified biomass. Together with potential
anti-diabetic properties, the obtained results indicate that extracts from S. ramosissima
could provide potential ingredients for nutraceutical and pharmaceutical applications
targeting obesity and related lifestyle diseases. However, further investigation and testing
are required to confirm the therapeutic properties.

Tyrosinase inhibitors are investigated as skin-whitening agents for cosmetics and for
treating hyperpigmentation, but they also have an important role in food and agricultural
applications for preventing products oxidation [81]. In order to preserve the appearance
and nutritional properties of fresh foodstuff such as cut fruits, safer natural anti-browning
agents have been investigated to replace commonly used sulfiting agents [82]. S. ramo-
sissima EtOH extract (10 mg/mL) exhibited high tyrosinase inhibition activity of 71.85%.
Anti-tyrosinase activity of Salicornia spp. has been explored in several studies. According
to Ahn et al. [83], the inhibition activity of more than 50% was reached at a concentration
of 60 mg/mL of S. bigelovii ethyl acetate extract, which is a much higher required con-
centration. However, the EtOH extract of S. europaea has shown 21.04% activity with a
concentration of 1 mg/mL [84]. Sung et al. [67] also found that even low concentrations
(0.1 ug/mL) of water extract from S. herbacea inhibit tyrosinase (>50%) and significantly
reduce melanin synthesis in melanoma B16 cells. Copper is a cofactor of tyrosinase, and
tyrosinase inhibition activity may be linked to the CCA of extracts [85]. However, no
tyrosinase inhibition activity was observed in S. ramosissima fibre residue water extract,
which exhibited the highest CCA in antioxidant assays. Considering dermo-cosmetic
applications, S. ramosissima water extract supplemented cream has already been shown
to reduce mechanically evoked itching (hyperkinesis), a condition related to atopic der-
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matitis, and regulate the skin barrier [85]. Additionally, a cream supplemented with a
3-methoxy-3-methyl-1-butanol extract from Japanese S. europaea has shown promising
results for UVB-protective properties by improving the skin texture in areas exposed to
the sun [21]. Therefore, tyrosinase inhibition activity, together with these effects, could
indicate the potential for Salicornia extracts for use in dermo-cosmetics. However, further
investigation is needed to evaluate the therapeutic properties and effects of the long-term
use of extracts.

Cholinesterase enzymes are responsible for the breaking down of acetylcholine and
other choline esters, which function as neurotransmitters. Targeting these enzymes with
inhibitory agents and increasing the levels of neurotransmitters has been seen as a potential
symptomatic treatment for neurogenerative diseases [86,87]. The EtOH extract from fibre
residue (10 mg/mL) exhibited high AChE inhibition activity (68.42%), and green juice frac-
tions showed low to moderate AChE and BuChE inhibition activities. Higher inhibition of
cholinesterase enzymes was observed using green juice from Portuguese plants compared
to French plants. Differences could be explained by phenotypic variations, such as different
phytochemicals present in the fractions. However, a detailed metabolomic analysis would
be needed to determine the different compounds present in the juice fractions. The studied
water extracts did not exhibit cholinesterase inhibition activity. However, Pinto et al. [29]
previously determined the AChE inhibition activity of 1 mg/mL water extract from lig-
nified S. ramosissima to be 32.34% using a commercial assay kit and showed the extract to
be rich in caffeoylquinic acid derivatives. Besides intra-specific variation, the difference
could be due to different extraction methods and potential compound degradation, as
Pinto et al. [29] used maceration in lower temperatures and shorter resident time than in
Soxhlet extraction. Karthivashan et al. [88] reported in vitro AChE inhibition activities of
approx. 42% and approx. 78% for 1 mg/mL desalted EtOH extract (rich isorhamnetin and
acanthoside B) and enzyme-digested wild-harvested Korean S. europaea, respectively, and
showed significant suppression in AChE activity in the mice model. The desalted EtOH ex-
tract from S. europaea has also been tested on subjects complaining of memory dysfunction
without dementia, but regardless of some positive results concerning the comprehension of
spoken language function and Stroop test results, the study has its limitations due to the
small number of subjects and short duration [89]. Phytochemicals, especially phenolics,
and the potential synergistic effect of different compounds in plant extract matrices have
been suggested to contribute to the neuroprotective properties of botanical extracts [29].
However, further investigation is needed to reveal the potential of botanical extracts as
therapeutic agents.

Considering biorefinery, value-added products targeted to the biopharmaceutical
industry and cosmetics are desirable, as they often have a relatively high market value and
can also be seen as some of the key applications of Salicornia species [72]. Full metabolomic
profiling and further analysis considering the contribution of specific compounds to differ-
ent bioactivity are still open for investigation. Several mixtures of phenolic compounds
have shown synergistic effects [90], and these mechanisms are still unexplored to a great
extent. If the botanical extracts from halophytes could be utilised as a matrix instead of
purified isolated compounds, some costly downstream processing steps could be avoided.
However, the phenotypical variation due to the biomass harvest stage and cultivation
conditions, which could be observed when comparing Portuguese and French biomass,
may cause challenges when the extracted matrix is produced for an application requiring
high consistency, such as biopharmaceuticals. Generally, biorefinery processes must be
designed to withstand some degree of variation in the raw material composition.

4. Conclusions

Bioactive properties of different residue fractions from S. ramosissima biomasses were
assessed. The FA profile showed a high amount of PUFA. The water extract from com-
pletely lignified biomass and EtOH extract from the fibre residue fraction had the highest
concentration of phenolic compounds. Aqueous extracts exhibited high antioxidant activ-

164



Plants 2023, 12, 1251 15 of 19

ity comparable to extracts with organic solvents, making them interesting for industrial
applications. EtOH extract from fibre residue had high and moderate inhibition activity
against -glucosidase and lipase, respectively, indicating the potential for nutraceuticals
and biopharmaceutical applications targeting obesity and diabetes. Tyrosinase and lipase
inhibition activities also make the extracts interesting for cosmetic applications. Since
raw extracts were considered, bioactivity can be improved by purification and increas-
ing the concentration of phytochemicals. Extracts from residual fractions obtained with
non-toxic solvents exhibited biocactivities comparable to fresh S. ramosissima, which has
increased interest as a nutrient-rich commercial vegetable and potential source of bioactive
compounds. Overall, residue fractions from S. ramosissima could be a potential source of
bioactive extracts, making it interesting to investigate possible biorefinery concepts further
for maximum feedstock valorisation.
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Abstract: Bioactive extracts are often the target fractions in bioprospecting, and halophyte plants
could provide a potential source of feedstock for high-value applications as a part of integrated
biorefinerics. Tripolium pannonicum (Jacq.) Dobrocz. (sea aster) and Crithmum maritimum L. (sca
fennel) are edible plants suggested for biosaline halophyte-based agriculture. After food production
and harvesting of fresh leaves for food, the inedible plant fractions could be utilized to produce
extracts rich in bioactive phytochemicals to maximize feedstock application and increase the
cconomic feasibility of biomass processing to bioenergy. This study analyzed fresh juice and extracts
from screw-pressed sea aster and sea fennel for their different phenolic compounds and pigment
concentrations. Antioxidant and enzyme inhibition activitics were also tested in vitro, Extracts from
sea aster and sea fennel had phenolic contents up to 45.2 mgGAE/gDM and 64.7 mgGAE/gDM,
respectively, and exhibited > 70% antioxidant activity in several assays. Ethanol extracts also
showed = 70% inhibition activity against acetylcholinesterase and = 50% inhibition of tyrosinase and

a-glucosidase. Therefore, these species can be seen as potential feedstocks for further investigations.

Keywords: biomass; biorefinery; halophytes; bioprospecting; bioproducts; phytochemicals

1. Introduction

In order to mitigate global warming and meet the set climate goals, it is necessary to
transition from a lincar fossil-based cconomy towards circular biocconomics and
sustainable agricultural intensification, which leads to an expected increase in the world’s
biomass demand driven by food security, bioproducts and bioenergy [1-3]. Muscat et al.
[4] argued that for the cffective use of available biomass, producing goods for fulfilling
basic human needs, and the chemical industry, due to a lack of sustainable alternatives,
should have the highest priority. The need to find bio-based alternatives to various
essential products highlights the importance of integrated biorefineries, where multiple
products are produced together with bicenergy in a cascade system to maximize the
valorization of the available biomass while also increasing the economic feasibility of the
processing [2,4-7]. This concept is visualized in Figure 1. Furthermore, these multi-
product systems have also been described as an important pillar and tool for circular
bioeconomies [2,8]. According to Stegmann et al. [8], products targeting high-value
applications, such as biopharmaceuticals and nutraceuticals, are considered to have
significant potential within circular biceconomies. Therefore, bioprospecting the
feedstock for these applications can be seen as an inseparable part of future integrated
biorefinery design, as maximum value creation can often be vital for process profitability.
The agricultural and food processing sectors are significant producers of plant biomass,
and currently, residual fractions are often used for biogas or bulk chemical production,
compost, or cven end up in landfill [7,9-11]. However, Jimenez-Lopez ct al. [7] and
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Caldeira ct al. [12] emphasize the potential of valorizing these fractions through the
production of bicactive and functional compounds. Cascading biorefineries targeting
products for health, food and feed, and cosmetics industries have also been at the forefront
of the discussions related to, for example, algal biomass processing [13]. Due to limited
freshwater resources and constrained availability of arable land due to increased soil and
water salinity, biosaline agriculture focused on cultivating naturally salt-tolerant plants,
ie., halophytes, have been seen as one of the key solutions to sustainably create added
value and rehabilitate marginal degraded areas [14-16]. Marine biomass, including
coastal plants, could also contribute to nutrient uptake and recovery as a part of future
blue-green bioeconomies [17).
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Figure 1. Value pyramid of bioproducts. Adapted from Stegmann et al. [8] and Zabaniotou [2].

According to the definition by Flower and Colmer [18], halophytes are plants that
can grow and reproduce under salinity conditions of 200 mM NaCl or more, constituting
approximately 1% of the world’s plant species. As a part of their adaptation to extreme
environmental conditions, such as high salinity, drought, and strong UV radiation,
halophytes produce high concentrations of protective bioactive phytochemicals. This way,
plants maintain ion homeostasis and protect themselves from cellular damage and the
metabolic issues caused by the production and accumulation of reactive oxygen species
[19,20]. Duc to this pronounced availability of bioactive compounds, halophytes have
increased interest in bioprospecting for ingredients for nutraceuticals, cosmetics, and
biomedicines [5,19-24). Tripolium pannonicum (Jacq.) Dobrocz. (Asteraceae, syn. Aster
fripolium, commonly known as sca aster) and Crithmum maritimum L. (Apicaceac,
commonly known as sca fennel or rock samphire) are edible facultative halophytes used
for culinary purposes and suggested species for biosaline agriculture [15,16,25-27]. They
can be efficiently grown in hydroponic and aquaponic systems, and they have shown
potential for cultivation in degraded soils and marginal land areas [25,28-31]. The extracts
from these plants have been reported to have antioxidant, anti-inflammatory,
antimicrobial, antiviral, antifungal, neuro-protective, anti-diabetic, and antitumor
properties [21,32-41]. In folk medicine, sea fennel was used for its diuretic properties,
parasite prevention, and in case of digestive issues; sea aster was used as an expectorant
to relicve cough [26,41,42]. Potent essential oils from sca fennel are also suggested for pest
control [43—45].

In the green biorefinery concept, the non-food grade fractions of plants are harvested
and screw-pressed into liquid (juice) and solid (fiber residuc) fractions [6,46]. This
approach has been previously tested for sea aster and sea fennel, focusing on the
distribution of primary metabolites [31]. Green biorefinery is commonly used for grasses
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and forages, where the juice is often used to produce protein and organic acids, and the
solid fraction is fed to animals or used for bulk materials and biogas [47-49]. As the high
salt content of halophytes may limit their direct use as fodder [25,50], bicactive botanical
extracts rich in phytochemicals could provide another valuc-added stream for halophyte-
based biorefinery. This approach could be desirable for edible halophytes, as it would
provide not only a nutrition-rich food source but also a way to valorize the residual
fractions of the plants for bioproducts after the food production period and harvesting
fresh leaves for food, as the plants become unpalatable due to lignification. After the
preparation of extracts, the residual lignocellulosic fibers can be used to produce
biochemicals and bioenergy in more traditional biorefinery processes, as extraction may
also work as a mild pretreatment of often recalcitrant lignocellulose [11,51-55]. In this
regard, biogas production from sca aster has been previously studied [53,55,56].

This study analyzed the biological activity of sea aster and sea fennel (Figure 2) juice
and extracts from fiber residue fractions to evaluate their suitability for the production of
high-value, low-volume products. Non-polar extracts were used to determine fatty acid
(FA) profiles, whereas juice fractions and polar extracts were analyzed for the
concentration of total phenolic compounds (TPC), total flavonoids compounds (TFC),
total condensed tannins (TCT), total anthocyanidins (TAC), as well as photosynthetic
pigments. In addition, antioxidant properties were tested in vitro for radical scavenging
activity (RSA) against 2, 2-diphenyl-1-picrylhydrazyl (DPPH), 2,2-azinobis-(3-
cthylbenzothiazoline-6-sulfonic acid) (ABTS), and nitric oxide (NO), as well as iron-
reducing antioxidant power (FRAP), and iron and copper chelating activities (ICA and
CCA, respectively). The inhibition capabilities of juices and polar extracts were also tested
in vitro against enzymes involved in neurodegenerative diseases such as Alzheimer’'s
disease (acetylcholinesterase and butyrylcholinesterase), hyperpigmentation (tyrosinase),
type 2 diabetes mellitus (a-amylase and a-glucosidase), as well as obesity and acne
(lipase). This study provides novel information about the bioactivity of sea fennel, as
previous studies have heavily focused on essential oils or the fresh edible fraction of the
plant. Also, it describes the bioactivity of sea aster extracts, which have not, to the best of
our knowledge, been previously widely reported in the framework of bioprospecting and
biorefinery.

Figure 2. Tripolitn pannonicum (left) and Crithimum maritimim biomass.

2. Results and Discussion
2.1. Fractionation and Extraction Yields

After fractionation with a screw press, the unfiltered juice fraction corresponded to >
80% of the total fresh biomass weight in both halophyte specics. The composition of
lignocellulosic fibers was determined from the residual material after the water extraction
in terms of cellulose (glucose and cellobiose), hemicellulose (xylose and arabinose) and
Klason lignin. For sca aster fibers, the lignocellulose consisted of 44.9 (5.4)% cellulose, 29.3
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(0.5)% hemicellulose, and 31.2 (5.0)% Klason lignin. In sea fennel, the lignocellulose frac-
tion contained 42.9 (0.3)% cellulose, 22.0 (0.2)% hemicellulose, and 35.1 (0.1)% Klason lig-
nin. The dry matter (DM) content, the chemical composition of the juice and fiber fractions,
and the yields of the extracts prepared from fiber residue fractions are summarized in
Table 1. Extractives yields of 18.7% and 16.5% were obtained from sea aster and sea fennel
fibers, respectively, using water as a solvent, whereas with ethanol, 25.9% and 13.6% sca
aster and sca fennel extraction yiclds, respectively, were achieved. Water-soluble salts ac-
cumulated in the plant tissues are present in the extracts, and the ash content of dry sca
aster and sea fennel water extracts was 22.72 (1.66)% and 27.08 (0.92)%, respectively. Sim-
ilarly, in the ethanol extracts from sca aster and sca fenncl, the ash content was 1845
(1.80)% and 14.43 (4.71)%, respectively.

Table 1. Dry matter (DM) content and composition of halophyte fractions and extraction yields.
Values are expressed as means, with the standard deviation marked in brackets.

Fraction

DM
[w/w %]

Water extract Ethanol extract n-hexane extract ~ Sugars Lignin Ash
[g/100gDM] _ [/100gDM] _ [g/100gDM] _ [g/100gDM] _[g/100gDM] [g/100gDM]

Sea aster (Tripolium pannonicum)

Juice 401 (0.04) n/a n/a n/a 22.98 (0.71) n/a 47.71 (0.76)

Fibres n/a 18.73 (0.50) 25.88 (2.47) 2.87(0.04) 37.64 (4.56) 1698 (1.18) 6.30 (0.01)
Sea fennel (Crithmum maritimum)

Juice 7.26 (0.01) n/a n/a n/a 13.24 (3.49) n/a 36.56 (0.09)

Fibres  35.67 (0.84) 16.54 (0.33) 13.56 1 2.20 (0.10) 34.62 (0.67) 18.76 (4.78) 10.19 (0.07)

1 Due to the small amount of biomass, it was not possible to run the analysis in triplicate and provide
the standard deviation.

Even within the same species, the extraction yiclds may vary greatly duc to intraspe-
cific variations and depending on the solvent purity, extraction method, and potential
pretreatments, for example, size reduction methods and ultrasound and microwave tech-
nologies [51]. Regarding sca fennel, Costa et al. [57] compared supercritical fluid extrac-
tion and ultrasound-assisted extraction methods to obtain ethanol extracts from wild-har-
vested sea fennel aerial parts and reported 11.2% and 33.2% yields with ultrasound-as-
sisted extraction with 100 /0% and 80 /v% ethanol, respectively, whereas supercritical
fluid extraction yielded only 4.5% of the extract. Souid et al. [24] reached 25% extract yield
with three overnight macerations with 80% ethanol. Considering water-soluble sea fennel
extractives, Pereira et al. [34] obtained 47.8% and 50.0% extract yields from “cup-of-tea”
infusion and decoction of fresh sca fennel leaves, respectively. Similarly, Pedreiro et al.
[58] achieved 36.3% and 46.1% extraction yield with infusion and decoction, respectively.
Results from previous studies are significantly higher than the yicld of water extract ob-
tained from the fiber fraction, as a high fraction of water-soluble compounds is present in
the green juice separated in the initial screw-press fractionation.

Yields of aqueous or ethanol extracts from sea aster have not been previously widely
reported, but Wubshet et al. [39] obtained an 8.3% yield in maceration with 70% methanol.
Wisznieska et al. [58] reported that salt stress increases the amount of soluble carbohy-
drates in sea aster biomass. Therefore, the cultivation conditions may affect the concentra-
tion of sugars detected from the juice fractions. The desired composition of the lignocel-
lulose fraction depends on the target application, and cellulose, hemicellulose, and lignin
from extractives-free residue could be potentially used to produce various value-added
chemicals [50]. The ash content of juice and fiber fractions are similar to those previously
reported for sea aster cultivated at 171 mM NaCl and sea fennel cultivated in non-saline
hydroponics [30].
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2.2. Falty Acids in Non-Polar Extracts

Considering the FA profile of sea aster, the health-beneficial polyunsaturated fatty
acids (PUFA) constituted 78.2% of the total FA, followed by 20.6% saturated fatty acids
(SFA) and 1.2% monounsaturated fatty acids (MUFA). The main FA found was a-linolenic
acid (53.2%), and the w-6 and -3 ratio was 0.5. Similar results have also been reported by
Duarte et al. [59], who also found PUFA to cover >70% of total FA in sea aster and a<0.5
ratio of w-6 and w-3. Montero et al. [38] reported the content of SFA in sea aster lipids to
be 19.3%, which is comparable to obtained results. Both previous studies also report a-
linolenic acid as the most pronounced FA [38,59].

The total FA from sea fennel n-hexane extract constituted 49.9% PUFA, 36.7% SFA,
and 13.4% MUFA. The main FA was linoleic acid (34.4%), and the «-6 and w-3 ratio was
2.2. The results were similar compared to those reported by Ben Hamed ct al. [60] for sea
fennel cultivated in non-saline conditions in a greenhouse, the main differences being the
lower amount of stearic acid (3.2% of total FA compared to obtained 6.3%) and higher
amount of a-linolenic acid (24.1% of total FA compared to obtained 15.5%). The obtained
w-6 and -3 ratio is also comparable to the ratio of 2.7 determined by Guil-Guerrero and
Rodriguez-Garcia [61] for the neutral lipid fraction from young sea fennel leaves. Only
11.5% of oleic acid was found in vegetative plant extract, whereas the seed oil from sca
fennel was previously reported to be rich in oleic acid (78% of total FA) [62].

Relative concentrations of fatty acids in n-hexane extracts from halophyte fiber resi-
dues are summarized in Table 2. In both species, the ratio of «w-6 and w-3 FA is low, which
has been linked to a reduced risk of cardiovascular diseases and cancer, and the alleviation
of diseases with chronicinflammation [63]. However, the total lipids content of halophytes
is often low and obtained yields for n-hexane extracts were only 2.9% and 2.2% from seca
aster and sea fennel fibers, respectively. Therefore, even if the lipids are rich in health-
beneficial PUFA, the role of lipids from these species in industrial biorefinery applications
may not be as significant as other extracts.

Table 2. Relative concentration of fatty acids (FA) in n-hexane extracts obtained from fiber residues
of sea aster (Tripolium pannonicum) and sea fennel (Crithnunt maritimum). Values are expressed as
means, with the standard deviation marked in brackets.

Fatty acids Sea aster Sea fennel
[% FA/total FA]  [% FA/total FA]

Myristic acid n.d. 1.5(2.2)

Palmitic acid 19.0 (0.2) 28.9(1.8)

Palmitoleic acid n.d. 19(27)

Stearic acid 1.6 (0.0) 6.3(0.3)

Oleic acid 1.2 (0.5) 11.5(0.2)

Linoleic acid 249 (0.2) 34.4(18)

a-Linolenic acid 53.2 (0.3) 15.5(0.7)
Arachidic acid n.d. nd.
Behenic acid n.d. nd.
Lignoceric acid n.d. nd.

X SFA 20.6 (0.2) 36.7 (43)

£ MUFA 1.2(0.5) 134(29)

£ PUFA 782 (0.5) 49.9(12)

w6/ w3 0.5 (0.0) 22(02)

n.d.: not detected, SFA: saturated fatty acids, MUFA: monounsaturated fatty acids, PUFA: polyun-
saturated fatty acids.

2.3. Bioactive Compounds

The total contents of phenolic compounds and pigments determined in juice and ex-
tracts of sea aster and sea fennel are presented in Table 3. The highest concentration of
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TPC was found in the ethanol extract from sea fenncl (64.7 mgGAE/gDM). The two species
had no significant difference in the TPC content of aqueous extracts, with results being
32.3 mgGAE/gDM and 33.5 mgGAE/gDM for sca aster and sca fennel, respectively. How-
ever, extracts from sea aster fibers had a higher concentration of TEC, 5.4 mgQE/gDM and
6.6 mgQE/gDM in aqueous and ethanol extracts, respectively. Condensed tannins were
only found in low concentrations from sea aster ethanol extract, whereas they were not
detected in other samples. Depending on the target application, the lack of condensed
tannins, also called proanthocyanidins, can be seen as an advantage, as tannins can be
considered potential antinutrients due to their protein-binding properties, depending on
the intake [64]. However, tannins have been previously studied for their anti-parasitic ef-
fects [65]. It was not possible to reliably determine the content of total anthocyanidins for
ethanol extract, as precipitation was observed in samples. Photosynthetic pigments were
found mainly in the ethanol extracts, and especially sca aster was rich in chlorophyll
(3631.95 pg/gDM) and carotenoids (299.05 ng/gDM).

Table 3. Dry matter (DM) content and composition of halophyte fractions and extraction yields.
Values are expressed as means, with the standard deviation marked in brackets. Different letters
denote significantly different results (p < 0.05), calculated individually for each compound group.

Fraction TRC TRG

TCT TAC CHLa CHL b TCA

[mgGAE/gDM] [mgQE/gDM| [mgCE/gDM] [mgCCE/gDM| _ [ug/gDM] [ug/gDM] [ug/gDM]|

Sea aster (Tripolium pannonicum)
Juice n.d. n.d.
Water extract  32.34 (6.80)<  5.41 (0.68)
Ethanol extract  45.20 (5.27)*  6.58 (1.49) *
Sea fennel (Crithmum maritimum)
Juice 14.97 (4.56) ¢ nd.
Water extract  33.53 (2.53)¢  4.90 (0.81) ®
Ethanol extract  64.70 (9.01)2  1.84 (1.15) ¢

n.d. nd. 89.42 (14.56) ©  148.30 (24.23) < 125.75 (8.85) «
nd. 4.37 (0.74) » n/a n/a n/a

0.43 (0.60) n/a 2614.08 (12.19) #1017.87 (17.94) * 299.05 (3.79) *
nd. nd. 13.62 (0.69)¢  44.28 (0.73)¢ 85.34 (3.20) ¢
nd. 1.90 (0.21) ® n/a n/a n/a
nd. n/a 1008.44 (14.74) b 430.92 (9.31)® 261.79 (2.03)®

n.d.: not detected or concentration lower than the limit of detection, n/a: not available, TPC: total
phenolic compounds [mgGAE/gDM], TFC: total flavonoids [mgQE/gDM], TCT: total condensed
tannins [mgCE/gDM], TAC: total anthocyanins [mgCCE/gDM], CHL: chlorophyll [jg/gDM], TCA:
total carotenoids [pg/gDM], GAE: gallic acid equivalent, QE: quercitin equivalent, CE: catechin
equivalent, CCE: cyanidin chloride equivalent, DM: dry matter.

Meot-Duros et al. [35] found 33 mgGAE/gDM of TPC, which is similar to the result
from the aqueous extract, in a water-methanol extract from sea fennel harvested from the
wild in late summer. However, Pereira et al. [34] reported approximately 70.5
mgGAE/gDM TPC in sea fennel leaf extracts but also found 114.1 mg rutin equiva-
lent/gDM TEC and 1.6 mgCE/gDM TCT; however, the extracts from sea fennel stems ex-
hibited much lower concentrations of TPC, and phytochemicals are distributed differently
to plant organs. Similarly, Mekini¢ et al. [37] measured greatly different amounts of TPC
from sea fennel leaves (35.1 mgGAE/gDM) and stems (7.6 mgGAE/gDM). Politeo et al.
[66] also reported a similar trend in aqueous sea fennel extracts.

Considering sca aster, Stankovic et al. [67] reported that a methanol extract obtained
by maceration contained 144.75 mgGAE/gDM phenolic compounds and 55.43 mg rutin
equivalent/gDM flavonoids. This study utilized the extract from screw-pressed fibers
from the whole aerial part of the biomass instead of the whole fresh plant or selected part
of plants, such as lcaves, which may explain the differences in the content of phenolics.
Some phytochemicals are also shown to be sensitive to different pH conditions or elevated
temperatures, which, used in different extraction methods, may lead to compound insta-
bility and degradation [68]. Differences in sca fennel flavonoid content could also be ex-
plained by abiotic stresses and intraspecific variation but also by different assays used.
The effect of abiotic stresses on the content of phenolic compounds is highlighted in vari-
ous studics [35,64,69-71]. For example, salinity and exposure to heavy metals have been
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shown to increase the content of total phenols and antioxidant activity in sea aster
[69,71,72].

Cultivation conditions and abiotic stresses also affect the content of photosynthetic
pigments in plants, and Wisznicwska et al. [72] reported that the salinity stress increased
the amount of chlorophyll in sea aster, whereas chlorophyll and carotenoid contents de-
creased when plants were exposed to heavy metals. On the contrary, Ventura et al. [71]
reported an inverse relationship between cultivation salinity, and chlorophyll and {3-car-
otene content of sea aster leaves. Duarte et al. [70] also showed that the content of chloro-
phyll and some carotenoids decreased when sea aster plants were exposed to heat or cold
waves; however, the exposure to heat waves did not affect the content of 3-carotene, lutein
and certain xanthophylls. Geissler et al. [73] determined the content of chlorophyll and
carotenoids in the sea aster leaf surface to be approximately 51 mg/cm? and 8 mg/em?,
respectively. Chlorophyll is especially sensitive to degradation, and different drying
methods have been shown to affect the chlorophyll concentration of sea fennel; micro-
wave-assisted drying and freeze-drying are significantly more gentle compared to air dry-
ing in an oven [42]. Considering carotenoids in sea fennel, Sarrou et al. [74] identified
lutein and neoxanthin as major carotenoid compounds.

2.4. Antioxidant Properties

The antioxidant activity of sea aster and sca fennel juice fractions and extracts is pre-
sented in Figure 3. The juice faction from sca fennel exhibited high ABTS scavenging ac-
tivity (60.75%) and FRAP (77.67%), and CCA (71.19%) in 10 mg/mL concentration; how-
ever, the half-maximum effective concentration (ECso) values were higher compared to
extracts (Table 4). The DPPH and ABTS scavenging activity of both sea fennel and sca aster
aqueous extracts were similar, but sca aster had more pronounced antioxidant activity in
metal-based assays. On the contrary, sea fennel fractions had higher NO scavenging ac-
tivity, estimating the extract’s anti-inflammatory properties, than sca aster fractions. Es-
pecially in ethanol extracts, there was a large variation in the antioxidant activity between
different assays, highlighting the importance of running multiple assays to evaluate the
extracts’ bioactivity as a single assay provides only a limited view of the antioxidant po-
tential. The results from the total contents of different phenolic groups also cannot directly
be reflected in the antioxidant activities, bringing interest to specific phytochemicals or
potential synergic interactions between them. The ethanol-soluble samples turned cloudy
during the NO radical scavenging assay when the Griess reagent was added; therefore, it
was not possible to measure the activity.

Table 4. The half-maximum effective concentrations (ECs) [mg/mL] of antioxidant activity of juice
and fiber residue extracts from sea aster (Tripolium pannonicum) and sea fennel (Crithnum mariti-
mum).

Fraction DPPH ABTS NO  FRAP  ICA CCA
Sea aster (Tripolium pannonicuni)
Juice nd. >10 >10 >10 >10 3.18

Water extract <10 224 >10 1.91 <10 3.40

Ethanol extract 7.67 4.86 n/a 1.66 115 2.37
Sea fennel (Crithmum maritinum)

Juice >10 4.59 >10 3.46 >10 6.79

Water extract 3.53 4.36 >10 113 >10 7.03

Ethanol extract 2.84 3.95 n/a <10 3.10 3.32

DPPH: not detected, 2,2-diphenyl-1-picrylhydrazyl, ABTS: 2,2"-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid), NO: nitric oxide, FRAP: ferric reducing antioxidant power, ICA: iron chelating activ-
ity, CCA: copper chelating activity, n.d.: no activity detected, n/a: not available.
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Figure 3. Antioxidant activity [%] of the 10 mg/mL sca aster ( Tripolinm parmonicim, a) and sca fennel
(Crithmam maritimum, b) juice and extracts in relation to negative control. The reference compounds
are gallic acid 1 mg/mL (DPPH and ABTS) and ethylenediaminetetraacetic acid 1 mg/mL (TCA and
CCA). Different letters denote significantly different results, calculated individually for each assay.
DPPH: 2,2-diphenyl-1-picrylhydrazyl, ABTS: 2,2"-azinobis-(3-cthylbenzothiazoline-6-sulfonic acid),
NOx: nitric oxide, FRAP: ferric reducing antioxidant power, ICA: iron chelating activity, CCA: cop-
per chelating activity, n.d.: no activity detected. Different letters denote significantly different results
(p = 0.05), caleulated individually for cach assay and plant species.

Pereira et al. [34] reported high DPPH and ABTS scavenging activity (> 86%),
moderate NO scavenging activity (> 37%), and high FRAP (> 98%) of aqucous sca fennel
extracts in low concentrations (“cup-of-tea” infusion and decoction), whereas the ICA and
CCA were lower than the results obtained in this study. Moreover, Pedreiro et al. [58]
reported EC= values of 36.5 pg/mL and 37.3 pg/mL for DPPH and ABTS scavenging ac-
tivity for aqueous sca fennel infusion. Those results are nearly a hundred-fold lower than
the results obtained in this study. Siracusa et al. [75] also reported a 88% DPPH scavenging
activity of 0.4 mg/mL sea fennel infusion with potential relation to high chlorogenic acid
content. The differences in results could be explained by the plant growth stage and frac-
tions used but also growth conditions, as cultivated plants have previously been shown
to have lower phytochemical concentration and antioxidant activity compared to wild
plants due to controlled conditions with less pronounced abiotic stresses [64,76].

Whereas the antioxidant activity of different sea fennel fractions is covered in litera-
ture, the use of sea aster for health-promoting purposes is rather unexplored. Stankovic et
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al. [67] reported an ECso valuce of 0.13 mg/mL for the DPPH scavenging activity of sca aster
methanol extract, which is significantly lower compared to the obtained results in this
study. On the other hand, Wubshet et al. [40] used nuclear magnetic resonance technology
and found caffcoyl esters, flavonoids, and flavonoid glycosides in sea aster extract, which
they described as potential compounds to explain the ABTS scavenging activity.

Exposure to excessive reactive oxygen species (ROS) and following oxidative stress
has been linked to the development and progress of various health issues, such as neuro-
degenerative, metabolic and autoimmune diseases and cancer, often due to their multi-
factorial nature [77,78]. Furthermore, as the individual’s nutrition, level of exercise, and
exposure to toxins significantly contribute to the production of ROS, many of the related
issues are called “lifestyle discases” [77]. Therefore, antioxidant products capable of pre-
venting or alleviating these emerging conditions are often targets of bioprospecting. Due
to their active properties, botanical extracts are common ingredients in various high-value
products, for example, in the nutraceuticals and cosmetics sectors. However, identifying
and concentrating or separating compounds responsible for specific activities could be
desired for some applications, such as biomedicines. Bioguided fractionation is a potential
analysis method to find the target compounds. Resin absorption, chromatography, and
different filtration methods are examples of technologies studied to purify and isolate
compounds from extracts and separate compounds from the green juice fraction in green
biorefineries [51,79,80].

2.5. Enzyme Inhibition

Inhibition activity against enzymes linked to different diseases is summarized in Fig-
ure 4. It was not possible to determine the inhibition activity against butyrylcholinesterase
(BuChE) for sea fennel water extract, tyrosinase for sca fennel juice, or lipase for juice frac-
tions from both species due to instability issues with the assays. The inhibition of a-amyl-
ase was visually observed in ethanol-based samples. However, due to sample precipita-
tion, it was not possible to reliably measure the absorbance and determine the activity. In
general, the enzyme inhibition activity was higher in ethanol extracts compared to juice
fractions or aqueous extracts.
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TFigure 4. Enzyme inhibition activity of 10 mg/mL sample solutions from sea aster (1¥ipofium panso-
nicun, ay and sea fennel (Crithmum maritimun, b) juice and extracts. Reference compounds: galan-
tamine 1 mg/mL (AChE and BuChE), arbutin 1 mg/mL (tyrosinase), acarbose 10 mg/mL (a-amylase
and a-glucosidase), and orlistat 1 mg/mL (lipasce). Different letters denote significantly different re-
sults, calculated individually for cach assay. AChE: acetylcholinesterase, BuChE: butyrylcholines-
terase. Different letters denote significantly different results (p < 0.05), calculated individually for
each assay and plant species.

For sea aster ethanol extract, the acetylcholinesterase (AChE) inhibition activity
(71.5%) is higher than previously reported for cthanol extracts (concentration not dis-
closed) from other Asteraceae species [81], and BuChE inhibition activity (34.2%) was the
highest from the tested samples. To the best of our knowledge, this is the first study to
report the AChE and BuChE inhibition activity of sea aster fractions. Aghraz et al. [82]
determined the neuroprotective properties of 0.4 mg/mL infusions from two other halo-
phytes from the Asteraceae family and shower moderate and low inhibition activities
against AChE and BuChE, respectively, comparable to obtained results for the sca aster
juice fraction.

In sca fennel samples, the AChE inhibition activity of cthanol extract (86.7%) was
significantly higher, and the inhibition of BuChE is nearly the same compared to the study
by Mekini¢ et al. [37], who reported 27.2% and 19.6% inhibition of AChE and BuChE, re-
spectively, using sca fennel ethanol extract (concentration not disclosed). Nguir ct al. [83]
reported 31.2% AChE inhibition activity of 1 mg/mL sea fennel essential oils; indeed,
many studies of sea fennel bioactivity focus on the essential oil fraction. The juice fraction
from both species exhibited higher inhibition of AChE compared to aqueous extracts, in-
dicating that the compounds potentially responsible for the activity are mostly ethanol-
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soluble or free water-soluble compounds, which end up in the juice fraction in the initial
fractionation process.

Tyrosinasc inhibitors have a role in the food, cosmetics, and pharmaceutical indus-
trics. As a type of polyphenol oxidase, tyrosinase causes an undesired browning in plant-
derived food products [84]. In animals, tyrosinase produced in melanocytes participates
in melanin production, and tyrosinase inhibitors are used in cosmetics as skin-whitening
agents [85,86] and have increased interest in the treatment of skin disorders with hyper-
pigmentation and melanoma skin cancer [23]. Tested ethanol extracts exhibited moderate
tyrosinase inhibition at 10 mg/mL, 41.2% and 55.1% for sea aster and sca fennel, respec-
tively. Calvo ct al. [87] studied the potential of 50% aqueous ethanol halophyte extracts to
prevent melanosis in shrimp, and they reported both sea fennel and sea aster to have di-
phenol oxidase inhibition activity of 30-40% at 10 mg/mL. Sea fennel cell culture has al-
ready been commerdialized as an active cosmetic ingredient due to its tyrosinase-inhibi-
tory properties [88]. The 50% cthanol extracts from halophyte species Inula crithmoides and
Daucus carota, belonging to Asteraceae and Apicaceae families, respectively, have also pre-
viously shown tyrosinase inhibition activity; major phenolic compounds in the extracts
are chlorogenic acid and rutin for Inula crithmoides, and chlorogenic acid and quercetin for
Daucus carota [23].

There is a limited amount of existing literature considering the anti-diabetic and li-
pasc-inhibitory propertics of raw extracts from sea fennel and sca aster. Wubshet et al.
[40] found quercitin and kacmpferol derivatives from the sca aster to be present in the
extract fraction with a-glucosidase activity. Souid et al. [24] found chlorogenic acid, neo-
chlorogenic acid, and quercitin derivates to be the most abundant phenolics in 80% aque-
ous cthanol sea fennel extract, and these phytochemicals have been described as potential
anti-diabetic compounds [89-91]. These compounds inhibit a-amylase and a-glucosidase,
the key enzymes responsible for the digestion of carbohydrates, delaying and limiting
glucose absorption and potentially preventing hyperglycemia in people with type IT dia-
betes mellitus [90,91]. Obesity has been shown to increase an individual’s risk of a multi-
tude of health concerns, and one of the suggested treatments to control the excessive ac-
cumulation of body fat has been to inhibit the activity of pancreaticlipase, an enzyme with
a key role in fat metabolism [92]. Phytochemicals, such as flavonoids, alkaloids, saponins
and terpenoids, have been shown to have lipase inhibition activity [93]. Ethanol extract of
sea aster exhibited moderate lipase inhibition at 10 mg/mL, and this sample also exhibited
the highest content of TFC, whereas other tested extracts showed only low lipase inhibi-
tion activity. Extracts from other medicinal halophytes have previously been reported to
have lipase inhibition with half maximal inhibitory concentrations of 0.16 mg/mL and 1.33
mg/mL for Limonium sinuatum and Lobularia maritima methanolic extracts, respectively,
and 41.7% lipase inhibition at 10 mg/mL with ethanol extract from Salicornia ramosissima
[94-96]. The anti-obesity properties of sea fennel tincture have also been studied consid-
ering the increased energy expenditure (thermogenic drug), but no positive effects were
observed [97].

Extracting phytochemicals for medicinal purposes and targeting chronic diseases
with plant-derived products has attracted attention in recent years [21,68,77,98]. The bio-
prospecting of novel feedstocks is beneficial for finding new potential treatments for
health concerns. Targeting products for biomedical and nutraceutical applications is also
important for the economic feasibility of integrated biorefineries and sustainable bioecon-
omies. The results show that extracts from residual halophyte fraction can have similar or
higher biological activity as extracts from fresh food-grade plants, highlighting the poten-
tial of the residual fractions for full feedstock valorization. In tested samples, the highest
bioactivities in enzyme inhibition assays were observed in ethanol extracts. In large-scale
biorefinery applications, minimizing the use of organic solvent is often desired, and the
optimization of the extraction method is key in the process development; however, each
method has advantages and disadvantages related to extraction efficiency, chemical use
and toxicity, and energy consumption [51,68,94].
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3. Materials and Methods
3.1. Raw Material

Plant material was obtained from the Institute of Botany of Leibniz University Han-
nover, where it was grown in a greenhouse. Halophytes were harvested when the plants
were fresh but partially lignified (non-food grade). Sea aster was cultivated in a hydro-
ponic system under 120 mM NaCl salinity in similar conditions as previously described
by Hulkko etal. [31] and harvested at the vegetative growth stage in June 2021. Sea fennel
was cultivated in non-saline conditions in pots with sandy soil and harvested at the flow-
ering stage in September 2021. At the harvest stage, the biomass was partly lignified and
had developed a fibrous texture. Biomass was frozen after harvesting and kept in the
freezer at =24 °C before further processing.

3.2. Biomass Fractionation and Extraction

Both biomasses were fractionated to green juice and fiber residue using a pilot-scale
double-auger juicer. Green juice fractions were centrifuged and filtered (Whatman, GE
Healthcare, Chicago, IL,USA), concentrated using a rotary evaporator, freeze-dried (Mod-
ulyoD, Thermo Scientific, Waltham, MA, USA), and re-solubilized to distilled water with
a concentration of 10 mg/mL. Fiber residue fractions were dried overnight in a 60 °C fan
oven(Memmert, Schwabach, Germany), size-reduced by knife-milling to particle size <2
mm, and stored at room temperature (RT) protected from the light before analysis. The
dry matter (DM), ash, and carbohydrate content of the fractions were determined using
analytical protocols by National Renewable Energy Laboratory [99-101]. For structural
carbohydrates and Klason lignin, the analysis was run in duplicates for samples and re-
covery standards. Separated sugars were glucose, xylose and arabinose, and samples were
analyzed using high-performance liquid chromatography (126 Infinity II, Agilent Tech-
nologies, Santa Clara, CA, USA) with 5 mM H250: as mobile phase, organic acid column
(Aminex HPX-87H, Bio-Rad Laboratories, Hercules, CA, USA) at 63 °C, and refractive in-
dex detector at 30 °C.

Plant extracts were obtained from fiber residue fraction using conventional Soxhlet
apparatus with a 100 mL extraction chamber and 250 mL of different solvents, namely:
demineralized water, 70% aqueous ethanol, and n-hexane. All extractions were run as par-
allel experiments. For water and ethanol extractions, samples (10 g) were extracted for 8
h, and for n-hexane extraction, samples (5 g) were extracted for 6 h. The excess solvent
was recovered at 40 °C using a rotary evaporator combined with a vacuum pump (KNF,
Stockholm, Sweden). Obtained water and ethanol extracts were freeze-dried and re-solu-
bilized to the corresponding solvents at a concentration of 10 mg/mL.

3.3. Transesterification and Determination of Fatty Acids

FA present in the n-hexane extracts were converted into fatty acid methyl esters
(FAME) by transesterification. A small amount of obtained lipids from the n-hexane ex-
traction (0.15 g) was dissolved in 0.5 M methanolic sodium hydroxide (1 mL) at 90 °C.
Samples were cooled to RT, boron trifluoride (1 mL) and hydroquinone solution (0.5 mL)
was added, and samples were heated at 90 °C for 5 min. Phase separation was achieved
using saturated NaCl aqueous solution (4 mL) and n-heptane (3 mL). After separation, the
n-heptane soluble fraction was recovered. FA profile was determined using gas chroma-
tography (Clarus 500, Perkin Elmer, Waltham, MA, USA), capillary column (Elite-WAX,
30 m x 0.25 mm ID x 0.25 pum, Perkin Elmer, Waltham, MA, USA) and helium as carrier
gas. The temperature program was set to 1 min at 150 °C, heating 10 °C/min until 240 °C
and keeping it at 240 °C for 10 min. Compounds were detected with mass spectrometry,
and the results were compared to the National Institute of Standards and Technology
(NIST) library and given as relative concentrations.
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3.4. Total Photosynthetic Pigments

The total concentrations of chlorophylls (CHL) and carotenoids (TCA) were deter-
mined in green juice fractions and ethanol extracts by spectrophotometry. The absorbance
was measured at 470 nm, 649 nm, and 665 nm using a UV-visible spectrophotometer
(Genesys 50, Thermo Scientific, Waltham, CA, USA) with a quartz cuvette. Turbidity at 750
nm was considered. Calculations were carried out using the formulas described by
Lichtenthaler and Wellburn [102]:

CHL a=13.95 x A — 6.88 x Asss, 1)
CHL b =24.96 x Asio—7.32 x Ass, @)
TCA = (1000 x A — 2.05 x CHL a - 114.8 x CHL b) / 245 @)

3.5. Phenolic Compounds in Plant Fractions

The total contents of different phenolic compound groups were determined in juice
fractions, and water and ethanol extracts. TPC were determined as the amount of gallic
acid equivalent (GAE) in the juice or extract samples by the Folin-Ciocalteau (F-C) assay
described by Velioglu et al. [103] adapted to 96-well plates. Samples (5 ul) were mixed
with F-C reagent in ethanol (100 pL) and incubated in RT for 10 min, after which 75 g/L.
aqueous sodium carbonate (100 uL) was added, and plates were further incubated for 90
min. The calibration curve (R? = 0.997) was made using gallic acid, and absorbance was
read at 650 nm using a microplate reader (EZ Read 400, Biochrom, Cambridge, UK).

TEC were determined using a method by Pirbalouti et al. [104] by mixing samples
(50 uL) with 2% aluminum chloride in methanol solution (50 plL), incubating plates for 10
min at RT, and reading the plates at 405 nm. Quercetin was used as a standard for calibra-
tion (R? = 0.999), and results are expressed as the amount of quercetin equivalent (QE) in
the mass unit of the dried sample.

TCT, also known as proanthocyanidins, were determined using the assay by Li et al.
[105] with p-dimethylaminocinnamaldehyde hydrochloric acid (DMACA-HCI). Juice and
extract samples (10 uL) were mixed with 1% DMACA in methanol (200 ul) and 37% HCI
(100 pL). Plates were incubated for 15 min at RT, and absorbance was read at 640 nm.
Results are expressed as catechin equivalent (CE) in the dry extract and calculated based
on the calibration curve (R? = 0.991).

TAC were determined as described by Mazza et al. [106] by mixing an aliquot of the
samples (20 uL) with 95% ethanol containing 0.1% HCI (20 pL) and 1 M HCI (160 uL). The
absorbance was read at 492 nm, and the results are expressed as cyanidin chloride equiv-
alent (CCE) based on the calibration curve (R? =0.991).

3.6. In Vitro Radical Scavenging Activity

RSA of juice and water and ethanol extracts was tested using colorimetric methods
towards the following radicals: DPPH, ABTS, and NO. Samples were tested at 10 mg/mL
concentrations, absorbances were read using a microplate reader, and RSA was calculated
as a percentage relative to a negative control sample (blank). Gallic acid at a 1 mg/mL
concentration was used as a positive control in all RSA assays. For the DPPH assay by
Brand-Williams ct al. [107], samples (22 pL) were mixed with 120 (M DPPH in ethanol
(200 puL), incubated for 30 min in the dark, and reading the absorbance at 492 nm.

The ABTS scavenging assay was carried out as described by Re et al. [108]. First, the
ABTS*" solution with a molarity of 7.4 mM was obtained by mixing ABTS (100 mg) with
2.6 mM potassium persulphate (100 mL) in RT in the dark and incubating the mixture
overnight. Afterward, the ABTS™ solution was diluted with ethanol until an absorbance
of approximately 0.7 at 734 nm was achieved. This diluted solution was used in the assay,
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where samples (10 pL) were mixed with ABTS* solution (190 plL) and incubated for 6 min
in the dark. The absorbance was read at 650 nm.

The NO scavenging assay was carried out by the method described by Baliga et al.
[109]. First, samples (50 uL) were mixed with 10 mM sodium nitroprusside (50 pL) in 96-
well plates and incubated for 90 min in RT. Afterward, Griess reagent (50 uL) was added,
and plates were read at 562 nm.

3.7. In Vitro Antioxidant Activity by Metal-Based Assays

Metal-based assays were also carried out using juice and water and ethanol extract
samples at a concentration of 10 mg/mL. Results are expressed as a percentage relative to
anegative control sample. The capability to bind and hold iron and copper was analyzed
with chelating assays described by Megias etal. [110], and cthylenediaminetetraacetic acid
(EDTA) with a concentration of 1 mg/mL was used as a positive control. In the ICA assay,
samples (30 uL) were mixed with water (200 pL) and 0.01 % aqueous FeClz (30 uL) in 96-
well plates. Plates were incubated for 30 min, and after incubation, 40 mM aqucous fer-
rozine (12.5 uL) was added. Plates were further incubated for 10 min, and absorbance was
read at 562 nm. In the CCA assay, samples (30 pL) were mixed with 50 mM sodium acetate
buffer (200 L), 0.005 % aqueous CuSOs (100 pl) and 4 mM aqueous pyrocatechol violet
(6 pL), and plates were immediately read at 620 nm.

The FRAP assay was performed according to Megias et al. [110] by mixing equal parts
(50 pL) of samples, distilled water, and 1 % potassium ferrocyanide in 96-well plates and
incubating for 20 min at 50 °C. Afterward, 10 % aqueous trichloroacetic acid (50 pL) and
0.1 % aqueous FeCls (10 uL) were added, plates were incubated for 10 min at RT, and
absorbance was read at 650 nm. Gallic acid at 1 mg/mL concentration was used as a posi-
tive control.

3.8. In Vitro Enzyme Inhibition Assays

Inhibition activity against enzymes related to different discases was tested in vitro
using green juice fractions and water and ethanol extracts at a concentration of 10 mg/mL.
Results were expressed as the percentage of inhibition related to a negative control sam-
ple. Potential anti-diabetic properties of halophyte juices and extracts were determined by
measuring the inhibition of a-amylase and a-glucosidase. Acarbose, a known anti-dia-
betic drug on the market, was used as a reference at a concentration of 10 mg/mL. For a-
amylase inhibition activity, an assay developed by Xiao ct al. [111] was used, which is
based on the reaction between iodine solution and starch. Equals parts (40 uL) of samples,
0.1 % boiled potato starch solution, and 100 U/mL a-amylasc in 0.1 M sodium phosphate
buffer solution (pH 6.9) were mixed in 96-well plates and incubated at 37 °C for 10 min.
Afterward, 1 M HCI (20 pL) and iodine solution (100 uL), consisting of 5 mM Iz and 5 mM
KI in distilled water, were added, and absorbance was read at 570 nm. A negative control
sample with no enzyme (100% inhibition, blank) was used in the basis of calculation,
whereas a control sample with an enzyme was used for color correction. Results were
calculated as follows:

a-amylase inhibition activity [%] = (Asm sample — Asn color control) / Aszo blank x 100% (4)

In the a-glucosidase inhibition activity assay described by Custodio et al. [112], sam-
ples (50 pL) were mixed with 1 U/mL Saccharomyces cerevisine a-glucosidase in phosphate
buffer (100 pL, pH 7.0), and plates were incubated at 25 °C for 10 min. After incubation, 5
mM p-nitrophenyl-a-d-glucopyranoside (50 pL) was added, and plates were incubated
for a further 5 min at 25 °C before reading the absorbance at 405 nm.

The ability to inhibit tyrosinase was tested as described by Trentin et al. [113] by mix-
ing samples (70 uL) with 333 U/mL tyrosinase solution (30 pL) in 25 mM potassium phos-
phate buffer (pH 6.5) and incubating for 5 min at RT. After incubation, a substrate solution
(110 uL) of 2 mM L-tyrosine diluted in buffer was added, and plates were incubated for
30-45 min in RT before reading the absorbance at 405 nm. Arbutin, a compound known
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to inhibit tyrosinase and prevent melanin formation, was used as a reference at a concen-
tration of 1 mg/mL.

Inhibition of AChE and BuChE was measured using the method by Ellman ctal. [114]
by mixing samples (20 uL) with 0.02 M sodium phosphate buffer (140 uL, pH 8.0) and 0.28
U/mL AChE or BuChE enzyme solution in pH 7.0 buffer (20 pL), respectively. Plates were
incubated for 15 min at 25 °C, and afterward, acetylcholine iodide or butyrylcholine io-
dide, respectively, in 4 mg/mL pH 8.0 buffer solution (10 pL) was added. Then, Ellman’s
reagent (5,5-dithiobis(2-nitrobenzoic acid)) in 1.2 mg/mL ethanol (20 uL) was added. Sam-
ples were incubated for another 15 min at 25 °C, and absorbance was read at 405 nm.
Galantamine, a drug used to treat dementia, was used as a reference at 1 mg/mlL concen-
tration.

Lipase inhibition activity was measured using a protocol based on that described by
McDougall et al. [115]). Samples (20 uL) were mixed with 100 mM Tris-HCI buffer (200 ulL,
pH 82), 1 mg/mL porcine pancreatic lipase in buffer solution (20 uL), and 5.1 mM 4-nitro-
phenyl dodecanoate in ethanol (20 pL). Plates were incubated at 37 °C for 10 min before
reading the absorbance at 405 nm. Orlistat, a medicinal compound used to support weight
loss, was used as a reference at a 1 mg/mlL concentration.

3.9. Statistical Methods

Results are given as the mean values with standard deviation marked in brackets
unless stated otherwise. The number of replicates was (1 = 6) for analysis run in micro-
plates and (17 = 3) for other analyses unless stated otherwise. One-way analysis of variance
(ANOVA) and Tukey honest significant difference (HSD) test were run to evaluate differ-
ences between the results, and significantly different results are marked with different
letters. For the antioxidant activities, the half-maximum effective concentration (ECso) was
calculated using an online tool by AAT Bioquest Inc (Pleasanton, CA, USA). [116] when
the obtained activity at 10 mg/mL concentration was higher than 50%.

4. Conclusions

The chemical composition and biological activities of the juice and fiber residue ex-
tracts from sea aster and sea fennel after fractionation with screw-press were analyzed to
evaluate the potential of non-food grade residuals to produce high-value, low-volume bi-
oproducts as a part of halophyte-based integrated biorefinery. Analyzed plant fractions
exhibited interesting properties for potential added value creation of residual biomass,
such as antioxidant activity and the inhibition of enzymes related to chronic discases. Hal-
ophytes from biosaline agriculture could provide not only a healthy food source but also
a feedstock to produce extracts for biomedicines, nutraceuticals, and cosmetics. Process
development and optimization, as well as phytochemical analysis and bicavailability as-
says, are needed to maximize the potential and valorization of halophyte biomass. Over-
all, sca aster and sca fennel can be seen as interesting species for further biorefinery inves-
tigations, and in general, expanding the utilization of halophytes could provide an im-
portant contribution to sustainable bioeconomies.
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Abstract: The pharmacological activities in bioactive plant extracts play an increasing role in sustain-
able resources for valorization and biomedical applications. Bicactive phytochemicals, including
natural compounds, secondary metabolites and their derivatives, have attracted significant attention
for use in both medicinal products and cosmetic products. Our review highlights the pharmaco-
logical mode-of-action and current biomedical applications of key bioactive compounds applied as
anti-inflammatory, bactericidal with antibiotics effects, and pain relief purposes in controlled clinical
studies or preclinical studies. In this systematic review, the availability of bicactive compounds from
several salt-tolerant plant species, mainly focusing on the three promising specis
Crithmum maritimum and Salicorniu europaes, ave summarized and discussed. All three of them have

s Aster tripolivin,

been widely used in natural folk medicines and are now in the focus for future nutraceutical and
pharmacological applications.

Keywords: secondary metabolites; halophytes; hydroxycinnamic acid; inflammation; nutraceuticals

1. Halophyte Species for Current and Future Biomedical Applications

Salt-tolerant plant species, also called halophytes, belong to many botanical families.
Halophytes are defined as plants that can grow and complete their life-cycle in a salt
concentration of at least 200 mM NaCl [1]. They do not form a systematical group and,
phylogenetically, they are not related to each other. Through evolution, they have adapted
to saline conditions in several ways: morphologically, physiologically, and biochemically.
Hence, halophyte species are found to produce high levels of bivactive compounds and
free radical-scavenging secondary metabolites, potentially duc to their adaptation to harsh
environmental conditions. High salinity during growth and development also increases
the level of free radicals in plants [2,3]. Such potential beneficial dictary factors in small
doses and complex combinations (e.g., polyphenols, fibers, polyunsaturated fatty acids,
etc.) for lifestyle changes can lead to reduced inflammation and improved health; how-
ever, metabolic disturbances are key contributors to disease progression [4]. Screening
and testing of extracts from medicinal plants species, including halophytes, against a
varicty of pharmacological targets and discase conditions in order to benefit from the
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immense natural chemical diversity is a research focus in many laboratories and companies
worldwide [5,6]. For halophytes, the relevant compound classes are a combination of
components typical of lignocellulosic biomass and components unique for a family or
species (Figure 1). The majority of the free radical-scavenging phenolic compounds are
biosynthesized through the shikimic acid, acetic acid, and phenylpropanoid pathways,
resulting in phenylpropanoids, simple phenols, and phenolics, respectively [7,8].

HALOPHYTES |
AL
r N I A
( Zygophyllaceae | Avioenniaceae‘ Amaranthaceae | [ Aizoaceae
= A
O

D M T N D CTD oD

Alkaioids Fatty Acid Fatty acids
Qukioned Flavoncids
Steroids Terpenoids

Aster fripolium
Asteraceae Apiacee Amacantheceae

Figure 1. Phytochemical composition of some common coastal halophytes. Created with BioRen-
der.com. (Pictures reproduced with permission [9]).

Over time, nature has been a rich source for various natural bioactive substances that
have many applications in folk medicine and ethnopharmaceuticals [10-12]. For thousands
of years, plants were the only source of medicine due to the absence of other compounds
available, and they were used for a broad spectrum of medical purposes as therapies based
on their contents of secondary metabolites and their bicactive properties [13].

The present review will focus on reviewing the current state of the art for biomedical
applications of bioactive molecules present in three halophytic plant species, Aster tripolium
(Jacq.) Dobrocz., Crithmum maritimum L., and Salicornia europaea agg. (illustrated in Figure 1),
due to their potential use in nutraceutical foods, cosmetics, and also as bioactive components for
medicinal applications because they contain health-promoting compounds such as minerals,
fibers, oils, phenolics and vitamins [14]. The biological qualities of these three halophytic
plants species can overall be divided into anti-inflammatory, antioxidant-rich and antibacterial
activities, and future use in medicinal practice. The bicactive compounds are listed in Table 1
and summarized in Section 2. The chemical structure and biological activities of secondary
metabolites isolated from Salicornia europaea 1. have recently been reviewed [15].
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2. Bioactive Components Including Primary Metabolites, Phenolics and Their
Antioxidant Properties

The most common bicactive components include primary metabolites such as amino
acids, proteins, bioactive polysaccharides, lipids, and lignin [29]. Dietary fibers and min-
erals (Mg, Ca, Fe, K) are also present in large amounts [3]. Immunomodulatory proteins,
peptides, and polysaccharides have been isolated and characterized from Salicornia spp.,
that may explain some of the therapeutic efficacies which have been used in folk medicine
to treat various diseases, including cancer [30]. The class of secondary metabolites or
phytochemicals include compounds of pharmacological and biological importance, includ-
ing alkaloids, fatty acids, and lipids, flavonoids, phenolics, quinines, tannins, terpenoids,
steroids and saponins, and coumarins. The content of the secondary metabolites may vary
depending on the particular habitat where the plant grows. The secondary metabolites from
plants are challenging to categorize and replicate in the industry because their metabolic
pathways of synthesis, features, and mechanisms of action often have similarities and
overlap as well as there being an incomplete understanding of synthesis. However, a pos-
sible classification is based on their biosynthetic pathways which include large molecule
categories: (a) phenolics including phenolic acids, their derivatives, and flavonoids; (b)
terpenes and steroids; and (c) alkaloids [10].

Antioxidants can be found in high quantities in different foods, such as vegetables,
berries and fruits, because most plants contain phenolic compounds, which are secondary
metabolites with health beneficial properties, proven in in vivo and in vitro studies [31-36].
The common structural characteristics all phenolics share are aromatic rings, hydroxyl
groups and, commonly, electron double bonds. Phenolics have been extracted using
ethanol, methanol, water, ethyl acetate, and dichloromethane by the use of simple solvent
extraction under reflux, Soxhlet extraction, assisted ultrasound extraction, and assisted
microwave extraction [37-41]. Different extraction methods and solvents have been shown
to target the extraction of different phenolics [41,42]. Especially, phenolic monomers have
been shown to be thermolabile, and thereby prone to thermal degradation. Therefore,
prolonged extractions using high temperatures should be avoided, and the extraction
method should be chosen accordingly [38,43]. Rice-Evans et al. [43] investigated the impact
of a number of hydroxyl groups on antioxidant activity of each molecule compared to
vitamin E and proposed a correlation between the number of hydroxyl groups in HCAs,
phenolic acids, flavonoids, their respective derivatives, and their antioxidant capacity. Here,
the antioxidative capacity of the catechins epicatechin gallate (ECG) and epigallocatechin
gallate (EGCG) is due to the molecular presence of seven and eight hydroxyl groups,
respectively [44]. The latter compounds are well known antioxidants, relevant to cancer
and neurodegenerative diseases [45,46].

Not only do a high amount of hydroxyl groups have high antioxidant activity, but
Cano et al. [47] found the dimer of the hydroxycinnamic acid ferulic acid, 5-5'diferulic acid,
to have a high superoxide anion free radical scavenging capacity compared to its monomer,
ferulic acid. With a 35.7% inhibition of superoxide anion formation by 5-5'diferulic acid,
compared to ferulic acid showing no direct inhibition of superoxide anion formation,
Cano et al. [46] concluded that the type of linkage between ferulic acid monomers alters the
superoxide anion free radical scavenging capacity, independent of the number of hydroxyl
groups. The same trend of inhibition of superoxide anion formation after dimerization
was also shown to be true for dimers of the flavonols kaempferol and quercetin containing
multiple hydroxyl groups [47].

The beneficial properties of antioxidants are due to their ability to scavenge free radi-
cals. Free radicals are atoms, molecules, or ions with unpaired electrons, and in biclogical
systems are often derived from molecules containing oxygen, nitrogen, or sulfur, called re-
active oxygen/nitrogen/sulfur species, or ROS, RNS, and RSS, respectively [48]. Common
examples of ROS are the superoxide anion (O, ™), hydroxyl (OH), and hydroperoxyl (HO,).
Varieties of ROS are produced in living cells as products of oxygen utilization, with a
possibility for these to lead to cellular damage, metabolic disorders, or cause DNA damage.
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Usually, enzymatic pathways can neutralize these free radicals, e.g., superoxide dismutase,
catalase, or glutathione peroxidase [49]. However, these pathways might not be sufficient
in all cases, and a non-enzymatic nutritional supplement of antioxidants is necessary.

Diet management using plant-based formulations may improve the metabolic status
of patients, including those with diabetes mellitus, where an increased oxidative stress and
chronic low-grade inflammation is observed as a consequence of the complex syndrome
including long-term alterations of protein and lipid metabolisms [50]. Here, researchers
found that a plant-based antidiabetic formulation including antioxidants was able to
enhance total serum antioxidant defense and improve overall serum redox status and HDL
redox function. More than 5000 flavonoids have been identified and are distributed in a
wide range of plants; flavonoids possess documented anticancer activity, both in animal
and cellular model systems [51]. Here, luteolin is an important natural antioxidant which
has potent anticancer effects under both in vitro and in vivo conditions.

Flavonoids are a large family of polyphenolic compounds that consist of 12 major sub-
classes according to their chemical composition. Some of these are flavan-3-ols, flavonols,
flavanones, flavones, isoflavones, and glycosylated flavonols [52]. These compounds pro-
vide an essential source of antioxidants in the human diet. They essentially exist in all foods,
which have an origin from plants [20]. Although flavonoids and phenolics, in general, are
thought to be non-nutritive agents, they are believed to have a possible health-promoting
impact on multiple diseases such as cancer and atherosclerosis [20,53]. The nutraceutical
value of S. herbacea-derived glucopyranosides as potent anti-obesity agents have been
attributed to the alleviation of lipid accumulation [54]. Despite the broad range of key
bioactive components, more clinical research is needed to substantiate the composition and
quantity thereof in specific halophytes, as well as to determine the biomedical effects in
health and disease.

3. Nutraceutical and Pharmacological Mode-of-Action of Key Secondary Metabolites
in Halophytes

Wild edible plants (WEPs) are considered as promising sources of essential com-
pounds, needed not only in the human diet including carbohydrates, proteins, and lipids,
but also of other minor compounds such as phenols, vitamins, or carotenoids [55]. The pres-
ence of phenolic compounds in these vegetal matrices is supposed to provide a prophylactic
effect against further pathogenesis and disorders related to aging or oxidative stresses.
The utilization and valorization of phytochemicals have focused on nutraceutical use.
Hence, the modes-of-action, pharmacological attributes, and medicinal properties target
multiple common therapeutic areas, such as neuroprotective, antioxidant, analgesic, im-
munomodulatory, antimicrobial, antidiabetic and cardioprotective activities (Figure 2) [56].
Neuroprotection is attributed to high levels of antioxidants, including tungmadic acid,
quercetin, and chlorogenic acid, enabling the scavenging of reactive oxygen species (ROS),
e.g,, HaOy, efficiently. These electrophilic compounds exert antioxidant activity as well as
induce antioxidant enzymes through the Nrf2 signaling pathway, thereby exerting protec-
tive effects against ROS-induced neuronal cell damage [57]. Nrf2 regulation contributes to
anti-inflammatory processes by orchestrating the recruitment of inflammatory cells, thus
regulating gene expression through the antioxidant response element (ARE) [58]. NRF2 ac-
tivation provides cytoprotection against numerous pathologies including chronic diseases
of the lung and liver, autoimmune, neurodegenerative and metabolic disorders, and cancer
initiation [59]. However, unidentified compounds may be co-responsible for the neuropro-
tective effect [60]. Linked to neuroprotection and ROS scavenging then HCAs and their
derivatives also display antioxidant, anti-collagenase, anti-inflammatory, antimicrobial
and anti-tyrosinase activities, as well as ultraviolet (UV) protective effects. This suggests
that HCAs can be exploited as anti-aging and anti-inflammatory agents, preservatives and
hyperpigmentation-correcting ingredients [61]. Recent findings suggest that the reversal
of UVB-induced damages to skin may be prevented by the protecting effects of aqueous
extracts of S. europaea affecting basal keratinocytes [62].
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The involvement of A. tripofium, C. maritimum, and S. europaea bioactive extracts in
pain and itch mechanisms remains scarce, although several studics have been conducted,
in vitro and in vivo, in order to demonstrate the effects of secondary metabolites present
in the three species in relation to nociception and analgesia [63-68]. Tn a previous study,
the authors looked at the analgesic action of chlovogenic acid (S-caffeoylquinic acid, CGA)
in animal neuropathic pain models. CGA is a polyphenol formed by the esterification of
caffeic and quinic acid, which can be found in plants, vegetables, and fruits [69], showing
antioxidant, anti-inflammatory, antigenotoxic, anticancer, and cytostatic activities [63,70].
Dos Santos and colleagues [57] investigated the effect of pure CGA in the formalin-induced
pain test, where CGA was reported to possess antinociceptive activity in neuropathic pain
models, drastically reducing the pain behavior of mice after the injection of formalin [63].
Neuropathic pain could arise from tissue damage, inflammation, or injury to the ner-
vous system, and is characterized by three sensory abnormalities which include increased
sensitivity to painful stimuli (hyperalgesia), perception of innocuous stimuli as painful
(allodynia), and spontancous pain [64]. Tn this dircction, another study showed the antinoci-
ceptive action of CGA in the neuropathic pain rat medel [65]. The authors showed that the
administration of CGA produces significant dose- and time-dependent anti-hyperalgesic
effects in chronic constrictive nerve injury (CCI) rat models, and that a chronic treatment
for 14 days reduces mechanical hyperalgesia in rats, suggesting action of the CGA on the
inhibition of reactive oxygen species (ROS) [63]. Moreover, another study demonstrated
that the administration of CGA systemically or intrathecally improves mechanical and
cold hyperalgesia in rat neuropathic pain models [68]. In 2014, Qu et al. [61] suggested
that the usage of CGA may exert analgesic action by modulating acid-sensing ion channels
(ASICS) in rat dorsal root ganglion neurons [67]. The effect of plant extracts and secondary
metabolites on itch or skin discases is a topic that needs to be further evaluated, although
a recent study looking into the effect of the prolonged application of S. enropaen-based
cream on sunburned skin of women showed that cight weeks of treatment can improve
skin structure and texture, helping the recovery from topical induced sunburn [62].
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4. Anti-Inflammatory and Antimicrobial Activities of the Three Halophytes
4.1. Characteristics and Medicinal Properties of Aster Tripolium
4.1.1. Anti-Inflammatory Compounds of Aster Tripolium

Aster tripolium (syn. Tripolium pannonicum) is a halophyte that belongs to the Aster-
aceae family, which is one of the most consumed wild-gathered food in several European
countries [71]. It is often found in coastal areas and sometimes in salty bogs [72]. It consists
of multiple bioactive compounds, which gives A. tripolium considerable potential as a
functional food ingredient. Apart from A. tripelium being highly useful for fodder and food,
such as a salad or vegetable, it has high levels of nutrients in its leaves [73]. Additionally,
these functional food ingredients may have a positive outcome on numerous diseases such
as diabetes [74]. Some of the bioactive compounds are three types of caffeoyl esters which
are isomers of CGA. Besides acting as anti-inflammatory and antihypertensive agents, as
stated previously, evidence suggests that CGA from coffee possesses insulin sensitivity
effects with the same mechanism of action as metformin [75]. Metformin is an antibiotic but
has been approved as a first-line treatment for type 2 diabetes [76,77]. Glucose tolerance
has been investigated in obese men, which revealed that treatment with CGA improved
insulin responses. Both in vitro and in humans, researchers have demonstrated that CGA
increases cell insulin secretion and thus glucose uptake [78,79]. These qualities make CGA
valuable in the treatment of diabetes and obesity. Another bioactive compound found in
A. tripolium at unreported levels is quercetin, which belongs to the flavonol subclass of
flavonoids [53]. Quercetin is a very strong antioxidant, also found in foods such as apples,
onions, and tea [16,20]. Accordingly, quercetin can chelate metals, scavenge oxygen-free
radicals, and prevent the oxidation of low-density lipoprotein (LDL) in vitro [17]. There-
fore, quercetin could thus contribute significantly to the antioxidant defenses present in
blood plasma; it is reportedly able to inhibit the oxidation of LDL in atherosclerotic lesions
and thereby be a natural anti-atherosclerotic diet component or be used in T2DM to achieve
adequate glycemic control [80-82].

4.1.2. Antimicrobial Compounds of Aster Tripolium

To the best of our knowledge, there is currently no evidence that suggests or clarifies
whether A. tripolium possesses antimicrobial properties. Antibiotic resistance mechanisms
are an increasing global health concern; therefore, research in this field with A. tripolium
in mind is crucial. In general, antibiotics possess the ability to exert selective toxic or
growth-limiting effects on bacteria. This selective toxic effect of the antibiotics is nontoxic
for human cells but can simultaneously inhibit the functions and target the structures in the
bacteria cell [83]. Antibiotics are commonly classified into bactericidal and bacteriostatic
agents based on their antimicrobial action. The above-mentioned classification discrimi-
nates antibiotics that kill bacteria, referred to as bactericidal, and antibiotics that inhibit
bacterial growth or reproduction, called bacteriostatic [84]. One way that bactericidal
antibiotics kill bacteria is by inhibiting cell wall synthesis. Another mechanism of action
includes the inhibition of key bacterial enzymes or protein translation. On the other hand,
bacteriostatic antibiotics limit the growth of bacteria by interfering with bacterial protein
production, DNA replication, or other aspects of bacterial cellular metabolism [85]. A.
tripolium also contains CGAs, similarly to other halophytic species. CGA is a family of
esters constructed between certain trans-cinnamic acids and trans-quinic acid [22]. Inter-
estingly, however, if CGA isomers are hydrolyzed to quinic and caffeic acids, the latter
have shown antimicrobial effectiveness against certain Gram-bacteria. Elegir et al. [18]
demonstrated that caffeic acid revealed antibacterial effects against Staphylococcus aureus,
and when increasing the concentration, the acid was also capable of exerting bactericidal
activity against Escherichia coli [18,19). According to multiple studies, caffeic acid has the
strongest antibacterial effects observed when compared to other phenolic acids such as
p-coumaric acid. It has been postulated that this might be due to one or more hydroxyl
groups substituted at the caffeic acid phenol ring. Additionally, because caffeic acid is
less polar, it is capable of exerting lipophilicity and thus impacts the permeability of the
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cell membrane of the bacteria and interferes with the aerobic metabolism. The cell mem-
brane is crucial for the integrity of the bacterium, which explains why caffeic acid acts
bactericidal [18,19].

4.2. Characteristics and Medicinal Properties of Crithmum maritimum
4.2.1. Anti-Inflammatory Compounds of Crithmum maritimum

Crithmum maritimum is known as sea fennel or rochepatok samphire and is a member
of the Apiaceae family. It grows on maritime cliffs and, more rarely, in the sand. Normally,
the leaves are used as a condiment or are eaten as salad [14]. Already used in folk medicine,
sea fennel seems to be a very promising candidate for both the pharmaceutical and food
industry in order to produce new functional products due to its content of vitamin C,
iodine, carotenoids, and great amounts of phenolics compared to other species [23,86].
Additionally, C. maritimum has gained increasing attention because it is strongly believed to
possess antioxidant and antimicrobial activities [11,12,14,87]. The essential oil (EO) of sea
fennel contains several volatile compounds such as limonene, x-pinene, sabinene, p-cimene,
B-terpinene, B-myrcene, thymol, y-terpinene, carvacrol, p-cymol, B-ionone, dillapiole,
anisaldehyde, B-caryophyllene, carvone, and myristicin [86,88]. Bioactive compounds
identified in C. maritimum are HCAs and CGA. It is postulated that CGA is produced
as a self-defense mechanism during environmental stresses, such as boron and nitrogen
deficit or against ROS. CGA is known for several qualities, including antimicrobial, anti-
inflammatory, and immune properties [11,12,14,87]. In terms of medical use, the effect of
CGA on hypertension has been proven by multiple studies [89-92]. Several mechanisms
have been postulated on how CGA decreases blood pressure. Some of the postulations
are the stimulation of nitric oxide (NO) production through the endothelial-dependent
pathway, reduction in free radicals by blocking NAD(P)H oxidase expression and activity
and, importantly, by the inhibition of angiotensin-converting enzyme [70,93]. Chauhan et al.
(2012) demonstrated the anti-inflammatory and immune properties of CGA. Their study
revealed the suppression of Thl cell cytokines such as [L-2 and IL-12 which play a major
role and an essential role, respectively, in tolerance in the thymus and the regulation of
IFNy and TNFa [94]. Simultaneously, their study revealed an elevation of Th2 cell cytokines
such as [L-10 and IL-4, of which principal functions include the negative regulation of Th1
cells, cytokines, and anti-inflammatory response. Thus, CGA seems to exhibit effects that
may prove useful in treating/battling /improving different autoimmune or inflammatory
diseases such as rheumatoid arthritis and diabetes mellitus that exerts hypoglycemic
and hypolipidemic effects [21]. In the latter, CGA seems to mitigate the damaging effects
induced by hyperglycemic conditions in both pre-and post-treatment of human hepatocytes
cells [95].

Crithmum maritimum is also rich in EOs which are proposed to be produced as a
self-defense mechanism due to stressful events, and their amount reaches about 0.8%
in fruits and from 0.15 to 0.3% in leaves [96]. The EOs mainly comprise monoterpene
hydrocarbons and oxygenated monoterpenes. The major oil components are p-cymene,
p-phellandrene, p-terpinene, thymol methyl ether, and dillapiole [23]. The monoterpenes,
especially the thymol, are believed to play an important role in the odors and taste of the
plant [16]. Additionally, a study by Jallali etal. [13] showed that the EOs have antioxidant
effects, However, it was low compared to the acetone extract [23]. The oils revealed benefi-
cial protective abilities, indicating that they can protect a lipid matrix from an oxidative
event by the formation of hydroperoxydienes (primary oxidation) and by reducing the
degradation of these (secondary oxidation) [23,24,36]. Altogether, C. maritimum contains
several bioactive compounds exhibiting anti-inflammatory and antioxidant properties.
Thus, the non-volatile EOs extract rich in hydroxycinnamic acids and flavonoid glyco-
sides, obtained after the hydrodistillation process, have important biological activities,
thus endorsing the industrial exploitation of this plant [97].
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4.2.2. Antimicrobial Compounds of Crithmum maritimum

As mentioned, EOs have antioxidant effects. However, the important role of EO is
antimicrobial activity, despite it being less potent than that of synthetic antibiotics. Nevertheless,
due to numerous divergent mechanisms of action, they may have the potential to withstand
resistant strains of microorganisms [23,24]. Meot-Duros et al. [8,9] have demonstrated that
the C. maritimum has excellent antimicrobial activity against bacteria such as Pseudomonas
aeruginosa, Candida albicans, and Escherichia coli [11,12]. From the C. maritimum leaf, they
purified and identified falcarindiol, a polyacetylene with several biological activities such as
antibacterial, anti-inflammatory, and scavenging activity [11,12,14]. Additionally, they revealed
that falcarindiol has antimycobacterial properties against Mycobacterium tuberculosis [11,12].
Several studies have also demonstrated cytotoxic properties of falcarindiol against cell lines
such as lymphocytic leukemia and human myeloma [12,98-100]. These findings have potential
for future research in the field of overcoming antibiotic resistance, where C. maritimum is an
obvious and possible candidate.

4.3. Characteristics and Medicinal Properties of Salicornia Species
4.3.1. Anti-Inflammatory Compounds of Salicornia europaea and other Salicornia species
Salicornia europaea is one of the most salt-tolerant species worldwide and belongs to
the Amaranthaceae family. Halophytes belonging to the Amaranthaceae family occur in
salt marshes and are exposed to excessive environmental salt concentrations as well as
physiological drought. Although not restricted to wetlands, these species dominate saline
wetlands, such as inland and coastal salt marshes. They grow in coastal regions across
mainly the Mediterranean and East Asia, as well as northern European countries including
Denmark and Germany. The species is also known as glasswort or marsh samphire in
English. The leaves of the plant are used as a salt substitute, to season vegetable, and as a
nutritious fermented food, mostly in Korea but also in some European countries. The nutri-
tional profile, the antioxidant capacity, and microbial quality of the produced plants have
been evaluated, including minerals and vitamins [101]. This is due to its nutritional and
therapeutic importance for treating constipation, obesity, and diabetes [25,54]. It grows in
extreme saltwater areas, such as seashores, marsh lands, and salted deserts; therefore, it pro-
duces a rich variety of secondary metabolite compounds such as flavonoids, saponins, and
alkaloids. These compounds are believed to play a major role in the biological properties of
the plant, such as antioxidative, antitumor, antidiabetic, and neuroprotective potential [25].
Botanical extracts from S. eurepaea have also been reported to include saponin compounds,
oleanolic acid glucoside, and chikusetsusaponin methyl ester, which have been shown
to work in diabetes prevention and as anti-obesity agents [2]. The number of bioactive
compounds are relatively higher in matured plants, in comparison to young plants, and
the amounts of phenylpropanoic acids and flavonols in S. herbacea ethanol extract have
shown to increase by 32.6% and 42.4%, respectively, as the shrubs mature [102]. Salicornia
europaea have been reported to include B-cyanines and isoflavones, which are known for
their strong anti-inflammatory and free radical scavenging properties [2]. Flavonoids can
be grouped into bioflavonoids, isoflavonoids, and neoflavonoids, and are derived from the
same structures, such as flavone, flavonol, and 4-phenylcoumarin, and have been previ-
ously investigated for their anti-neuroinflammatory effects [25,103]. In their study, Kim and
colleagues [22] show that the isoflavonoid irilin B extracted from S. europaea revealed anti-
ROS and anti-inflammatory activities in BV-2 microglial cells (in vitro). Thus, their study
suggests that irilin B successfully improves the damaging effect of microglia-mediated
neurcinflammation and stimulates antioxidative effects. Neuronal death and oxidative
stress are some of the hallmarks of neurodegenerative diseases such Parkinson’s. Therefore,
the irilin B extract from S. europaea may possess anti-Parkinson’s disease-like (anti-PD)
potential [25]. Besidles S. europaea, S. herbacea and other Salicornia species have also shown
to be rich in numerous bioactive compounds, and ethanol extract from the aerial parts
of S. ramosissima have been reported to include antioxidant alkyl ferulates and coumarin,
LDL cholesterol-lowering stigmastanol (syn. sitostanol), and ethyl(E)-2-hydroxycinnamate,
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which is mostly known for its anti-cancer potential [104]. Sterols and HCAs, such as ferulic
acid, have also been detected from the n-hexane extract of S. ramosissima [105]. Another suc-
culent halophyte species in the Salicornioideae subfamily is Arthrocnemum macrostachyun.
Despite their similarities, their total phenolic content seems different, suggesting variability
in their chemical composition. AM appears to have a sixfold more active extract than the
other species, and thus can exert the highest scavenging activity of reactive species [106].
Flavonoid glycosides including quercetin-3-glucoside and isorhamnetin-3-glucoside can
be structurally transformed into minor aglycone molecules, which play a significant role
in exerting physiological responses invivo. Ahn et al. demonstrated that such micro-
bials catalyzed the transformation into quercetin, and isorhamnetin promoted improved
anti-inflammatory activity vs. the original source molecules against lipopolysaccharide-
induced macrophages [107]. This verifies the anti-inflammatory and antioxidant effects
of the Salicornia species. Due to these properties, the plants exhibit therapeutic and pre-
ventive/ protective effects on skin conditions by reducing inflammation of the skin, with
the possibility to treat wounds effectively. In some cases, this could be applied in a patch
and/or in/on a bandage or simply applied by the hand [106]. In vitro cell assays demon-
strated that Arthrocnemum macrostachyum possesses a significant concentration-dependent
inhibitory performance on matrix metalloproteinase-1 (MMP-1) release by aged fibrob-
lasts. MMP-1 is a collagenase involved in the breakdown of the extracellular matrix [108].
The inhibition of this process reduces, delays, and prevents the breakdown of collagen
in the skin and maintains natural collagen levels. Thus, the inhibition of MMP-1 by the
halophytic Arthrocnemum macrostachyum suggests that the plant can protect the extracel-
lular matrix against damaging outcomes and supply anti-aging effects when applied to
the skin. This means that the plant is valuable as a cosmetic for the use of anti-wrinkle
cream /extract/agent by reducing or delaying the aging of the skin. The effect could be
achieved by applying the invention by several administration routes such as by injection,
spray, sponge, and/or directly by the hand [106]. Apart from that, it has been demon-
strated that S. europaea consists of several other compounds, such as the flavone acacetin [3].
Acacetin, which is an O-methylated flavone, has anti-inflammatory and antioxidant effects
that may have a positive effect on sepsis, for example. The explanation for this could be
that acacetin strongly inhibits the expression of several proinflammatory cytokines, such
as inducible nitric oxide synthase, cyclooxygenase-2, superoxide dismutases, and heme
oxygenase-1 [26,60]. Nevertheless, S. herbacea also consists of hesperetin, a flavanone found
in citrus fruits which showed to have inhibitory effects on microglia-mediated neuroin-
flammation [3,27]. It was proposed that hesperetin was capable of suppressing MAPK
pathways and inflammatory cytokines such as interleukin-1b and IL-6 which are released
by activated microglial cells in neurodegenerative diseases, for example [27].

4.3.2. Antimicrobial Compounds of S. europaea

As specified earlier, S. europaes has anti-inflammatory effects. Nonetheless, its antimi-
crobial effects have been demonstrated by Essaidi et al. [2], who showed the antimicrobial
effect of S. europaen against several pathogenic mechanisms, such as Staphylococcus aureus,
Escherichia coli, and Klebsiella pneumonia, among others [3]. The extract from S. europaen
mostly affected Gram-positive bacteria, because they showed the most sensitivity by hav-
ing a greater inhibition zone than the Gram-negative bacteria [3]. The antimicrobial activity
of S. europaea is suggested to be attributed to multiple compounds in the plant. These com-
pounds may have bacteriostatic effects because some bacteria are especially sensitive to
the extracts from halophytes. Compounds such as phenols are thought to have an impact
on this antimicrobial activity. However, this activity is also thought to be associated with
components other than phenols; for instance, fatty acids. In addition, Essaidi et al. [2] stated
that these extracted compounds from S. europaea are potential inhibitors of cytochrome
P450 enzymes, such as CYP2D6, CYP1A2, and CYP3A4. This is because S. europaea contains
flavonols such as quercetin, which have been shown to have inhibitory activity on several
cytochrome P450 enzymes. Therefore, it is thought that the inhibition of multiple cy-
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tochrome P450 enzymes is related to the presence of phenolic compounds such as phenolic
acids and flavonoids in S. europaea [3]. The application of mass spectrometry techniques in
preclinical investigations and to evaluate the potential biologically active compounds in
halophytic plants is encouraged for future studies [109].

5. Conclusions

In summary, we have reviewed the current literature and current state of the art for
biomedical applications of halophytes such as A. tripolium, C. maritimum, and S. europaea.
Conclusively, a number of halophyte species can be used in many applications such as
functional food, functional feed, cosmetic products, and finally, as bicactive pharmaceutical
compounds. Their properties emphasize their potential for use as medicinal agents such as
antibiotics or prebiotics. The massive use of antibiotic treatment has resulted in increased
antibiotic resistance, which is one of the most critical treatment problems worldwide.
Therefore, there is a growing request for new antimicrobial drugs. Due to the situation,
natural derivates and biologically active compounds isolated from plants can be beneficial
resources for such new drugs. Halophytic plants are an obvious resource because several
studies have proved their antimicrobial effectiveness. Due to the multiple positive effects
on health aspects such as antibiotic resistance, regulation of the inflammatory response, and
pain analgesia, it increases the need to further investigate the mechanisms and pathways
in which these plant species and their secondary metabolites are involved.
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Abstract: This review covers the operating conditions for extracting top value-added chemicals,
such as levulinic acid, lactic acid, succinic acid, vanillic acid, 3-hydroxypropionic acid, xylitol, 2,5-
furandicarboxylic acid, 5-hydroxymethyl furfural, chitosan, 2, 3-butanediol, and xylo-oligosaccharides,
from common lignocellulosic biomass. Operating principles of novel extraction methods, beyond
pretreatments, such as Soxhlet extraction, ultrasound-assisted extraction, and enzymatic extraction,
are also presented and reviewed. Post extraction, high-value biochemicals need to be isolated, which
is achieved through a combination of one or more isolation and purification steps. The operating
principles, as well as a review of isolation methods, such as membrane filtration and liquid-liquid
extraction and purification using preparative chromatography, are also discussed.

Keywords: value-added chemicals; lignocellulose biomass; pretreatment; extraction; isolation

1. Introduction

Lignocellulosic biomass is the most widely available feedstock for biofuel produc-
tion. As a second-generation feedstock, lignocellulosic biomass does not compete with
crops used for food products, such as com, sugarcane, beetroot, and others. Traditionally,
large-scale biomass processing facilities have focused on two main bio-based products,
i.e, biofuels and bicenergy. Biofuels include ethanol, butanol, biodiesel, etc. [1,2]. Methane
from biogas plants and syngas constitute the primary bioenergy products obtained from
biomass processing [3,4]. Whercas these products have spurred the quest for cleaner fu-
cls, they have fallen short of presenting a sustainable business model for production of
high-value biomass-derived products. Moving away from single feedstock to a single-
product approach leads toward the contemporary biorefinery approach, whereby multi
feedstock processing leads to multiple bio-based products, including but not limited to
biofuel, bioenergy, biochemicals, proteins, and other high-value bioproducts.

In 2004, the U.S. Department of Lnergy (USDOL) identified the top 12 platform
chemicals (based on their market potential) that can be derived from biomass [5]. Four
carbon (C4) 1 4-dicarboxylic acids (succinic, fumaric, and malic acid), 2,5-furandicarboxylic
adid, 3-hydroxypropionic acid, aspartic acid, glucaric acid, glutamic acid, itaconic add,
3-hydroxybutyrolactone, glycerol, sorbitol, and xylitol were identified as the top 12 can-
didates that can subsequently be converted into numerous high-value biomass-derived
products. “Top Value Added Chemicals from Biomass’ was the first volume of a two-volume
report, with the second volume published in 2007, in which the list was updated to include
lignin-bascd derivatives, such as vanillin, vanillic acid, syringaldchyde, aromatic diacids,
and quinones, amongst others [6]. Several promising technologics to obtain these building
block/intermediate chemicals are identified in this report based on technological maturity
and reported product yiclds.

2. Methodology

In this paper, we build on the foundation laid by these two reports and aim to consoli-
datc the literature with respect to the effectivencss of extracting some of these valuc-added
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chemicals from the most common lignocellulosic biomasses. The most common lignocel-
lulosic biomasses include corn stover, sugarcane bagasse, pine, wheat straw, rice straw,
softwood, aspen wood, etc. This review identifies which value-added chemicals can be
derived from the most common lignocellulosic biomass and presents their respective yields.
Furthermore, we evaluate the technologies and the operating conditions used to extract
value-added chemicals from the most common lignocellulosic biomasses. Subsequently,
methods for the isolation of chemicals are also discussed.

Three factors govern the processing of lignocellulosic biomass: availability of the
type of biomass, accessibility and maturity of processing technology, and the intended
bioproduct and its market demand. We begin this review begins by identifying the critical
value-added chemicals based on their availability and potential to be extracted from ligno-
cellulosic biomass. Next, the literature-reported concentrations, yield, and productivity of
extracting value-added chemicals from some of the most common lignocellulosic biomasses
are presented. Lastly, the most promising technologies for the isolation of bioproducts
are reported.

Lignocellulosic biomass can be broken down into three major building blocks: cellu-
lose, hemicellulose, and lignin. Value-added chemicals can be categorized according to
their functional groups of origin, and based on processing routes as shown in Figure 1.

Chemical route
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Figure 1. Biological and chemical routes for the production of top value-added chemicals derived
from lignocellulosic biomass. Reprinted /adapted with permission from Ref. [7].

In this paper, we will discuss the following derivatives of cellulose:
Levulinic acid;

Lactic acid;

3-hydroxypropionic acid (3-HP);

Succinic acid;

Vanillic acid and vanillin;

ITtaconic acid;

Adipic acid;

2,5-furandicarboxylic acid (FDCA); and

5-hydroxymethylfurfural (HMF).
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The value-added chemicals extracted from hemicellulose and lignin discussed in this
paper are:
Xylitol;
Furfural;
Chitosan;
2,3-butanediol (2,3-BD); and
Xylo-oligosaccharides (XOs)

ol e g

3. Top Value-Added Chemicals
3.1. Levulinic Acid

Levulinic acid can be extracted by the dehydration of sugars, hydration of hydrox-
ymethylfurfural (HMF) or hydrolysis of furfuryl alcohol, both of which are derived from
xylose, which is a hemicellulose sugar [5]. A simple structure of levulinic acid is seen
in Figure 2. Levulinic acid has applications in additives, pharmaceutical, and plastic in-
dustries [7]. Biofine Technology (Boston, MA, USA), GFBiochemicals (Paris, France), and
Avantium (Amsterdam, The Netherlands) are companies that are invested in the commer-
cial production of levulinic acid. Table 1 summarizes the levulinic acid yield extracted
from lignocellulosic biomass under optimized pretreatment conditions (acid concentration,
time, and operating temperature). Levulinic acid can serve as a precursor for succinic
acid, diphenolic acid, valeric acid, y-valerolactone, acetyl acrylic acid, 1,4-butanediol, and
other value-added chemicals [8,9]. The ease of deriving levulinic acid from a variety of
lignocellulosic crops and its important position in the supply chain as an intermediate
for the production of resins, herbicides, plasticizers, solvents, fuels, food, flavoring, and
fragrance components makes it one of the top value-added chemicals that can be derived
in a lignocellulosic biorefinery.

H
H |
0 c c H
HY ™ 27 7 o T
6 o - e,
H | / "H
H H

0)

o

Figure 2. Structure of levulinic acid (CsHgOz3).
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3.2. Lactic Acid

Lactic acid (structure in Figure 3) has become increasingly popular as a biomass-
derived chemical due to its utility for production of polylactic acid (PLA). Currently,
Corbin (Amsterdam, The Netherlands), Futerro (Escanaffles, Belgium), NatureWorks (Min-
netonka, MN, USA), and Myriant (Quincy, MA, USA) are commercial-scale users of lactic
acid [7]. Some of the most common lactic acid bacteria used for lactic acid production
from lignocellulosic-derived sugars include L. planterum, L. pentosus, L. delbrueckii, L. casei,
L. brevis, E. mundtii, E. faecalis, L. corynifermis, L. rhamnosus, L. salivarius, L. antylovorans, and
L. amylophilus, amongst others [26]. Lactic acid also serves as a critical platform chemical for
production of lactide (the intermediate for polylactic acid production), propanoic acid, 1,2-
propanediol, polyurethanes, pyruvic acid, acrylic acid, 2,3-pentanedione, and others. Lactic
acid concentration, yield, and productivity from some of the most common lignocellulosic
biomasses are shown in Table 2.

o}
Hn
o Cc
e I e
C o
C

|
H

Figure 3. Structure of Lactic Acid (C3HgO3z).

H—C—H

Table 2. Lactic acid’s concentration, yield, and productivity from some of the most common lignocel-
lulosic biomasses.

Concentration Productivity ®

Biomass Strain @) Yield * (g/g) (/L/h) Reference
Wood Hydrolysate E. mundtii QU 25 93 093 17 21
Lb. brevis 39.1 07 0.81 [28]
L. delbrueckii ZU-52 487/44.2 0.95/0.92 1.01/57 [29]
L. pentosus 26 0.53 0.34 [30]
Com Cob/Stover
L. pentosus ATCC 8041 748 0.65 N/A [31]
L. rhamnosus and
o 2095 07 058 [32]
Wheat Straw L. brevis and L. pentosus 7.1 0.95 N/A [331
Softwood Looms 21.1-2375 074-0.83 015-0.23 [34]
subsp. rhammosus
L. delbrueckii subsp.
Sugarcane Bagasse _delbrueckii Mutant Uc-3 L 082 2 3]
L. lactis 10-1 109 036 0.17 [36]
v L. rhamnosus ATCC -
Rice and Wheat Barn 9595 (CET288) 129 0.95 29 [371
, ; L. delbrueckii
Brewer’s Spent Grain UFV H2B20 35.5 0.99 0.59 [38]

* Ratio of the yield of lactic acid produced (g) to
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d (g). ® Lactic acid productivity.
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3.3. 3-Hydroxypropionic Acid

3-hydroxypropionic acid (3-HP) is an important C3 platform chemical, primarily
due to its contribution as precursor for the production of 1,3-propanediol. 3-HP is also
a platform chemical used for the production of malonic acid, acrylic acid, acrylonitrile,
polyamides, and 3-hydroxypropionate esters and its structure can be seen in Figure 4. BASE-
Cargill-Novozymes (Ludwigshafen, Germany/Wayzata, MN, USA /Bagsvaerd, Denmark),
and Dow (Midland, MI, USA) are commercial-scale producers of 3-HP [7].

H H
(o] \C/ (o]
H™ \C/ \C/ ~H
7 N
H H

(o}
Figure 4. Structure of 3-hydroxypropionic acid (C3HgOz).

3-HP can be produced via microbial fermentation pathways from two major substrates:
glucose and glycerol [39]. Matsakas et al. [40] presented a comprehensive review on 3-HP
production and its production pathway mechanisms. Table 3 provides an overview of how
various microorganism compare in terms of their concentrations and productivity of 3-HEF,
with glycerol and glucose as the two main substrate sources.

Table 3. 3-hydroxypropionic acid concentration and productivity based on various microbes and two
main substrate sources, i.e., glucose and glycerol.

Substrate Host Mi i Conc ion (g/L) Productivity (g/L/h) Reference
9.8 0.1 [41]
S. cerevisiae 13.7 0.17 [42]
74 0.06 [43]
10.1 028 [44]
GClucose —_— 406 036 [45]
B 311 063 7]
9.7 054 [46]
S. pombe 7.6 0.25 [47]
C. glusamicumn 62.6 087 [48]
18 0.77 [49]
489 175 [50]
43 09 [51]
8.8 L16 [52]
0.9 0.04 [53]
K. prewomoniae o 102 1501
L 16 0.3 [54]
113 094 [55]
27 0.38 [56]
28.1 038 [571
2 046 [58]
60.5 112 [59]
Glycerol
42.1 132 [60]
718 18 1611
405 135 [62]
56.4 118 [62]
E. coli 415 086 [64]
31 043 [65]
38.7 054 [66]
6.06 013 [67]
5.05 0.105 [68]
. 106 1.08 [69]
L. reuteri 33 0.09 7o)
L. collinoides 055 0.07 [711
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3.4. Succinic Acid
Succinic acid is a four-carbon dicarboxylic acid (structure in Figure 5) that has been

produced via chemical routes in the past but is gaining popularity for production via the

biological route. Myriant Technologies now PTT Global Chemical (Bangkok, Thailand) and

Reverdia (Utrecht, the Netherlands) have commercial-scale facilities for the production of

bio-based succinic acid [7].

o

N
Cc

H/°\c/°\c/ g
H H/ \H
(o]

Figure 5. Structure of succinic acid (C4HgOy).

Succinic acid is a key intermediate chemical used for the production of several derivatives
of industrial importance, such as 1,4-butanediol, tetrahydrofuran, N-methylpyrrolidone, and
y-butyrolactone. These derivatives are, in turn, utilized in the production of polyurethanes,
polyesters, and polyvinylpyrrolidone (PVP). Succinic acid can be extracted from various ligno-
cellulosic biomasses. Table 4 provides an overview of succinic acid concentrations, alongside
the concentrations of other value-added chemicals that can be derived simultaneously under
varying pretreatment conditions, from some of the most common lignocellulosic biomasses.

3.5. Vanillic Acid and Vanillin

Vanillin is a widely used food flavoring agent that is most typically extracted from
Vanilla spp.; however, it is currently produced inexpensively via petrochemical routes
(structure of vanillic acid and vanillin in Figure 6). Besides the food industry, vanillin finds
applications in the pharmaceutical and fragrance industries. The increasing demand for this
molecule has propelled the search for biomass-derived pathways for vanillin production.

H H
I \ _H
o%c/o O/C\H
| |
fng c\c’H H/O\C/C\C,H
wf L] [l
o e %T/ “H H,c\c/c\c/H
P
o

Figure 6. Structure of vanillic acid (CgHgOy) (left) and vanillin (CsHgOs) (right).
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Vanillin can be extracted from lignin, ferulic acid, glucose, vanillic acid, aromatic
amino acids, isoeugenol, waste residue, and other substrates [72]. Currently, Borregaard
(Sarpsborg, Norway), a Norwegian company, claims to be the only producer of biovanillin,
which it produces from wood. Table 4 summarizes some lignocellulosic biomasses that can
be used to derive vanillin and vanillic acid.

3.6. Itaconic Acid

Itaconic acid is a C5 dicarboxylic acid (see Figure 7) that does not have as large a market
share as the likes of succinic acid, levulinic acid, and lactic acid. However, it remains an
intermediate building block of interest due to its significance in producing other value-
added chemicals with larger market shares. Itaconic acid is a precursor for polymethyl
methacrylate (PMMA), 3-methyltetrahydrofuran, polyitaconic acid, and styrene-butadiene
rubber latex. Additionally, itaconic acid can be converted to methyl pyrrolidones, 2-
methylbutanediol, 3-methyltetrahydrofuran, 4-methyl-y-butyrolactone, and 4-methyl-y-
butyrolactone. Itaconic acid is recommended as a replacement for maleic acid /anhydride
and sodium tripolyphosphate, which are, in turn, used for the production of polyester resin
and detergent [5].

o
s A ]
o \C/ Cc
H™ D 27 ™ el
Cc Cc (o]
” H O~

Figure 7. Structure of itaconic acid (C5HgOy).

Qingdao Kehai Biochemistry (Jiaonan City, China), Zhejiang Guoguang Biochemistry
(Quzhou City, China), Jinan Huaming Biochemistry (Mingshui Zhangqiu City, China), and
Ttaconix (Stratham, NH, USA) are producers of itaconic acid on a commercial scale [7].
Table 4 provides a summary of lignocellulosic biomasses and their respective pretreatment
conditions for extraction of itaconic acid.

3.7. Adipic Acid
Adipic acid is a C6é dicarboxylic acid (see Figure 8) with applications in the pro-

duction of nylon -6,6 fibers, resins, plasticizers, polyester polyols, food ingredients, and
lubricants [5].

o
H H H H “
o ¢ ¢ c
T s W W A W T
c (o5 c o
7 % F RS
” H H H
o

Figure 8. Structure of adipic acid (CgHjpOy).

Adipic acid is also a precursor for the production of mucenic acid and glucaric acid.
Biomass-derived adipic acid can be obtained from glucose as a starting substrate and E. coli,
S. cerevisiae, and P. putida as the chassis [73]. Lignin, lipids, xylose, and amino acids can also
serve as substrates to obtain bio-derived adipic acid. Genomatica (San Diego, CA, USA) and
DSM (Heerlen, The Netherlands) are developing strategies to produce commercial-scale
quantities of biomass-derived adipic acid [74].
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3.8. Furfural

Furfural is a C5 molecule (as shown in Figure 9) most often derived from the hemi-
cellulose fraction in lignocellulosic biomass. Furfural is a top value-added chemical with
several commercial-scale facilities operating across China, South Africa, and the Dominican
Republic [75]. The largest fractions of furfural are used in the production of furfuryl alcohol,
which, in turn, is used in resin production.

H H

\ /
c—°¢C

Iy
L S ~c’

o
Figure 9. Structure of furfural (CsH4O;).

Furfural is the precursor for the production of furoic acid, tetrahydrofuran, fumaric
acid, 2-methyltetrahydrofuran, tetrahydrofurfuryl alcohol, and furfurylamine [7]. The
highest reported furfural yields from lignocellulosic biomass vary from 34 to 87 weight%
(wt%) [76-78]. Table 4 highlights the concentrations of furfural obtained after pretreatment
from some of the most common lignocellulosic biomasses.

3.9. 5-Hydroxymethylfurfural (HMF)

5-hydroxymethylfurfural (HMF) is a Cé derivative obtained through dehydration of
glucose and fructose, a structure of which can be seen in Figure 10 [79]. For lignocellulosic
biomasses, cellulose is the main contributor to HMF production. HMF production, in
principle, is possible from all biomasses containing hexoses and its oligomers, providing a
wide range of possible feedstock for HMF production [75].

H H
\ /
/AR
-0 [¢]
L W o
.c N F c
Ho\ [o} \
H H
Figure 10. Structure of 5-HMF (CgHg Oz).

HMF is a precursor for the production of adipic acid, levulinic acid, 2,5-dimethylfuran,
caprolactone, polyamide 6, 2,5-furandicarboxylic acid, and others. Despite the presence of
hydroxyl and aldehyde functional groups in this molecule, industrial-scale production of
HMEF remains unfeasible, predominantly due to the high costs of fructose and low reactivity
of cellulose. AVA Biochem (Muttenz, Switzerland), is one of the few companies close to
commercial-scale production of HMF [7]. Table 4 shows HMF concentrations obtained for
different lignocellulosic biomasses after pretreatment.

Table 4 provides an overview of succinic acid, glutaric acid, vanillin, vanillic acid,
itaconic acid, adipic acid, furfural, and 5-HMF concentrations, alongside the concentra-
tions of other value-added chemicals that can be derived simultaneously under vary-
ing pretreatment conditions from some of the most common lignocellulosic biomasses.
Table 4 does not present the highest possible concentrations of each biochemical but, rather
presents the biorefinery view, wherein multiple value-added products can be obtained
from lignocellulosic biomass.
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3.10. 2,5-Furandicarboxylic Acid

2,5-Furandicarboxylic acid (FDCA) is considered a promising alternative for petroleum-
derived terephthalic acid for the production of bioplastics, such as polyamides, polyesters,
and polyethylene furandicarboxylate. FDCA can be synthesized from 5-HMF or 2-furoic
acid derived from lignocellulose-based C6 and C5 sugars, respectively. The structure of
FDCA can be seen in Figure 11. Besides the required pretreatment for lignocellulose sac-
charification, the low efficiency of the dehydration process from hexoses to 5-HMF has
been an obstacle for commercial production [88,89]. For example, reported yields from the
conversion of fructose to HMF vary between 26 and 92% [90].

H H
\ /
c—C

Figure 11. Structure of FDCA (CsHyOs5).

No commercial process has been established for FDCA production from lignocellu-
losic biomass, and the production of sugar-derived FDCA has only been tested at the pilot
scale [91]. Some studies have presented direct conversion (so-called one-pot, two-step
method) for 5-HMF synthetized from sugars and oxidation to FDCA [92-95]. Another
challenge has been the need for a cost-efficient catalyst for the oxidation of furans, as uti-
lization of noble-metal-assisted catalysts without improved recycling can be costly [89,91].
Zhou et al. [89] developed a partly lignin-derived catalyst, which showed high selectivity,
as well as promising substrate conversion and FDCA yields. Some research has been
conducted with consideration of enzymatic oxidation, which is suggested as a renewable
alternative for catalytic conversion, although the area should be further explored [91,96].
Table 5 provides a summary of the most common oxidation processes used to derive 5-HMF
and 2-furoic acid.

Table 5. Review of oxidation processes from sugar-derived 5-hydroxymethylfurfural (5-HMF) and
2-furoic acid to 2,5-furandicarboxylic acid (FDCA).

Substr. FDCA Yield

Substrate Catalyst Reagents Temp. (°C)  Time(h)  Pressure (Bar) . 15, %) Ref.
Lignin-derived Co SAs/NGC Na:COs, 0; & 2 1 s ] 1891
MnO; NaHCO, 100 24 10 >9 91 (7]
Au-TiOz N/A 65 s 10 N/A 599 [55]
SHMF 5% Pt/C 0, 100 2 10 N/A 9 (2]
? Magnetic ZnFey 4:Ruy 0 Dimethyl sulfoxide 130 16 N/A N/A 912 (]
Ru/HAP N/A 160 1 20 N/A 342 (4]
Pd/CC K2COs, O 140 £ N/A N/A 85 [95]
Ru (4%)/MnCo;04 N/A 120 10 24 100 991 (]

Fungal enzymes: aryl alcohol
axidase, peroxygenase, H:03, phosphate buffer N/A 524 N/A N/A 80 [96)

galactose oxidase

y— N/A Cs,C0,, CO; 200 5 s N/A 77 [85]
=LA Lignin-derived Co SAs/NaC C5,C0O,, COz 260 36 Flowing 858 711 &1

3.11. Xylitol

Xylitol is featured as a top value-added product from biorefineries in both reports
published by the USDOE and is one of the most studied molecules due to its applications
in the pharmaceutical, cosmetic, and food industries [100]. The Asia Pacific region (China
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in particular) represents a disproportionally large share of xylitol as compared to the rest
of the world, with chewing gum being the major market, representing 80-90% of the total
demand in Asia [100,101]. Xylitol demand grew from 6000 tons in 1978 to 190 thousand
metric tons in 2016, which was valued at USD 725.9 million [102].

Xylitol (structure in Figure 12) can be derived through the hydrogenation of xylose-by-
xylose reductase; however, microbial production of xylitol using yeast fungi and bacteria
has proven to be the more promising route for production. Candia spp. is the most
studied fungus with respect to xylitol production [103]. Xylitol serves as a precursor for the
production xylaric acid, ethylene glycol, and propylene glycol. Table 6 summarizes reported
xylitol production from lignocellulosic biomass. Whereas the pretreatment conditions are
quite diverse, the hydrolysate concentration is a good indicator of the relative effectiveness
of pretreatment.

H _H

i

(R H o
HY S 7 2 TN O
c ol
] H |
H H

H/o

Figure 12. Structure of xylitol (CsHyOs).

3.12. Chitosan

Chitosan (deacetylated chitin) is biopolymer used in food, pharmaceutical, and cosmet-
ics industries due to its non-toxicity, biocompatibility, biodegradability, and antimicrobial
properties [104,105]. It mainly consists of amino sugar D-glucosamine bounded to small
amounts of N-acetyl-D-glucosamine [105]. Satari et al. [106] approximated the amount of
chitosan in a biomass sample by measuring the amount of D-glucc ine. A rep ive
structure of chitosan can be seen in Figure 13.

Traditionally, chitosan is produced from waste exoskeletons of shellfish, but as a
high concentration (45-60%) NaOH is needed to extract the chitosan from chitin, fungus-
derived chitosan is a suitable alternative, as the more diluted alkaline required for the
extraction decreases the environmental pollution caused by the process [105]. Sigma-
Aldrich (St. Louis, MO, USA) and ChitoLytic (Toronto, ON, Canada) are companies
producing non-animal-derived chitosan at the commercial level. Chitosan can be found
in the cell wall of Zygomycetes fungi, and strains from Rhizopus and Mucor genera have
been tested for fermentation of lignocellulose prehydrolysates [104-107]. Xylose, which
is digested by microorganisms, is released from lignocellulose by treating the biomass
using hydrothermal or acid-assisted pretreatment at moderate temperatures, which can
be followed by enzymatic hydrolysis [108]. Despite being inhibitors, some sugar degra-
dation compounds, such as formic acid and acetic acid, in moderate concentrations have
been shown to stimulate the fungal growth and increase the accumulation of protective
chitosan in the fungal cell wall [104]. However, severe pretreatment conditions must be
avoided to prevent the excessive production of inhibitory compounds for fungal growth,
such as furfural. Chitosan can be extracted from fungal biomass by first separating the
alkaline, insoluble material, which is subsequently extracted using diluted acetic acid or
acetate [104-107]. Tai et al. [104] demonstrated fermentation in hemicellulose-based hy-
drolysate to enhance the fungal growth and chitosan production compared to fermentation
in synthetic glucose and xylose-containing medium. Table 7 provides a summary of fungal
chitosan production from lignocellulosic biomass.
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Figure 13. Representative structure of chitosan.
3.13. 2,3 Butanediol (2,3-BD)

Long-chain alcohol 2,3-butanediol (2,3-BD), structure seen in Figure 14, is an important
platform bulk chemical that is used as a fuel additive and in various other industries, includ-
ing chemicals, plastic manu facturing, pharmaceuticals, cosmetics, and even food [109-111].
Currently, itis mainly sourced from the petrochemical industry, but the increasing inter-

est in biorefining and sustainable bio-based chemicals has made microbial production of
2,3-BD a desirable alternative [112-114].

H
H—é—H
W
H/o\l/(‘:\o/H
| 2
H—C—H

Figure 14. Structure of 2,3-BD (C4H;03).
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2,3-BD can be produced by fermentation of lignocellulose-derived sugars using bacte-
rial strains that can simultaneously utilize glucose and xylose. Many industrial strains can
biologically produce 2,3-BD and have been shown to be suitable for fermentation. However,
to enhance the production and ensure sufficient yields, metabolic engineering of the strains
has been studied [109,110,112,114,115]. The pathogenic nature of most robust strains in
Kilebsiella and Enterobacter genera remains an obstacle to commercialization of microbial
2,3-BD production. On the other hand, generally recognized as safe (GRAS) organisms,
such strains in the Bacillus genus, have shown lower fermentation efficiency [109,115]. Lig-
nocellulose is pretreated and hydrolyzed before fermentation, usually by sodium hydroxide
or sulfuric acid treatment followed by enzymatic hydrolysis. Joo et al. [116] studied the
effect of inhibitory sugar degradation compounds and reported that formic acid, furans,
and phenolic compounds have negative effects on cell growth and 2,3-BD production,
which enhances the importance of appropriate pretreatment conditions. Table 8 provides a
summary of fermentation techniques used to derive 2,3-BD from lignocellulosic biomass.

3.14. Xylo-Oligosaccharides (XOs)

Xylo-oligosaccharides (XOs) are non-digestible carbohydrates with prebiotic and other
beneficial health properties that have gained commercial interest due to their potential for
use as nutraceuticals; they can be produced by hydrolyzing xylan, the main component
of hemicellulose. [117,118]. This provides a route to produce high-value compounds from
abundant and inexpensive lignocellulosic feedstock, such as agricultural residues [119,120].
A representative structure of XOs can be seen in Figure 15.
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Figure 15. A representative structure of XOs (C5Hy205)n.

Several methods have been tested for XO production from lignocellulose, the most
common of which is hydrothermal or alkaline pretreatment followed by enzymatic or
acid hydrolysis. Hydrothermal pretreatment [120], acid hydrolysis [121], and enzymatic
hydrolysis [122] without pretreatment have also been tested. However, the high temper-
atures required for hydrothermal pretreatment and autohydrolysis increase the energy
consumption of the process. Therefore, it is suggested that alkaline pretreatment at mod-
erate temperatures, together with enzymatic hydrolysis, could be the most sustainable
processing route [118]. Downstream processing is required to purify XO-containing liquors
(75-90% purity required for food applications) from unwanted toxic and unhealthy com-
pounds, such as furfural and 5-HMF, and this process directly impacts the production
costs [118]. Production of XOs from agricultural residues has been extensively studied
in recent years, and in the reviewed studies, the reported yields, depending on the xylan
extraction and hydrolysis method, vary between 10.2% from wheat straw [119] up to >99%
from sugarcane bagasse [123]. One of the most promising feedstocks is corn cob, which
has shown high yields in various studies [124-127]. Table 9 summarizes XO production
from lignocellulose.
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4. Extraction Methods

Physical pretreatment is one of the first steps to open the molecular structure of lig-
nocellulosic biomass. Several physical, chemical, and physiochemical methods have been
studied and optimized to provide access to cellulose and hemicellulose by opening up the
binding lignin structure [154,155]. Whereas the primary goal of pretreatment is to provide
accessibility to cellulose and hemicellulose sugars, with time and increased interest in
biomass-derived production of value-added chemicals, molecules that were once consid-
ered pretreatment inhibitors, such as HMF and furfural, are now the primary compounds
of interest. This newfound interest prioritizes the secondary goal, which is opening the
lignin structure. Whereas accessibility to polysaccharides still holds relevance, if high-value
compounds can be extracted via low-cost extraction methods, then this step precedes the
step of extraction of polysaccharides into monomeric sugars. As a result of this shift, new
extractions methods are continually being investigated with respect to their efficacy in
obtaining high-value biochemicals. Conventional pretreatment operating conditions, as
described in Tables 1-9 are often energy-intensive, requiring reactor temperatures above
150 °C and reactor pressure between 1 and 20 atm and are frequently performed in the
presence of a catalyst. Novel extraction methods include less energy-intensive alternatives
that allow for recovery of high-value chemicals, The attractive prices and wide-ranging
applications of specialty chemicals derived from biomass justify the development of new
extraction methods. In the following sections, extraction methods for targeted high-value
compounds from lignocellulosic biomass are reviewed. The isolation and encapsulation
techniques used to stabilize high-value compounds are also discussed and reviewed.

For efficient extraction of high-value compounds from lignocellulosic biomass, phys-
iochemical pretreatment is followed by extraction methods. The extraction method is
governed by the characteristics of the targeted compounds identified for extraction. Some
compounds are thermolabile and therefore prone to thermal degradation. Therefore, pro-
longed extractions using high temperatures should be chosen with caution [156,157]. For a
solvent to dissolve the solute, the diffusion, solubilization, and /or transfer are governed by
the thermodynamic properties of the solute and the solvent. Solvents are widely used for
extraction of targeted molecules, partly due to the simplicity of the method, its scalability,
and low cost [158]. Solvents used to extract high-value compounds discussed in this review
include water, ethanol (EtOH), methanol (MeOH), ethyl acetate (EtOAc), dichloromethane
(DCM), acetone, dimethyl sulfoxide (DMSO), deep eutectic and ionic solvents (DESs), acids
and bases, and supercritical CO; [159-166].

Phenolics are secondary metabolites with a chemical structure comprising one or
more aromatic rings attached to one or more hydroxyl groups. Phenolics can be derived
from food plants and lignocellulosic plants. With more than known 8000 phenolics, there
is certainly a growing interest in the ability to extract these compounds from a variety
of biomass sources [158]. In an in silico study, Galanakis et al. [167] investigated the
ability of solvents to solubilize phenolics, e.g., hydroxycinnamic acids (HCA), flavonoids,
phenolic aldehydes, or hydroxybenzoic acids, all of which are molecules with at least
one hydroxyl group (polar group) connected to an aromatic ring (non-polar group). The
activity coefficient and polarity, which can be predicted by computer models, were the main
parameters used to determine the solubility of a solute in a solvent. The authors stated that
different solvents target different phenolic groups [167]. Of the 15 investigated phenolic
groups, the solvents with the best properties for extracting phenolics were EtOH, MeOH,
EtOAc, and DCM. However, these solvents do not consider the liberation of phenolics from
the lignocellulosic matrix.

4.1. Hansen Solubility Parameters

Hansen solubility parameters (HSPs) are associated with the method of theoretically
calculating a solute’s solubility in a solvent based on the thermodynamical properties of
dispersion, polarity, and hydrogen bonding. Compounds with similar HSP values have
high miscibility, solubility, diffusivity, and affinity for each other. Such compounds have
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similar HSP values because they have comparable atomic dispersion forces, molecular
dipole forces, and electron exchanges, denoted by 8p, 8p, and 8y, respectively.

A compound is defined as soluble in a solvent if the solvent lies inside in three-
dimensional solubility parameter spheroid in the Hansen space [168,169]. Hansen empha-
sizes the impracticality of using water to predict solubility behaviors with HPS. Water
is a small molecule with strong polar interactions, as well as strong hydrogen-bonding
and hydrogen-donor capabilities. Therefore, the HPS values depend on the local en-
vironment, and Hansen does not recommend water predictions of solubility with the
HPS method [168,169]. Ionic compounds are not well-described by the HSP method.
Tables 10 ad 11 consolidate HSP for common solvents and solutes.

Table 10. HSP values of solvents as described by Hansen [169].

Compound 8 &p 8n Compound 85p 8p Sy
14-Dioxane 19 18 74 Iso-butanol 15.1 57 159
1-Butanol 16 57 158 Methanol 147 123 223
1-Propanol 16 68 174 Methyl cyclohexane 16 0 1
2-Butanol 158 57 14.5 Methyl ethyl ketone 16 9 5.1
2-Propanol 158 6.1 164 Methyl isobutyl ketone 153 6.1 4.1
Acetone 155 104 7 Methylene dichloride 182 63 6.1
Acetonitrile 153 18 6.1 Nt dimetn] 168 115 102
acetamide
Benzene 184 0 2 NN-dimethyl 174 13.7 13
formamide
Benzyl Alcohol 184 63 13.7 n-Butyl acetate 158 37 63
Carbon tetrachloride 178 0 0.6 n-Heptane 153 Q 0
Chlorobenzene 19 43 2 n-Hexane 149 0 0
Chloroform 178 3.1 57 n-Nonane 157 0 0
Cyclohexane 168 0 02 n-Octane 155 0 0
Cyclohexanone 178 63 5.1 n-Pentane 15.6 0 0
Decalin (cis) 18 0 0 sec-Butyl acetate 15 37 7.6
Dichloromethane 89 3.1 3 Styrene 186 1 4.1
Diethyl Ether 145 29 46 Tetralin 196 2 29
Dimethyl Phthalate 186 10.8 49 Tetiametiiylesie 182 11 91
sulfoxide
Dimethyl Sulfoxide 184 164 10.2 Toluene 18 14 2
Ethanol 158 88 194 Water 18.1 17.1 16.9
Ethyl Acetate 158 53 72 Xylene 17.6 1 3.1
Ethyl Benzene 178 0.6 14 y-Butyrolactone 19 16.6 74
Ethylene Carbonate 194 217 5.1

Units are in MPa*/2.

Table 11. HSP values of solutes [169-171].

Solute ) & Sy

Lactic acid 17.0 83 284

Adipic acid 171 9.0 146
Vanillin * 19.4 98 1.2
Furfural 18.6 149 51

Ferulic acid * 19.0 6.6 151
4-Hydroxy cinnamic acid * 19.1 6.7 15.9
Chitosan 2.0 173 257
Xylo-oligosaccharides 254 74 155

Units are in MPa'/2, * Phenolic compound.

By applying the solvent HSP values to the solute HSP values using Equation (1),
the distance in Hansen space (Ryp) can be calculated to determine the theoretically best
solvents for individual solutes of interest, as shown in Table 12, where the solvents with
the lowest distance to the solute in the Hansen space as defined by Ry, the second-lowest is

defined by Ry, etc.
Rap = 1/4 - AS} + A83 + A 1
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Table 12. Chosen solutes of interest and the solvents closest to them in Hansen space.
Solute Ry Rz Ra Rq
Lactic acid MeOH EtOH 1-Propanol 2-Propanol
51'\‘;?;’:;?";’ EtOAc n-Butyl acetate Sec-Butyl acetate Chloroform
Vanillin * Tetramethylene sulfoxide Benzyl alcohol N,N-dimethyl acetamide N N-dimethyl formamide
Furfural y-Butyrolactone Dimethyl phthalate imethyl sulfoxid: dfoxid
Ferulic acid * Benzyl alcohol 1-Butanol 1-Propanol 2-Butanol
4-Hydroxy cinnamic acid * Benzyl alcohol 1-Butanol 1-Propanol 2-Propanol
Chitosan Water MeOH EtOH Dimethyl sulfoxide
Xylo-oligosaccharides Benzyl alcohol 14-Dioxane I dfoxid Di h

R; denotes the shortest distance between solute and solvent in Hansen space, R; denotes the second shortest
distance, etc. * Phenolic compound.

As shown in Table 12, the best solvent for chitosan is water, according to calculations
based on HSP values. However, this does not mean that chitosan is soluble in water, as
chitosan is a polymer, and a second chemical is therefore needed to change the ionic charge
of the solute and solvent, e.g., by the addition of a weak acid [172].

If a solvent with good HSP values compared to the compound of interest is unfit for
handling due to safety concerns, high cost, or due to processing inability or environmental
restrictions, other miscible solvents with desirable characteristics can be chosen and mixed
in ratios that will result in similar HSP values. If mixed on the basis of a volume-weighted
average, a new Rap can be calculated such that the mixture of solvents might be low-cost,
safer, or more environmentally accepted, with a possibly lower Rap distance in Hansen-
space. By applying Equations (2)-(4), new HSP values can be calculated for a mix of solvents.
This technique can also shift the solubility of a solute in the mix of solvents to induce
crystallization of the solute without extensive and expensive downstream processing.

_ 8p1Vi+8p2-V2+8pa-Va

Sp Vi 2
= Bp1-V1+8p2-Vo + bpn-Vn

5p = Vea 3
_ 1 Vi +8p2-V2+84n-Va

by = Vi 4)

4.2. Solvent Extraction

Maceration extraction (ME) is the most common and easy solvent extraction technique.
This method is often called simple solvent extraction or conventional extraction [173,174].
Compounds can be extracted by simply submerging the biomass in a solvent and heating
below the boiling point. As ME relies on the diffusion transfer of compounds, physical
pretreatment is often required for efficient extraction to increase the surface area of the
biomass and possibly to open the plant cell walls of lignocellulosic material. Such physical
pretreatment can be achieved by milling or crushing. ME can also happen before, during,
or after fermentation. This is the case for winemaking, where the solvent slowly changes
from sugar-rich water to a mix of water-sugar-ethanol, shifting the solvent properties,
e.g., polarity, dielectric constant, and surface tension [175]. As many organic solvents are
perfectly miscible with water, the effect of shifting solvent properties can be well-controlled.

Decoction extraction (DE) involves boiling the plant material in a solvent to extract
compounds of interest. This method is also commonly referred to as hot maceration or
boiling maceration. Silva et al. [176] investigated DE and microwave-assisted extraction of
bioactive compounds from lignocellulosic halophyte Salicornia ramosissima. The biomass
was milled to open the lignocellulosic structure, and particles of 1 mm were obtained. DE
was conducted by boiling 300 mg biomass in 10 mL distilled water for 5 min and leaving it
to cool for 25 min. The extract was filtered and freeze-dried into a powder. The extracts
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were analyzed by a Folin-Ciocalteu total phenolic assay, with DE showing 80% higher
extraction of total phenolics compared to microwave-assisted extraction.

Most analysis methods require liquid samples, as analytical equipment cannot handle
solid samples. For analysis, a solid-liquid extraction method is needed to solubilize the
solute of interest. Soxhlet extraction is a commonly used method for solid-liquid extraction,
as the method is well-described, reliable, safe, and easy to operate. Soxhlet extraction
works on the principle of continuous evaporation and simultaneous condensation of a
solvent. The biomass is gradually submerged in the solvent. Once the extraction chamber
containing the biomass is full of condensed solvent at near-boiling temperature, the solvent
is siphoned off, and a new condensed solvent can fill up the extraction chamber. The
transfer equilibrium is thereby shifted and does not determine the mass transfer of the
desired compound into the solvent. This allows for an unmonitored operation of the
Soxhlet apparatus, and the operator can stop the operation when desired. The continuous
and cyclic nature of this extraction method ensures a concentrated extract. The solvent is
usually determined by the polarity of the solute, but other factors, such as flammability,
toxicity, and price, can be used as parameters for the selection of a solvent [177].

Soxhlet extraction can also be applied for the extraction of oils, fats, waxes, sterols, and
other non-polar compounds from lignocellulosic biomass using a non-polar solvent. More
polar compounds, e.g., phenolic compounds, can be extracted using ethanol, methanol, or
ethyl acetate. A schematic of this setup is shown in Figure 16. Cascade extraction using
a Soxhlet apparatus can achieve relatively pure extract phases and yield a lignocellulosic
fraction with a low concentration of residual material, such as lipids or ash [178-180].

Condenser

Extractor

Sample

Distillation
flask

<+—Heat source
Figure 16. Experimental setup for experimental Soxhlet extraction. Adapted from [177].

Medini et al. [178] studied the phytochemical composition, antioxidant capacity, anti-
inflammatory effect, and anticancer activities of the halophyte Limonium densiflorum. The
tested extracts were extracted by Soxhlet extraction using a successive cascade with hexane,
dichloromethane, ethanol, and methanol. These solvents were carefully chosen to extract
as much non-lignocellulosic material as possible and thereby afford a pure lignocellulosic
fraction after extraction [178].
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4.3. Subcritical Water Extraction

Subcritical water extraction (SWE) utilizes increasing temperatures and pressure of
water of 100-374 °C and 0.1-22.1 MPa, respectively, while remaining below the vapor
pressure. SWE utilizes the shift in chemical properties, such as viscosity, dielectric con-
stant, surface tension, diffusivity characteristics, polarity, and pH value. Changing these
properties can cause the water assimilate acids and organic solvents, allowing the operator
to select the compounds of interest and yielding an aqueous extract free of harmful acids
and solvents [181]. Zhang et al. [181] reviewed the extraction of phenolic compounds by
SWE and found the optimal extraction conditions for total phenolic content (TPC) and
total flavonoid content (TFC) of lignocellulosic biomass to be approximately 160-220 °C for
16-45 min at 2-6 MPa. Table 13 summarizes the parameters and raw materials reviewed
by Zhang et al. [181]. The optimized extraction parameters are changed by increasing the
pressure, and the extraction temperature can be lowered significantly to 100-140 °C for
5-130 min at 10-15 MPa.

Table 13. Optimal extraction parameters by subcritical water extraction measured by Folin-Ciocalteu
total phenolics assay. Literature reported in a review by Zhang et al. [181].

Detection Method Raw Material Temperature ("C) Pressure (MPa) Time (min) Ref.
Oleaceae exropaea pulp residue 160 - 30 [182]
Vitis vinifera pomace 140 15 130 [183]
Vitis vinifera pomace 120 10 120 [184]
Folin-Ciocalteu Plantago major 100 10 2 [185]
Plantago lanceolata 100 10 2 [185]
Japonica-type rice 100-360 18 10-30 [186]
(Oryza sativa)

4.4. Extraction at Varying pH Values

Changing pH during an extraction process can purify the product from other com-
pounds that will dissolve in acidic or alkali solutions and hence extract unwanted com-
pounds. Examples include polymers and resin chitosan, 2,5-furandicarboxylic acid poly-
mers, and furfural resins.

Treating biomass using alkalis is a common method for pretreatment or extraction
of certain compounds [85,187]. To avoid irreversible degradation of many compounds
with low pK, values, such as organic acids, the stabilities of compounds of interest should
be reviewed. Friedman et al. [187] demonstrated the irreversible degradation of caffeic,
chlorogenic, and gallic acids at high pH, and degradation was shown to occur even at
acidic pH levels, which emphasizes the necessity of low pH values during storage and
extraction of phenolic compounds. Chlorogenic acids were shown to degrade into their
subcomponent monophenolic compounds, caffeic acid and quinic acid. Flavonoids were
shown to be more stable than monophenolic compounds or heterodimers, such as chloro-
genic acid. Friedman et al. explained that this was due to the exposed carboxyl groups on
the less complex phenolic compounds [187]. However, Peanparkdee et al. contested that
protocatechuic acid, similar in molecular structure to gallic acid and thus considered to
be more stable, exhibited degradation at lower pH levels [188]. Table 14 summarizes the
stability and degradation of phenolic compounds at varying pH.
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Table 14. Review of stability and degradation of phenolic compounds at varying pH levels.
Compound Stable at pH High Deghdation Refs.
atpH
Gallic acid <7 >10 [1871
Protocatechuic acid <5 >7 [188]
Vanillic acid <5 >7 [188]
Caffiec acid <7 >10 [187]
Ferulic acid <9 >11 [187,188]
Quercetin N/A >6 [53]
(-)-catechin <7 >10 [187]
Rutin <11 N/A [187)
Neochlorogenic acid <6 >9 [189]
Cryptochlorogenic acid <5 >9 [190)
Chlorogenic acid <5 >7 [191,192]

4.5. Ultrasound Extraction

Ultrasound extraction (USE) has been studied extensively with the purpose of pro-
viding enhanced accessibility to cellulose and hemicellulose. Bussemaker and Zhang [193]
reviewed the application of ultrasound on various lignocellulosic biomasses, such as
sorghum, corn stover, sugarcane bagasse, rice hull, and rice straw. However, the focus,
like that of other reviews, was the extraction of lignin from biomass or the extraction of
cellulose or hemicellulose [194-196]. Fang et al.’s [197] book, ‘Production of biofuels and
chemicals with ultrasound” covers the extraction of biofuels and enhanced biogas production
using ultrasound, as well as the extraction of chemicals from algae. The use of ultra-
sound to extract value-added chemicals from lignocellulosic biomass remains scarcely
researched. This expands the review slightly to accommodate other biomasses that are not
necessarily lignocellulosic but have been utilized for the extraction of high-value chemicals
using ultrasound.

Corbin et al. [198] investigated the USE of flax seeds for efficient extraction of phenolic
compounds. The phenolics extracted by Corbin et al. [198] were bound to a glucoside
group, as the phenolics in flaxseed are bound in the seed coat, with high content of glu-
cosidic bonds. The molecules are still considered HCA, despite the glucosidic bonds.
Corbin et al. [198] used slightly alkaline operation conditions (0.2 N NaOH) for the com-
pounds bound in the seed coat matrix to release the polyphenolic lignans, polyphenolic
flavonoids, and monophenolic hydroxycinnamic acids. The study by Corbin et al. [198] also
compared phenolic extractions in flax seeds by optimized microwave extraction (MWE),
USE, enzymatic-assisted extraction (EASE), and heated reflux. This shows MWE to be
superior for the extraction of ferulic acid glucoside (76 w% higher than USE), USE to
be superior for the extraction of p-coumaric acid glucoside (20 w% higher than MWE),
and MWE and USE to show similar properties in the extraction of caffeic acid glucoside.
The extraction of other polyphenolic compounds was also dominated by MWE and USE
extractions in flaxseed, with USE showing superior extraction properties [198].

USE has also been investigated with respect to the extraction of phenolics from saline
lignocellulosic biomass and halophytes. Padalino et al. [199] extracted phenolics from
vacuum-dried fresh Salicornia europaea to increase the phenolic content and antioxidant
capacity of freshly made pasta. USE was executed at an extraction temperature of 50 °C
with an ethanol/water ratio of 40/60 v/v% and a DM loading of 1:30 w/ 2. The researchers
achieved an increase in antioxidant capacity of 148% [199].

4.6. Enzymatic Extraction

Arabinoxylan-lignin and glucan-lignin linkage with the HCAs ferulic acid, p-coumaric
acid, and flavonoid tricin, amongst others, were shown to be present in wheat straw by
Zikeli et al. [200]. Of the carbohydrate-lignin linkages in wheat straw, the ferulic acid
linkage is the most predominant, with high amounts of tricin linkages also shown between
glucan and lignin. These intermolecular bonds are too strong to be broken solvents; hence,
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enzymatic hydrolysis could be investigated as part of an extraction cascade, as different
extraction methods and solvents have been shown to target the extraction of different
phenolics [161,167,198].

Zhu et al. [161] demonstrated that p-coumaric acid, ferulic acid, and caffeic acid in
dehulled barley cannot be (or are poorly) extracted by regular solvent extraction using
acetone but very easily extracted after digestion in 2 M NaOH in the presence of nitro-
gen. It should be noted that Zikeli et al. [200] found both ferulic acid and p-coumaric
acid in the carbohydrate-lignin linkage, which is supported by Bartolomé and Gomez-
Cordovés’ [201] characterization of the purified enzymes from microbial cultures, ferulic
acid, and p-coumaric acid esterases. Extraction of barley using enzymatic digestion with
pepsin, pancreatin, Pronase E, and Viscozyme L, compared to solvent extraction of free
and bound phenolics, increased the extraction of (+)-catechin by 232-239 wt% and that of
p-coumaric acid 29-82 w%, with no significant increase in the extraction of ferulic acid or
caffeic acid [162].

Torres-Mancera et al. [202] described enzymatic extraction methods, whereby the
majority of the phenolics in ground coffee pulp were recorded to be bound in the plant
cell wall. Pectinase was used as a coenzyme to break the structure of the cell wall, and
Rhizomucor pusillus strain 23alV was used in solid-state fermentation to extract the HCAs.
The phenolics were extracted downstream with solvents [202].

In the case of high protein content in the lignified biomass, protein removal should
be considered, as high protein content can inhibit enzymatic hydrolysis, as described
by Faulds et al. [203]. For low-protein biomasses, a hydrothermal pretreatment with a
low severity factor, followed by enzymatic hydrolysis using commercial enzymatic blend
DEPOL 740 L containing ferulic acid and p-coumaric acid esterases and subsequent Soxhlet
extraction, can be considered. Table 15 describes extraction methods for phenols and
hydroxycinnamic acids from lignocellulosic biomass.

Table 15. Review of extraction methods for phenolics.

Biomass Method Optimal or Experimental Conditions References
0.2 M NaOH in water at 25 °C for 60 min
Flax USE at 30 kHz [198]
. I » - °
Cnfhmfam nfrmhmum and USE ‘Water:ethanol, 40:60 37/ % at 50 °C for [199,204]
Salicornia europaea 20 min
Water:ethanol, 60:40 v /9%, 8 w% NaOH
Wheat straw Solvent at 70°C for 18 h [200]
Tealkive aalvent Pretreatment: 2 M NaOH for 1 h,
Barley straw nitrogen atmosphere. Solvent: EtOAc. [161,162]
Enzmatic Pepsin, Pancreatin, Pronase E,
nzy Viscozyme L
Used coffee bean pulp Enzymatic + fungi + solvent  Pectinase, Rhizomucor pusillus, and EtOAc [202]
Brewer’s spent grain Enzymatic DEPOL 740 L, pH 8 at 50 °C [203]

5. Isolation and Purification Methods

Once the value-added compounds have been extracted from the biomass, the next
step is to isolate and purify said compounds. Here, we discuss membrane filtration,
liquid-liquid extraction, and purification using preparative high-performance liquid chro-
matography (Prep-HPLC).

5.1. Membrane Filtration

Membrane filtration can be seen as an easily scalable and inexpensive method for the
filtration of extracts. Amongst the various membrane filtration technologies, micro-(MF),
ultra-(UF), and nano-(NF) filtration are pressure-driven technologies. These technologies
have the benefits of a low energy input, high separation efficiency, simple operation, no
use of expensive solvents or effluents, and scalability [205]. A disadvantage of membrane
separation is the inability to separate specific compounds of similar polarities and molecular
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weights (MWs), as the membranes only retain compounds above a certain molecular size
or approximate MW.

Galanakis and Castro-Mufioz et al. [206-208] reviewed the separation of functional
macro- and micromolecules using ultra- and nanofiltration (NF). NF with a pore size of
120 Da was used to separate phenolic compounds, achieving a separation efficiency of 99%.
The smallest possible phenolic acid, benzoic acid, has an MW of 122 Da, which means all
phenolics should be retained by the 120 Da membrane filter. Most phenolics with three or
fewer aromatic rings have an MW of <650, which means that an initial filtration to remove
larger molecules and particles, such as bacteria, hemicellulose, cellulose, lignin, proteins,
and starch, is necessary, as such particles would clog the NF membrane. Even if the range
of MW is established as 141-650 Da for membrane separation of phenolic compounds, this
does not imply that the molecules will not be retained in larger pores. Galanakis et al. [206]
investigated the separation of the phenolic compounds of HCA derivatives and flavanol
from olive mill wastewater using UF and NE. Four UF pore sizes and one size of NF
(100, 25, 10, 2 kDa, and 120 Da, respectively) were found to retain <1, 32, 44, 53, and 99%
HCA, respectively, and 10, 37, 56, 62, and 99% flavonols, respectively [206]. This indicates
the ability of these molecules to attach to other molecules or in lignocellulosic structures.
Furthermore, 79, 98, 98, 99, 99% of pectin was retained with a pore size of 100, 25, 10, 2 kDa,
and 120 Da, respectively, indicating that the optimal UF pore size for retention of pectin
and purification of a phenolic-rich fraction is between 25 and 100 kDa, with a secondary
NF membrane filtration with a pore size of 120 Da.

Whereas membrane filtration is one of the most promising technologies for recovery
of macro- and micromolecules derived from lignocellulosic biomass, it is associated with
some drawbacks. Some of the major drawbacks of membrane filtration are membrane
fouling, leading to a decrease in permeate flux, as well as reduced efficiency of the process,
and the high cost associated with cleaning and maintenance of membranes.

5.2. Liquid-Liquid Extraction

Many organic solvents used for liquid-liquid purposes have lower relative polarity
than water, and these might coextract lipids, waxes, and other non-polar compounds,
along with the targeted compounds. Therefore, a prior liquid-liquid extraction using a
non-polar non-water-soluble solvent, such as hexane, dichloromethane, or chloroform, can
positively affect the isolation and purification of the targeted compounds, yielding a more
concentrated product with fewer contaminates.

Stiger-Pouvreau et al. [209] originally developed a cascade liquid-liquid extraction
for the isolation of phlorotannin, a specific phenolic compound group in macroalgae
Sargassacaea spp. crude extract (Figure 17). A hydroethanolic maceration obtained the
extract (2/2, 1:1). The method implies the use of various consequent washings with organic
solvents by liquid-liquid extraction in a separatory funnel, evaporation of solvents, and
resuspension of the extracted material in an aqueous phase. Liquid-liquid extraction
using dichloromethane extracted the lipids from the crude aqueous extract. Sugars and
proteins were separated by low-temperature acetone and ethanol washings. Liquid-liquid
extraction using ethyl acetate purified the phenolic compounds and isolated them in
the organic solvent [209]. Kim et al. [210] resuspended a powdered methanolic extract
of Salicornia herbacea in water and successively partitioned it with n-hexane, chloroform,
EtOAc, and n-butanol. These compounds are immiscible with water or have a low solubility
in water, which can be further decreased by introducing salt [210,211]. The solvent layers
were easily separated from the aqueous layers and concentrated in a vacuum at 38 °C. Both
the ethyl acetate and the n-butanol phases showed high free-radical scavenging activity,
and the compound'’s two layers were further isolated by column chromatography.
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Sargassaceae
M:W solid/liquid extraction
1

DCM:Water (1:1)
=

Lipidic  Aqueous
1
Acetone (3:1)
l +
Precipitate Acetonic (Evaporation and suspension in water)
1
Ethanol (3:1)
| ]
Precipitate Ethanolic (Evaporation and suspension in water)
1

Ethyl acetate EA (1:1)
[ | l
Aqueous | EA (Evaporation and suspension in water)
= Sargassaceae EA

Figure 17. Procedure of liquid-liquid extraction of phenolic compounds from Sargassaceae spp. [209].
M:W: methanol:water; DCM: dichloromethane.

Similar to membrane filtration, liquid-liquid extraction also has its drawbacks.
Bokhary et al. [212] highlighted these challenges, some of which include poor biocompati-
bility of solvents with microbial species, energy-intensive processes for solvent recovery,
solvent toxicity, high cost of solvents, extensive safety protocols, and environmental risks
associated with using large quantities of solvents at high temperatures.

5.3. Purification Using Preparative-HPLC

Prep-TTPLC, like analytical TTPLC, is a method of isolating chemical compounds by
attracting force retention of compounds in the column stationary phase. While the mixture
is passing through the column, the compounds separate in retention time, as detected by
ultraviolet (UV) reflection at specific wavelengths, but in prep-HPLC, unlike analytical
HPLC, the compounds are quantitatively separated and collected after detection. After
collecting the separated compounds, i.e., extract purification, the separated compounds can
be further processed and stabilized using encapsulation methods if necessary. Compared to
analytical HPLC, Prep-HPLC usually has a larger column diameters and stationary-phase
particle diameters, and the operator aims for maximum allowed sample weight, which
requires more attention with respect to injection flow rate. To compare the retention times
of the separated compounds, the retention factor of compound n (k'y) can be calculated.
This is a dimensionless number representing how long a compound is retained in the
stationary phase [213-215].

s th—to ®)
to
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where ty, is the retention time for compound n, and ty is the column dead time, i.e., the
shortest retention time.

Making the peak width as narrow as possible is important to determine the fraction
concentration. Unlike a narrow peak with the same area, a broad peak decreases the
concentration of the compound of interest, as a more mobile phase dilutes the concentration
of the separated compound. The peak width is determined at half the peak height and
denoted as w3 . The peak number of compound n (Ny) is derived from fractional distillation
theory and is a height equivalent to a theoretical plate. The higher the peak number, the
narrower the peak in the chromatogram and the higher the concentration of the separated
compound [213-215]. The peak number is calculated as:

Na = 554 (‘—") 6]

Wi
2

Prep-HPLC can be scaled-up to allow for the separation of larger volumes with a
column diameter of up to 30 cm, whereas industrial prep-HPLC can separate up to3 kg h~!
of the analyte, although overloading effects are common. Overloading volume or mass in
the column can result in non-optimal peak characteristics, leading to a diluted collected
sample, so the maximum injection volume must determined [213,215].

Some of the challenges of using prep-HPLC for large-scale extraction of high-value
compounds include the high cost of solvents, challenges in scaling up stationary phase
chemistry, and the relationship between the quantity of material recovered and the size of
the column [216,217]. However, many such challenges have been successfully addressed
in the pharmaceutical sector, which suggests that prep-HPLC is viable for extraction of
high-value products [218].

6. Conclusions

Research and development activity with respect to the extraction of high-value
biomass-derived chemicals have increased considerably since the first report published by
USDOE in 2004, highlighting the future of biochemicals. Although the list of top contenders
has been altered and appended in the last two decades, several of the top 12 featured com-
pounds have already reached commercial-scale production, such as succinic acid, xylitol,
2,5-FDCA, itaconic acid, levulinic acid, and furfural. Advances in genetically modified
microbial strains have also boosted derivation of these compounds using biological routes
as an alternative to petrochemical pathways. The considerable advances with respect to
processing of lignocellulosic biomasses has enabled researchers to explore cost-effective
extraction, isolation, and purification methods that directly target high-value molecules.
Whereas pretreatment remains one of the primary steps in opening up the lignocellulosic
structure, the severity of pretreatment can be reduced in lieu of the possibility of protecting
the unstable phenolic groups, which have a high market value. Although there are still
many challenges with respect to the extraction and isolation of high-value compounds,
shifting the biorefinery approach to maximize the utility of lignocellulosic biomasses
will aid in the cost-effective discovery of novel methods to produce biochemicals from
lignocellulosic biomasses.
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