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RIASSUNTO

RIASSUNTO

| cambiamenti climatici, il riscaldamento globale e 'aumento
della popolazione rappresentato i principali problemi dei nostri giorni.
Tali problemi stanno portando all’inevitabile esaurimento delle risorse
naturali. Negli ultimi anni, 'Unione Europea e altre organizzazioni
internazionali hanno incentivato il passaggio dall’economia lineare a
quella circolare. Quest’'ultima rappresenta un modello di produzione e
consumo Vvolto ad un prolungato riutilizzo e riciclo dei materiali e dei
prodotti esistenti. Cio contribuira ad allungare il “ciclo vitale” dei prodotti,
minimizzando, cosi, la produzione dei rifiuti. Questo modello di
economia promuove lo sviluppo sostenibile tenendo presente I'impatto
economico, ambientale, tecnologico e sociale. L’economia circolare
abbraccia i principi della chimica verde, il cui obiettivo & quello di
promuovere un migliore utilizzo delle risorse, la riduzione dei rifiuti e un
utilizzo piu intelligente dell'energia. L’idea di utilizzare rifiuti e prodotti
naturali come risorse e lo sviluppo di una piattaforma integrata in grado
di produrre diversi bioprodotti a partire da una singola biomassa,
prende vita con il concetto della bioraffineria. Infatti, le bioraffinerie sono
state identificate come una idea promettente per sviluppare industrie
basate sulle biomasse. In tale contesto si & sviluppato l'uso delle
microalghe come materia prima alternativa e sostenibile. Le microalghe
sono considerate delle vere e proprie fabbriche in quanto sono in grado
di effettuare la fotosintesi convertendo la COzin glucosio e rilasciando
ossigeno come prodotto di scarto. Esse rappresentano una enorme
riserva di proteine, lipidi, zuccheri e molecole ad alto valore che
possono essere usate per 'uomo o come mangime. Le microalghe
presentano diversi vantaggi: sono organismi con cicli di crescita brevi
e, a differenza di molte piante stagionali, possono essere coltivate tutto
'anno. Non necessitano di terreni agricoli o di acqua pulita e, di
conseguenza, non sottraggono spazi altrimenti destinati all’agricoltura.
Poiché alcune specie sono ricche in lipidi, le microalghe sono state
ampiamente studiate nel passato come alternativa ai carburanti di
prima generazione. Negli ultimi anni, diversi governi e investitori privati
hanno puntato sulla produzione di biocarburanti di terza generazione a
partire da microalghe. Tuttavia, questa iniziativa si € rivelata
fallimentare a causa degli elevati costi di produzione e di raccolta.
Inoltre, la conversione degli oli estratti in biocarburanti rappresenta uno
dei motivi alla base di un mancato sviluppo su larga scala e
dellincompleta commercializzazione delle microalghe. E stato stimato
che, per competere con il prezzo dei carburanti attualmente in
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commercio, il costo dei biocarburanti di terza generazione dovrebbe
essere ridotto di 10 volte.

Un altro collo di bottiglia che inibisce il pieno sfruttamento delle
microalghe nella produzione su larga scala € il controllo dei parametri
di crescita e il problema delle contaminazioni. Le microalghe
generalmente possono essere coltivate in stagni aperti o0 in
fotobioreattori. Mentre i fotobioreattori sono sistemi chiusi che
consentono di controllare i parametri di coltivazione e di ottenere una
produttivita molto elevata, gli stagni aperti sono sistemi esterni non
controllati con una produttivita limitata. Nonostante i fotobioreattori
risultino essere il metodo di coltivazione piu efficiente, ad oggi, i sistemi
a stagno aperto sono quelli ampiamente utilizzati su scala industriale.
Il principale vantaggio dei sistemi aperti € dovuto al basso investimento
iniziale, alla bassa richiesta di energia, ai bassi costi operativi e di
manutenzione. In questo scenario, i microrganismi estremofili hanno
destato molto interesse, in quanto hanno la capacita di vivere e
svilupparsi in condizioni considerate ostili per la maggior parte dei
microorganismi, come in presenza di elevate concentrazioni di metalli
pesanti, ambienti acidofili (pH 1.0- 3.0) o ad alte temperature (>50°C).
La capacita di crescere in condizioni cosi estreme limita il problema
delle contaminazioni. Per questo motivo, le microalghe estremofile
rappresentano i migliori candidati per la produzione su larga scala.

Negli ultimi decenni, le microalghe hanno suscitato interesse non
solo per la produzione di biocarburanti, ma anche per la loro capacita
di sintetizzare diverse molecole ad alto valore commerciale, come
proteine, carotenoidi e acidi grassi polinsaturi che possono trovare
applicazione non solo nell'industria alimentare e dei mangimi, ma
anche nel settore cosmetico, nutraceutico e farmaceutico.

Per promuovere lo sviluppo delle industrie basate sulle alghe, e
necessario sviluppare una piattaforma integrata, in grado di produrre
piu prodotti in cascata. A tal scopo, lo sviluppo di un sistema di
bioraffineria e lo sviluppo di un'efficace strategia di coltivazione
potrebbero ridurre i costi di produzione.

Attualmente, le tecnologie piu utilizzate per estrarre diversi
bioprodotti sono estrazioni convenzionali che prevedono l'utilizzo di
solventi organici come cloroformio, acetone, metanolo e dietiletere. Le
estrazioni convenzionali richiedono solitamente grandi quantita di
solvente, tempi prolungati e vengono eseguite a partire dalla biomassa
essiccata. Questi sono i motivi per cui la fase di estrazione rappresenta
un altro svantaggio per lo sviluppo delle industrie basate sulle alghe. Di
recente & aumentata la domanda da parte dei consumatori di prodotti
naturali e sicuri la cui produzione non richiede l'utilizzo di solventi
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tossici. Lo sviluppo di tecniche “verdi” per estrarre composti ad alto
valore rappresenta un progresso significativo. Tali tecniche consentono
di ottenere prodotti bioattivi riducendo o eliminando completamente i
solventi tossici, minimizzando I'impatto ambientale. Inoltre, consentono
di ridurre i tempi di estrazione e di migliorarne le rese, risultando
vantaggiose anche in termini economici.

Lo scopo del presente progetto di dottorato e stato lo sviluppo di
un processo in cascata, in accordo con il concetto di bioraffineria, al
fine di ottenere tre prodotti ad alto valore. La microalga selezionata e
stata Galdieria phlegrea (ceppo 009), un’alga rossa termoacidofila in
grado di sintetizzare diverse molecole ad alto valore.

L'attenzione é stata inizialmente focalizzata sulla progettazione
di un processo in scala di laboratorio per ottenere due diverse molecole
a partire dalla biomassa umida di G. phlegrea: la ficocianina e gli acidi
grassi polinsaturi. Innanzitutto, sono state estratte le proteine mediante
una procedura ad alta pressione, quindi la ficocianina é stata isolata
attraverso un singolo passaggio di purificazione ottenendo un grado di
purezza molto elevato. E risaputo che le ficocianine sono dotate di
attivita antiossidante, per questo motivo é stata valutata la capacita
della ficocianina di proteggere i cheratinociti umani immortalizzati dallo
stress indotto dai raggi UVA. Successivamente I'attenzione & stata
focalizzata sulla seconda classe di molecole da estrarre: i lipidi. A tale
scopo, a partire dalla biomassa residua, i lipidi sono stati estratti
mediante una tecnica convenzionale che prevede l'uso di
cloroformio/metanolo. L’estratto ottenuto & stato poi frazionato per
isolare gli acidi grassi polinsaturi. E stato interessante notare che a
partire dalla biomassa rotta la quantita di acidi grassi polinsaturi isolati
e risultata essere superiore a quella ottenuta dalla biomassa grezza
(estrazione effettuata in parallelo), suggerendo cosi un efficiente
modello preliminare di bioraffineria.

Per valorizzare ulteriormente la biomassa di G. phlegrea, |l
modello iniziale di bioraffineria messo a punto é stato integrato con i
principi della chimica verde. Il nuovo modello proposto ha previsto tre
fasi sequenziali, combinando un'estrazione convenzionale e due
procedure innovative*:

1. Estrazione ad alta pressione per la ficocianina,
2. Estrazione con fluidi pressurizzati (PLE) per ottenere i carotenoidi;
3. Estrazione con fluidi supercritici (SFE) per ottenere i lipidi.

Rispetto alle estrazioni convenzionali, le estrazioni con i fluidi
compressi hanno permesso di ottenere rese maggiori di carotenoidi e
lipidi utilizzando solventi eco-sostenibili, sicuri ed economici. Inoltre, le
estrazioni sono state effettuate in tempi piu brevi e con un minore
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consumo di solvente. La frazione contenente i carotenoidi & stata
caratterizzata attraverso analisi HPLC, che hanno permesso di
identificare B-carotene e zeaxantina quali principali pigmenti presenti
nell'estratto. Inoltre, sono stati condotti diversi esperimenti su
cheratinociti umani immortalizzati per verificare che la tecnica di
estrazione utilizzata, il PLE, non avesse alterato la capacita
antiossidante dei carotenoidi estratti. In particolare, € stata analizzata
I'inibizione della produzione di ROS intracellulari dopo I'induzione dello
stress ossidativo e [lattivazione del pathway di Nrf-2, proteina
normalmente coinvolta nella risposta allo stress.

Infine, é stata effettuata una completa caratterizzazione biofisica
e biochimica della ficocianina estratta e purificata. In particolare, & stata
determinata la sequenza primaria della proteina e ne € stata valutata la
stabilita termica e in funzione del pH. | risultati ottenuti hanno mostrato
chiaramente che la ficocianina estratta da G. phlegrea e
termoresistente in quanto €& in grado di preservare la sua azione
antiossidante anche in seguito a pastorizzazione termica. E’ stato
dimostrato inoltre che la struttura della ficocianina e stabile in un
intervallo di pH compreso tra 4.0 e 9.0, nonché ad alte temperature,
con valori di Tm >80°C tra pH 5.0 e 7.0. Infine, e stato dimostrato che
la proteina possiede un’azione citotossica selettiva per le cellule
tumorali.

In conclusione, con il presente progetto di dottorato € stato
delineato un processo sostenibile in accordo con i principi della
bioraffineria e della chimica verde, valorizzando la biomassa di G.
phlegrea. La strategia proposta per il recupero in cascata di ficocianine,
carotenoidi e acidi grassi polinsaturi potrebbe essere facilmente
applicata a livello industriale. Considerando I'alto valore di mercato dei
tre prodotti ottenuti, il modello messo a punto potrebbe contribuire ad
aumentare le fonti di guadagno relative al processo, compensando cosi
gli elevati costi di coltivazione e quelli a valle per la raccolta e il
frazionamento della biomassa in differenti prodotti. Cio potrebbe
portare ad un bilancio economico positivo della bioraffineria basata
sulle microalghe. Inoltre, lo sviluppo di un processo eco-sostenibile e
sicuro potrebbe determinare il consenso da parte dell’opinione
pubblica, ancora troppo restia all'utilizzo di prodotti ottenuti da
microalghe.

Nonostante i prodotti biologici risultino essere di rilevanza
strategica per molte aziende, sono ancora molti i problemi e le sfide da
affrontare per giungere ad una piena industrializzazione e
commercializzazione di tali prodotti. Attualmente in letteratura sono
riportati molti studi sull’efficacia dei singoli passaggi che potrebbero
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costituire una bioraffineria, tuttavia i tentativi di strutturare un intero
processo sono ancora molto pochi. Un altro problema da non
sottovalutare € la reticenza da parte delle aziende di conformarsi alle
esigenze sociali e ambientali necessarie per ottenere 'accettazione
pubblica. Studi recenti hanno dimostrato che i costi associati alle
bioraffinerie convenzionali, rappresentano circa il 20-40% dei costi di
un intero processo. Questi costi aumentano fino al 60% quando si parla
di bioraffinerie basate sull’utilizzo di microalghe.

Per ridurre i costi, gli sforzi dovrebbero essere focalizzati sullo
sviluppo di tecniche semplici che richiedono solo poche operazioni
unitarie, tenendo pero presente che le tecnologie sviluppate ad hoc per
una singola operazione dovrebbero sempre essere affiancate da una
attenta valutazione dell'impatto di queste sull’intero processo. Solo lo
sviluppo di una piattaforma integrata in grado di valorizzare al massimo
la biomassa delle microalghe favorira la transizione dalla produzione in
scala di laboratorio a quella su larga scala. Solo in questo modo le
bioraffinerie basate sulle microalghe potrebbero diventare una solida
realta industriale.

*Gli esperimenti di estrazione con i fluidi compressi sono stati effettuati nel
laboratorio della Prof.ssa Elena Ibarez, Istituto di ricerca in scienze alimentari
(CIAL), Madrid, Spagna.







SUMMARY

SUMMARY

The aim of this PhD thesis was the use of red thermo-acidophilic
microalgae, Galdieria phlegrea (stain 009) to develop a biorefinery to
obtain three different high value bio-products. First, a preliminary
cascade approach has been designed to recover phycocyanin and
lipids from the wet biomass of the microalga grown in autotrophic
conditions. Extractions were performed in two sequential steps: a
conventional high-pressure procedure to recover phycocyanins (PCs)
and a solvent extraction to obtain fatty acids. PCs were isolated by a
single purification step obtaining a high purity grade and they fully
retained their antioxidant activity on a cell-based model. From the
residual biomass, fatty acids were recovered, with a higher yield with
respect to those obtained from the raw biomass. Then, a green
approach was used to recover PCs, carotenoids and lipids in cascade.
PC extraction was performed as mentioned above and the isolation was
optimized by ultrafiltration. Carotenoids were obtained by a pressurized
liquid extraction (PLE) on the residual biomass and finally lipids were
extracted by supercritical fluid extraction (SFE). The used extraction
procedures are green, fast, and cost-effective and allow to improve the
extraction yield up to 40% for carotenoids and up to 12% for lipids in
comparison with conventional extractions. The carotenoids extracted
by PLE were tested as antioxidants, thus proving that the procedure
employed for the extraction did not affect their bioactivity. Finally, a
complete biophysical and biochemical characterization of purified
phycocyanin was carried out. The results show that the protein is stable
under different pHs and unfolds with an apparent melting temperature
higher than 80°C within a pH range between 5.0-7.0. The protein also
exerts interesting in cell antioxidant properties even after the
pasteurization process, and is cytotoxic for cancer cells, whereas it is
not toxic for non-malignant cells. In conclusion, in the present PhD
thesis, a green biorefinery was set up, thus completely valorizing the
biomass of G. phlegrea. The proposed approach to recover in a
cascade approach PCs, carotenoids and PUFAs could be easily scaled
up at industrial level. The obtained results could also contribute to
increase the revenue streams of the process, thus compensating the
large cultivation and downstream costs for biomass production.
Furthermore, the development of a green process could also increase
the social acceptance of industrial microalgal products.













CHAPTER 1 Introduction

1.1 Microalgae and biotechnological applications

Microalgae are very small plant-like microorganisms between 1-
50 micrometers in diameter, without roots or leaves. They are
prokaryotic or eukaryotic microorganisms that use solar energy and
nutrients to convert carbon dioxide (CO2) into biomass (Feron and
Hendriks 2005). With respect to plants, microalgae are more
competitive: they do not compete for arable lands, they can grow on
seawater and on residual nutrients, they have higher areal productivity,
thus accumulating larger amounts of valuable components within a
short time (Chauton 2015).

Algae mitigate large amounts of carbon dioxide, as about 1.8
tons of CO2 are consumed by one ton of microalgae (Kliphuis 2010).
Depending on the cultivation system used, microalgae accumulate
lipids, proteins or carbohydrates and for this reason they are emerging
as potential feedstock for a number of different industrial sectors, such
as food commodities, biofuels, bio-based chemicals, fine organics,
bioplastics, pigments, cosmetics and pharmaceuticals (Posada 2016).

Microalgae cultures have been extensively studied in the last
decades, particularly for biodiesel production (Mata, Martins, and
Caetano 2010). However, the analysis of the large-scale productions
points out that the technologies proposed to produce liquid fuels are still
not self-sustainable from an economic point of view. The main
disadvantages reside in the high production and transformation costs,
high freshwater requirements for cultivation, and high acid value of
microalgal oil in comparison with other biofuels feedstocks (Gonzalez-
Delgado and Kafarov 2011). Thus, the use of microalgae to obtain only
biofuels does not seem to be economically feasible. For this reason, the
obtainment of co-products is becoming essential for their commercial
production (Axelsson 2012). Improving the extraction techniques or
dedicating a percentage of the algal crop to the obtainment of high
value products (e.g., with terrestrial agriculture) may help in closing the
economic gap between petroleum and algae biofuels.

1.2 Circular economy, green chemistry and microalgal
biorefinery

In 1987, the UN World Commission on Environment and
Development defined sustainability as “the development that meets the
needs of the present without compromising the ability of future
generations to meet their own needs” (World Commission on
Environment and Development Report). Demographic pressure and
climate changes are heavily relaying on the natural resources of planet
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earth. This dramatic situation is fostering the necessity to favor
sustainability over productivity. One of the key aspects of sustainable
development is the reduction or even total elimination of wastes
(Herrero and Ibafiez 2018). Over the last decade the new concept of
Circular Economy (CE) has gained attention (Ghisellini, Cialani, and
Ulgiati 2016). The idea behind CE is the use of renewable materials as
feedstock for fuels and chemicals, where all the by-products find feed
or industrial applications and the wastes are completely degradable.
This economy model promotes the sustainable development by
keeping in mind the economic, environmental, technological and social
impact. In this context, Green Chemistry embraces the effort to face the
challenge related to sustainable development of the chemical industry
(Song and Han 2015).

The concept of Green Chemistry was first formulated at the
beginning of the ‘90s (Anastas and Eghbali 2010). Its innovation lied in
the promotion of a better use of resources, a reduction of wastes and a
more intelligent use of energy. The idea of utilizing wastes as well as
natural products as resources and the development of an integrated
platform able to produce different bio-products from biomasses, came
to life with the biorefinery concept.

Biorefinery has been identified as the most promising concept for
the creation of a biomass-based industry, since it overcomes linear
processes of biomass transformation by using waste materials and
increasing the obtainment of bio-products. Microalgae have a high
potential to be used as starting material in the biorefinery process since
they contain different metabolites of interest and are currently used to
obtain many products (Gonzalez-Delgado and Kafarov 2011). Indeed,
the possibility to obtain different molecules from different microalgal
components (lipids, proteins and carbohydrates) in a cascade approach
would render these organisms a suitable starting point for the industrial
development of a biorefinery (Soh 2014).

1.3 High-value bio-products from microalgae

Given their different nature, microalgae can produce a wide
variety of nutrients and secondary metabolites that are beneficial for
humans or animals. Valuable current or potential co-products include
carotenoids, polyunsaturated fatty acids (PUFASs) and phycobiliproteins
(Hannon 2010). Microalgae can synthesize many other unique
molecules with commercial potential, such as toxins, vitamins,
antibiotics, sterols, lectins, mycosporine-like amino acids, halogenated
compounds and polyketides. In some instances, the expression of
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molecules that improve crop protection may also have a pharmaceutical
value. Several issues hinder the industrial exploitation of the cited high-
value microalgal products (Spolaore 2006). On one hand, it is required
to select operating conditions for microalgal culture that maximize the
production of the all selected high-value products. On the other hand,
the microalgal fractionation process should include procedures that
allow extracting different products without any interference on their
chemical and biological characteristics. However, one should keep in
mind that different microalgal growth conditions may be required to
isolate different high-value products. As an example, the production of
lipids increases for cultures carried out at low light intensities and at low
temperature, which is not compatible with antioxidant production. On
the other hand, antioxidant production is enhanced by high-intensity
irradiation and by N- and P-stress conditions, since it results in the
generation of radical species in cells (Goiris 2015). Moreover, a serious
concern about the cultivation of microalgae under stress conditions is
the decrease or the arrest of growth rates and consequently the
decrease of the total production and productivity (Markou and Nerantzis
2013).

1.3.1 Phycobiliproteins

Phycobiliproteins (PBPs) are brilliantly colored, highly
fluorescent, water-soluble protein components of the photosynthetic
light-harvesting antenna complexes of cyanobacteria (blue-green
algae), red algae, and cryptomonads. These proteins are classified into
two large groups based on their colors, the phycoerythrin group, red,
and the phycocyanin one, blue. Phycocyanins include C-phycocyanin
(C-PC), R-phycocyanin (R-PC), and allophycocyanin (A-PC) (Soni
2006). Phycobiliproteins are assembled into an organized cellular
structure, namely, the phycobilisome that is attached in regular arrays
to the external surface of the thylakoid membrane, which acts as major
light harvesting pigments in cyanobacteria and red algae (Figure 1).
Phycobilisomes consist of an allophycocyanin core surrounded by
phycocyanin on the periphery. Phycocyanin is the major constituent,
whereas allophycocyanin functions as the bridging pigment between
phycobilisomes and the photosynthetic lamella (Eisele 2000). The
phycobilisome allows the pigments to be geometrically arranged in a
way that helps to optimize light capture and transfer of energy. All the
phycobiliproteins absorb incident light directly, but, in addition, they
participate in an energy transfer chain within the phycobilisome in a
sequence: phycoerythrin - phycocyanin - allophycocyanin >
chlorophyll-a. During last few decades, PBPs have been investigated

13
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for their antioxidant activity. The demand for antioxidants is primarily
driven by a growing demand for health and dietary supplements.
Currently, natural antioxidants are expensive compared to synthetic
antioxidants. Nevertheless, natural pigments are the most influential
compounds in the overall revenue from the microalgal biomass (Ruiz
2016). This is very attractive since there is a growing consumer
preference for food and cosmetic products enriched in “green”
antioxidants.

Thylakoid membrane

Figure 1. Graphic representation of phycobilisome. Phycobilisome consists of a
central core with radiating rods. This core contains allophycocyanins (APC) that are
the close to the photosystems (PSIl) and promote the energy transfer during
photosynthesis. Six rods are attached to the core. Each rod disk consists in hexamers
of phycocyanin (PC) and phycoerythrin (PE) arranged to reflect the resonance energy
transfer pathway: PE>PC->APC->PSI.

1.3.2 Poly-Unsaturated Fatty Acids (PUFA)

The main components of algal lipid fraction are represented by
fatty acids (FA), waxes, sterols, hydrocarbons, ketones and pigments
(Halim et al. 2011). Depending on the species, total lipids usually
represent 20-50% in dry weight of the total biomass. Generally, fatty
acids can be classified in two categories based on the polarity of the
molecular head group: (i) neutral lipids and free fatty acids (FFA) and
(i) polar lipids or amphipathic lipids, which can be further
subcategorized into phospholipids and glycolipids. Lipids synthesis and
accumulation by microalgae depends on the species and is also
affected by culture conditions, such as nutrient concentration, salinity,
light intensity periods, temperature, pH and even the association with
other microorganisms (Richmond A. 2004; Guschina and Harwood
2006). Omega-3 (w-3) polyunsaturated fatty acids (PUFASs) (Figure 2)
are a specific group of polyunsaturated fatty acids in which the first
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double bond is located between the third and fourth carbon atom
counting from the methyl end of the fatty acid (Ryckebosch 2012), and
it comprises: a-linolenic acid (ALA 18:3), eicosapentaenoic acid (EPA,
20:5), docosapentaenoic acid (22:5) and docosahexaenoic acid (DHA,
22:6) (Fraeye 2012). The long chain provides significant health benefits,
particularly in reducing cardiac diseases such as arrhythmia, stroke and
high blood pressure (Pulz and Gross 2004). Moreover, they have
beneficial effects against depression, rheumatoid arthritis, asthma and
can be used for treatment of inflammatory diseases, such as
rheumatoid arthritis, Crohn’s disease, ulcerative colitis, psoriasis, lupus
and cystic fibrosis (Wen and Chen 2003; Sijtsma and De Swaaf 2004).

Among PUFA, the w-6 are those in which the first double bond
is located between the sixth and seventh carbon atom counting from
the methyl end of the fatty acid and comprises y-linolenic acid (GLA,
18:3 w-6) and arachidonic acid (ARA, 20:6 w-6), which have been
shown to possess beneficial activities (Soni, Trivedi, and Madamwar
2008). As an example, in pregnant women, the adequate intake of EPA
and DHA is crucial for healthy development of the fetal brain and ARA
and DHA are required for normal growth and brain functional
development, whereas EPA is considered essential for the regulation
of some biological functions and prevention of arrhythmia,
atherosclerosis, cardiovascular disease and cancer (Pulz and Gross
2004).

To date, fish oil is the major commercial source of
polyunsaturated fatty acids, especially for the low production costs. Its
quality depends on the fish species, the season/climate and
geographical location of catching sites and food quality consumed by
the fish. Noteworthy, in some cases, there is a contamination danger
by lipid-soluble environmental pollutants (Ryckebosch 2012).
Moreover, fish oil is not suitable for vegetarians, and its odor makes it
unattractive for consumption. Nevertheless, fish oil is characterized by
a higher amount of w-3 (60% EPA+DHA) in comparison with
microalgae-based oil, and for this reason, it remains the main
commercial source of w-3.
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Figure 2. Molecular structure of common w-3 and w-6 polyunsaturated fatty
acids. Polyunsaturated fatty acids have the first double binding in position 3 (w-3) or
in position 6 (w-6). All double bindings are in cis formation. The w-3 fatty acids include
alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid
(DHA). The w-6 include linoleic acid (LA) and arachidonic acid (AA).

1.3.3 Carotenoids

An important and well-known class of antioxidants from
microalgae are carotenoids (Figure 3). They are lipophilic compounds,
which represent a large group of biological chromophores with an
absorption range between 400 and 550 nm, resulting in their yellow-
orange color. Carotenoids can represent up to 14% of algal biomass.
Most carotenoids share a common C40 backbone structure of isoprene
unit (termed terpenoid), and are divided into two groups: carotenes,
which are true hydrocarbons, and xanthophylls (Gong and Bassi 2016)
which contain also oxygen atoms (Mulders 2014). They can be also

16



CHAPTER 1 Introduction

classified as primary (essential for survival) and secondary (by
exposure to specific stimuli). Carotenoids play key roles in light
harvesting and energy transfer during photosynthesis and in the
protection of the photosynthetic apparatus against photooxidative
damage (Ye, Jiang, and Wu 2008). Several studies have demonstrated
that carotenoids contribute significantly to the total antioxidant capacity
of microalgae (Takaichi 2011). Carotenoids have received increased
attention during the last decade due to their intrinsic antioxidant
activity and potential function in preventing adverse health conditions
in humans. Noteworthy, carotenoids are able to quench singlet oxygen
(102) and free radicals responsible for cell damage. In medical
science, carotenoids can help in preventing and treating many
diseases, such as cancer, cardiovascular disease, diabetes and
osteoporosis (Shaish 2006; Kohlmeier 1997; Rao and Rao 2007).

B-carotene

Zeaxanthin

Figure 3. Molecular structure of carotenoids. [B-carotene, with the molecular
formula CasoHse, belongs to the group of carotenoids consisting of isoprene units. It is
the most abundant form of carotenoid and it is a precursor of the vitamin A. 3-carotene
is composed of two retinyl groups. Zeaxanthin, with molecular formula CaoHs6O2, is a
carotenoid xanthophyll. Zeaxanthin is an isomer of Lutein. The main difference
between them is in the location of a double bond in one of the end rings. This

difference gives Lutein three chiral centers whereas zeaxanthin has two.

1.4 Galdieria phlegrea

Galdieria phlegrea (Figure 4) is a red thermo-acidophilic
microalga that belongs to Cyanidiales. The order of Cyanidiales is
comprised of asexual, unicellular red algae characterized by a simple
morphology. Cells have a spherical shape and possess a thick wall
containing one plastid (i.e. chloroplast), 1-3 mitochondria, a nucleus, a
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vacuole and storage products (Albertano 2000; Carfagna 2015; Ciniglia
2004; Graziani 2013; Pinto 2007).

They can live at low pH environments (0.2 - 4.0) and at medium
to high temperature (up to 56°C) (Castenholz 2010). To date, these
unicellular taxa are classified into three genera: Cyanidium,
Cyaniadioschyzon and Galdieria (Ciniglia 2004). Besides low pH and
high temperature, Galdieria have several unique features, such as
different mechanisms for metal tolerance; this allows cells to grow in
toxic environments where other organisms cannot grow at all or can
roughly do it (Nagasaka 2003; Yoshimura 1999).

Galdieria is able to grow auto-, mixo- and hetero-trophically on a
wide range of carbon sources and different strains are able to maintain
their photosynthetic apparatus when grown heterotrophically (Carfagna
2018).

The autotrophic cultivation of Galdieria has been studied for its
ability to accumulate pigments, -carotene, astaxanthin, zeaxanthin
and phycocyanin, commonly used in food or in health applications.
Moreover, the ability of Galdieria to be cultivated under conditions
considered hostile for other microorganisms overcomes the problem of
contaminations.

Galdieria phlegrea is a species collected for the first time in the
Phlegrean Fields (Naples, Italy). This site is characterized by a crypto
endolithic environment, a relatively dry condition and reduced light
intensities (Ciniglia 2004). It has been demonstrated that G. phlegrea
has developed an ameliorative strategy to adapt to extreme
environments, such as the ability to express a complete data-set of
genes required for urea hydrolysis, necessary as an alternative nitrogen
source in N-limited environments (Qiu 2013).

G. phlegrea (strain 009), contains abundant reserves of organic
sulphur as glutathione, even under S starvation, and more generally a
particular setting of sulphur metabolism (Carfagna 2016). These
characteristics could explain the outstanding thermo-resistance and
thermo-induction of the C-PC synthetized by the strain 009.

For these unique extremophilic properties, the microalga
Galdieria phlegrea (strain 009) has attracted interest for
biotechnological applications.
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Figure 4. Comparison between the morphology of two Galdieria species: a-c, G.
sulphuraria; d-f, G. phlegrea (Dovilé 2018).

1.5 The Aim of the thesis

The aim of this PhD thesis is the use of Galdieria phlegrea (strain
009) to obtain different high value bio-products subsequently. The idea
is to develop a cascade extraction method according to the biorefinery
concept, in order to obtain the three class of molecules starting from the
one with the highest market value. The research activities are
presented in three sections explained hereinafter.

1. Strain selection, optimization of growth conditions and
preliminary process design.

The optimization of G. phlegrea (strain 009) growth conditions to
obtain high levels of bioproducts was set-up. Then, by using a
cascade approach, phycocyanin (PC) and lipids were obtained.
PC was isolated by a single purification step from the wet
biomass and lipids recovered from the residual biomass were
characterized by gas chromatography analysis. Finally, PC
antioxidant activity was validated on a cell-based model, using
human immortalized keratinocytes. (Chapter 2)

2. Optimization of the biorefinery design.

Optimization of the isolation of PC was carried out. Then, the
residual wet biomass was used to extract two different
bioproducts in two sequential steps: carotenoids by using
Pressurized Liquid Extraction (PLE) and lipids by Supercritical
Fluid Extraction (SFE). The bioactivity of the extracted

19



CHAPTER 1 Introduction

carotenoids obtained by PLE was validated on a cell-based
model, using human immortalized keratinocytes. (Chapter 3)

3. Biophysical and biochemical characterization of PC.

Primary sequence of PC was determined. Then, a study on the
stability of the protein was carried out. In particular, the effects of
pH and temperature variations on protein stability were
evaluated. Moreover, cytotoxic activity of the protein and the
antioxidant activity of PC after thermal pasteurization were
evaluated. (Chapter 4)

1.6 References

Albertano, P., C. Ciniglia, G. Pinto, and A. Pollio. 2000. “The Taxonomic Position of
Cyanidium, Cyanidioschyzon and Galdieria: An Update.” Hydrobiologia 433
(1993): 137-43. https://doi.org/10.1023/A:1004031123806.

Anastas, Paul, and Nicolas Eghbali. 2010. “Green Chemistry: Principles and
Practice.” Chemical Society Reviews 39 (2): 301-12.
https://doi.org/10.1039/b918763b.

Axelsson, Lisa, Maria Franzén, Madelene Ostwald, G6ran Berndes, G. Lakshmi, and
N. H. Ravindranath. 2012. “Perspective: Jatropha Cultivation in Southern India:
Assessing Farmers’ Experiences.” Biofuels, Bioproducts and Biorefining 6 (3):
246-56. https://doi.org/10.1002/bbb.

Carfagna, Simona, Claudia Bottone, Pia Rosa Cataletto, Milena Petriccione, Gabriele
Pinto, Giovanna Salbitani, Vincenza Vona, Antonino Pollio, and Claudia Ciniglia.
2016. “Impact of Sulfur Starvation in Autotrophic and Heterotrophic Cultures of
the Extremophilic Microalga Galdieria Phlegrea (Cyanidiophyceae ).” Plant and
Cell Physiology 57 (9): 1898-1898. https://doi.org/10.1093/pcp/pcwl12.

Carfagna, Simona, Viola Landi, Francesca Coraggio, Giovanna Salbitani, Vincenza
Vona, Gabriele Pinto, Antonino Pollio, and Claudia Ciniglia. 2018. “Different
Characteristics of C-Phycocyanin (C-PC) in Two Strains of the Extremophilic
Galdieria Phlegrea.” Algal Research 31: 406-12.
https://doi.org/10.1016/j.algal.2018.02.030.

Carfagna, Simona, Gaetana Napolitano, Daniela Barone, Gabriele Pinto, Antonino
Pollio, and Paola Venditti. 2015. “Dietary Supplementation with the Microalga
Galdieria Sulphuraria (Rhodophyta) Reduces Prolonged Exercise-Induced
Oxidative Stress in Rat Tissues.” Oxidative Medicine and Cellular Longevity
2015: 1-11. https://doi.org/10.1155/2015/732090.

Castenholz. 2010. “A Fast Growing and Edible Red Marine Macroalga.” Red Algae in
the Genomic Age 13 (1952): 357—71. https://doi.org/10.1007/978-90-481-3795-
4.

Chauton, Matilde S., Kjell Inge Reitan, Niels Henrik Norsker, Ragnar Tveteras, and
Hans T. Kleivdal. 2015. “A Techno-Economic Analysis of Industrial Production

20



CHAPTER 1 Introduction

of Marine Microalgae as a Source of EPA and DHA-Rich Raw Material for
Aquafeed: Research Challenges and Possibilities.” Aquaculture 436: 95-103.
https://doi.org/10.1016/j.aquaculture.2014.10.038.

Ciniglia, Claudia, Hwan Su Yoon, Antonino Pollio, Gabriele Pinto, and Debashish
Bhattacharya. 2004. “Hidden Biodiversity of the Extremophilic Cyanidiales Red
Algae.” Molecular Ecology 13 (7): 1827-38. https://doi.org/10.1111/j.1365-
294X.2004.02180.x.

Dovilé, B, N Linda, C Adam, K Filip, and J Jan. 2018. “Burning Coal Spoil Heaps as a
New Habitat for the Extremophilic Red Alga Galdieria Sulphuraria Burning Coal
Spoil Heaps as a New Habitat for the Extremophilic Red Alga Galdieria
Sulphuraria.” Fottea 18 (October): 19-29. https://doi.org/10.5507/fot.2017.015.

Eisele, Leslie E., Sasha H. Bakhru, Xuemei Liu, Robert MacColl, and Mercedes R.
Edwards. 2000. “Studies on C-Phycocyanin from Cyanidium Caldarium, a
Eukaryote at the Extremes of Habitat.” Biochimica et Biophysica Acta -
Bioenergetics 1456  (2-3): 99-107.  https://doi.org/10.1016/S0005-
2728(99)00110-3.

Feron, P H M, and C A Hendriks. 2005. “CO 2 Capture Process Principles and Costs.”
Oil & Gas Science and Technology 60 (3): 451-59.

Fraeye, llse, Charlotte Bruneel, Charlotte Lemahieu, Johan Buyse, Koenraad
Muylaert, and Imogen Foubert. 2012. “Dietary Enrichment of Eggs with Omega-
3 Fatty Acids: A Review.” Food Research International 48 (2): 961-69.
https://doi.org/10.1016/j.foodres.2012.03.014.

Ghisellini, Patrizia, Catia Cialani, and Sergio Ulgiati. 2016. “A Review on Circular
Economy: The Expected Transition to a Balanced Interplay of Environmental
and Economic Systems.” Journal of Cleaner Production 114: 11-32.
https://doi.org/10.1016/j.jclepro.2015.09.007.

Goiris, Koen, Willem Van Colen, Isabel Wilches, Fabidn Ledn-tamariz, Luc De
Cooman, and Koenraad Muylaert. 2015. “Impact of Nutrient Stress on
Antioxidant Production in Three Species of Microalgae.” Algal Research 7: 51—
57. https://doi.org/10.1016/j.algal.2014.12.002.

Gong, Mengyue, and Amarjeet Bassi. 2016. “Carotenoids from Microalgae : A Review
of Recent Developments.” Biotechnology Advances 34 (8): 1396-1412.
https://doi.org/10.1016/j.biotechadv.2016.10.005.

Gonzéalez-Delgado, Angel-Dario, and Viatcheslav Kafarov. 2011. “Microalgae Based
Biorefineries: Issues to Consider.” Ciencia, Tecnologia y Futuro 4 (4): 5-22.

Graziani, Giulia, Simona Schiavo, Maria Adalgisa Nicolai, Silvia Buono, Vincenzo
Fogliano, Gabriele Pinto, and Antonino Pollio. 2013. “Microalgae as Human
Food: Chemical and Nutritional Characteristics of the Thermo-Acidophilic
Microalga Galdieria Sulphuraria.” Food & Function, no. November 2015: 144—
52. https://doi.org/10.1039/c2fo30198a.

Guschina, Irina A., and John L. Harwood. 2006. “Lipids and Lipid Metabolism in
Eukaryotic Algae.” Progress in Lipid Research 45 (2): 160-86.

21



CHAPTER 1 Introduction

https://doi.org/10.1016/j.plipres.2006.01.001.

Halim, Ronald, Brendan Gladman, Michael K. Danquah, and Paul A. Webley. 2011.
“Oil Extraction from Microalgae for Biodiesel Production.” Bioresource
Technology 102 (1): 178-85. https://doi.org/10.1016/j.biortech.2010.06.136.

Hannon, Michael, Javier Gimpel, Miller Tran, Beth Rasala, and Stephen Mayfield.
2010. “Biofuels from Algae: Challenges and Potential.” Biofuels 1 (5): 763—-84.
https://doi.org/10.4155/bfs.10.44.

Herrero, Miguel, and Elena Ibafiez. 2018. “Green Extraction Processes, Biorefineries
and Sustainability: Recovery of High Added-Value Products from Natural
Sources.” Journal of Supercritical Fluids 134 (December 2017): 252-59.
https://doi.org/10.1016/j.supflu.2017.12.002.

Kliphuis, Anna M J, Lenneke De Winter, Carsten Vejrazka, Dirk E Martens, Marcel
Janssen, and H Wijffels. 2010. “Photosynthetic Efficiency of Chlorella
Sorokiniana in a Turbulently Mixed Short.” Biotechnology Journal 26 (3): 687—
96. https://doi.org/10.1002/btpr_379.

Kohlmeier, Lenore, Jeremy D Kark, Enrigue Gomez-gracia, Blaise C Martin, Susan E
Steck, Alwine F M Kardinaal, Jetmund Ringstad, et al. 1997. “Lycopene and
Myocardial Infarction Risk in the EURAMIC Study.” American Journal of
Epidemiology 146 (8): 618—-26.

Markou, Giorgos, and Elias Nerantzis. 2013. “Microalgae for High-Value Compounds
and Biofuels Production: A Review with Focus on Cultivation under Stress
Conditions.” Biotechnology Advances 31 (8): 1532-42.
https://doi.org/10.1016/j.biotechadv.2013.07.011.

Mata, Teresa M., Anténio A. Martins, and Nidia S. Caetano. 2010. “Microalgae for
Biodiesel Production and Other Applications: A Review.” Renewable and
Sustainable Energy Reviews 14 (2): 217-32.
https://doi.org/10.1016/j.rser.2009.07.020.

Mulders, Kim L. M., Packo P Lamers, Dirk E Martens, and H Wijffels. 2014.
“Phototrophic Pigment Production with Microalgae: Biological Constrains and
Opportunities.” Journal of Phycology 50 (2): 229-42.
https://doi.org/10.1111/jpy.12173.

Nagasaka, Seiji, Naoko K. Nishizawa, Tokuko Watanabe, Satoshi Mori, and Etsuro
Yoshimura. 2003. “Evidence That Electron-Dense Bodies in Cyanidium
Caldarium Have an Iron-Storage Role.” BioMetals 16 (3): 465-70.
https://doi.org/10.1023/A:1022563600525.

Pinto, G. 2007. “Cyanidiophyceae.” In Algae and Cyanobacteria in Extreme
Environments, 387-97. https://doi.org/https://doi.org/10.1007/978-1-4020-6112-
7_20.

Posada, John A., Laura B. Brentner, Andrea Ramirez, and Martin K. Patel. 2016.
“Conceptual Design of Sustainable Integrated Microalgae Biorefineries:
Parametric Analysis of Energy Use, Greenhouse Gas Emissions and Techno-
Economics.” Algal Research 17: 113-31.

22



CHAPTER 1 Introduction

https://doi.org/10.1016/j.algal.2016.04.022.

Pulz, Otto, and Wolfgang Gross. 2004. “Valuable Products from Biotechnology of
Microalgae.” Applied Microbiology and Biotechnology 65 (6): 635-48.
https://doi.org/10.1007/s00253-004-1647-X.

Qiu, Huan, Dana C Price, Andreas P M Weber, Valérie Reeb, Eun Chan Yang, Jun
Mo Lee, Su Yeon Kim, and Hwan Su Yoon. 2013. “Adaptation through Horizontal
Gene Transfer in the Cryptoendolithic Red Alga Galdieria Phlegrea.” Current
Biology 23 (19): 865-66. https://doi.org/10.1016/j.cub.2013.08.046.

Rao, A V, and L G Rao. 2007. “Carotenoids and Human Health.” Pharmacological
Research 55: 207-16. https://doi.org/10.1016/j.phrs.2007.01.012.

Richmond A. 2004. Handbook of Microalgal Culture. Handbook of Microalgal Culture:
Applied Phycology and Biotechnology. https://doi.org/10.1002/9781118567166.

Ruiz, Jesus, Giuseppe Olivieri, Jeroen de Vree, Rouke Bosma, Philippe Willems, J.
Hans Reith, Michel H. M. Eppink, et al. 2016. “Towards Industrial Products from
Microalgae.” Energy Environ. Sci. 24: 405-13.
https://doi.org/10.1039/C6EE01493C.

Ryckebosch, Eline, Charlotte Bruneel, Koenraad Muylaert, and Imogen Foubert.
2012. “Microalgae as an Alternative Source of Omega-3 Long Chain
Polyunsaturated Fatty Acids.” Lipid Technology 24 (6): 128-30.
https://doi.org/10.1002/lite.201200197.

Shaish, Aviv, Ayelet Harari, Lea Hananshvili, Hofit Cohen, Rafael Bitzur, Tamar
Luvish, Esfir Uiman, et al. 2006. “Increases Plasma HDL-Cholesterol in Fibrate-
Treated Patients” 189: 215-21.
https://doi.org/10.1016/j.atherosclerosis.2005.12.004.

Sijtsma, L., and M. E. De Swaaf. 2004. “Biotechnological Production and Applications
of the w-3 Polyunsaturated Fatty Acid Docosahexaenoic Acid.” Applied
Microbiology and Biotechnology 64 (2): 146-53. https://doi.org/10.1007/s00253-
003-1525-y.

Soh, Lindsay, Mahdokht Montazeri, Berat Z Haznedaroglu, Cuchulain Kelly, Jordan
Peccia, Matthew J Eckelman, and Julie B Zimmerman. 2014. “Bioresource
Technology Evaluating Microalgal Integrated Biorefinery Schemes : Empirical
Controlled Growth Studies and Life Cycle Assessment.” Bioresource
Technology 151: 19-27. https://doi.org/10.1016/j.biortech.2013.10.012.

Song, Jinliang, and Buxing Han. 2015. “Green Chemistry : A Tool for the Sustainable
Development of The.” National Science Review 2 (3): 255-56.
https://doi.org/10.1093/nsr/nwu076.

Soni, Badrish, Beena Kalavadia, Ujjval Trivedi, and Datta Madamwar. 2006.
“Extraction, Purification and Characterization of Phycocyanin from Oscillatoria
Quadripunctulata-Isolated from the Rocky Shores of Bet-Dwarka, Gujarat,
India.” Process Biochemistry 41 (9): 2017-23.
https://doi.org/10.1016/j.procbio.2006.04.018.

23



CHAPTER 1 Introduction

Soni, Badrish, Ujjval Trivedi, and Datta Madamwar. 2008. “A Novel Method of Single
Step Hydrophobic Interaction Chromatography for the Purification of
Phycocyanin from Phormidium Fragile and Its Characterization for Antioxidant
Property.” Bioresource Technology 99 D): 188-94.
https://doi.org/10.1016/j.biortech.2006.11.010.

Spolaore, Pauline, Claire Joannis-Cassan, Elie Duran, and Arséne Isambert. 2006.
“Commercial Applications of Microalgae.” Journal of Bioscience and
Bioengineering 101 (2): 87-96. https://doi.org/10.1263/jbb.101.87.

Takaichi, Shinichi. 2011. “Carotenoids in Algae : Distributions , Biosyntheses and
Functions,” 1101-18. https://doi.org/10.3390/md9061101.

Wen, Zhi You, and Feng Chen. 2003. “Heterotrophic Production of Eicosapentaenoic
Acid by Microalgae.” Biotechnology Advances 21 (4). 273-94.
https://doi.org/10.1016/S0734-9750(03)00051-X.

World Commission on Environment and Development Report, World Commission on
Environment and Development Report, Our Common Future, Oxford
University Press Oxford, 1987 ISBN 9780192820808.

Ye, Z., Jiang, J.H., Wu, G.H.. 2008. “Biosynthesis and Regulation of Carotenoids in
Dunaliella : Progresses and Prospects” 26: 352-60.
https://doi.org/10.1016/j.biotechadv.2008.03.004.

Yoshimura, Etsuro, Seiji Nagasaka, Yoshiyuki Sato, Kenichi Satake, and Satoshi
Mori. 1999. “Extraordinary High Aluminium Tolerance of the Acidophilic
Thermophilic Alga, Cyanidium Caldarium.” Soil Science and Plant Nutrition 45
(3): 721-24. https://doi.org/10.1080/00380768.1999.10415835.

24









A cascade extraction of active phycocyanin
CHAPTER 2 and fatty acids from Galdieria phlegrea

Applied Microbiology and Biotechnology
(2019) 103: 9455-9464
https://doi.org/10.1007/s00253-019-10154-0

A cascade extraction of active phycocyanin and fatty
acids from Galdieria phlegrea

Paola Imbimbo 2, Valeria Romanucci 8, Antonino Pollio P, Carolina
Fontanarosa? Angela Amoresano @, Armando Zarrelli 2, Giuseppe
Olivieri ©9*, Daria Maria Monti &

a Department of Chemical Sciences, University of Naples Federico II,
via Cinthia 4, 80126, Naples, Italy

b Department of Biology, University of Naples Federico Il, via Cinthia
4, 80126, Naples, Italy

¢ Bioprocess Engineering Group, Wageningen University and
Research, Droevendaalsesteeg 1, 6700AA, Wageningen, the
Netherlands

d Department of Chemical, Materials and Industrial Engineering,
University of Naples Federico Il, Piazzale Tecchio 80, 80125, Napoli,
Italy

Abstract

The setup of an economic and sustainable method to increase
the production and commercialization of products from microalgae,
beyond niche markets, is a challenge. Here, a cascade approach has
been designed to optimize the recovery of high valuable bioproducts
starting from the wet biomass of Galdieria phlegrea. This unicellular
thermo-acidophilic red alga can accumulate high-value compounds and
can live under conditions considered hostile to most other species.
Extractions were performed in two sequential steps: a conventional
high-pressure procedure to recover phycocyanins and a solvent
extraction to obtain fatty acids. Phycocyanins were purified to the
highest purification grade reported so far and were active as
antioxidants on a cell-based model. Fatty acids isolated from the
residual biomass contained high amount of PUFAs, more than those
recovered from the raw biomass. Thus, a simple, economic, and high
effective procedure was set up to isolate phycocyanin at high purity
levels and PUFAs.
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2.1 Introduction

Microalgae can be rich suppliers of proteins and carbohydrates
and, under stress conditions; they can accumulate large quantities of
lipids. Therefore, microalgae have been claimed to be potential
feedstock for a number of different industrial applications, such as food
commodities, biofuels, bio-based chemicals, fine organics, bioplastics,
pigments, cosmetics, and pharmaceuticals (Moody 2014; Posada
2016; Quinn and Davis 2015; Ruiz 2016; Tredici 2016). With respect to
plants, microalgae possess several advantages: they do not need
arable lands, they can grow on seawater and on residual nutrients from
wastewater, and they possess higher areal productivity (Chauton
2015). However, the analysis of the large-scale production pointed out
that the technologies proposed to obtain only one product are still not
self-sustainable from an economic point of view (Leu and Boussiba
2014; Moody 2014; Quinn and Davis 2015; Ruiz 2016; Tredici 2016).
The reasons rely on the following: (1) high cultivation costs, especially
for cooling in case of adopting close photobioreactor technology, and
(2) low profit per unit of biomass coming from a single specific product,
especially in case of bulk commodities (food, feed, or fuel), which are
characterized by low prices that can hardly compensate the production
cost. An intermediate step is first required to promote investments and
foster the commercialization of algae-based products: the exploitation
of some high value products at production scale smaller than the large
one needed for fuel and food (Gonzalez-Delgado and Kafarov 2011).
In that respect, among the cell components, hydrophilic antioxidants
such as phycocyanins (PCs) (> 100 €/kg and > 100 M€/year) and lipids
rich in polyunsatured fatty acids (PUFAs) (> 10 €/kg and > 100 M€/year)
are good candidates due to their high selling price (Ankush 2019; Ruiz
2016). Moreover, customers are frequently willing to pay a higher price
for biobased products than for chemical-based products. Here, a
cascade approach has been designed to get two classes of high-value
molecules, starting from the same cultivation: phycocyanins and
polyunsaturated fatty acids. PC is an antenna pigment, which increases
the photosynthetic efficiency by collecting light energy at wavelengths,
which chlorophylls do not absorb. PC is water soluble, very stable
overtime at its physiological pH, and contains a chromophore prosthetic
group. The latter is very fluorescent and is currently used in flow
cytometry, immunological analysis, and in detection of reactive oxygen
species. In addition, PC is a protein endowed with a strong antioxidant,
hepato-protective, anti-inflammatory, neuro-protective, and anti-
proliferative activity (Carfagna 2015; Fernandez-Rojas 2014; Patel
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2018; Romay 2003; Sonani 2017). However, it has to be considered
that the use of PC in industry is still limited because of its sensitivity to
high temperature and extreme pH, which reduce PC yields or may
cause dissociation phenomena, leading to the bleach of the blue color
(Manirafasha 2016; Mehta 2018). PUFAs are essential for human
function, as they have anti-inflammatory, antioxidant, neuro-protective,
and cardioprotective activities, but many of them (such as omega-3 and
omega-6) have to be taken up through the diet (Cuellar-Bermudez
2015; Zarate 2017). Actually, they are obtained from fish oil
(Salmonidae, Scombridae, and Clupeidae families), which is an
unsustainable source both from an economic and environmental point
of view (Patel 2019). Moreover, pollution of marine ecosystems, and
the possibility that fishes accumulate mercury, led to an increased
interest in alternative sustainable sources (Spolaore 2006). Marine
microalgae are a source of commercial omega-3 PUFAs and they are
the primary producers of basic fatty acids in marine food webs (Bergé
and Barnathan 2005). PUFAs from algae also have the advantage of
being suitable for vegetarian and vegan nutrition. In this context, the
microalga Galdieria phlegrea, a unicellular thermo-acidophilic red alga,
has gained our attention since it is rich in pigments and PUFAs.
Additionally, its optimal growth condition is at pH 1.5 and at
temperatures in the range 35-45°C (Carfagna 2015). This represents a
great advantage as it will dramatically reduce the risk of contaminations
in open ponds systems as well as the cooling cost in case of closed
photobioreactors (Sakurai 2016). Here, we set up the optimal
autotrophic growth condition for G. phlegrea (strain 009) and extracted
and purified active PC. Then, by using a cascade approach, we
extracted and purified lipids from the residual biomass. Finally, PC
antioxidant activity was validated in an applicative environment, with a
cell-based model, using human immortalized keratinocytes. This
contribution provides a clear validation of the feasibility of a multiproduct
biorefinery applied to G. phlegrea at lab-scale.

2.2 Material and methods
2.2.1 Microalgal strain and culture conditions

Galdieria phlegrea (strain 009) was provided from the Algal
Collection of the University Federico Il (ACUF, http://www. acuf.net).
Pre-cultures of 50 mL were inoculated in Allen medium (Allen 1968)
with pH 1.5 in bubble column photobioreactors, with a starting
concentration of 8 O.D./mL for autotrophic condition and 14 O.D./mL for
the mixotrophic condition. Cultures were performed at 37+£1°C under
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constant fluorescent light with an intensity of 200 PAR [umol/m?/s]. A
gas-mixing device provided the desired carbon dioxide (CO2)
concentration to the photobioreactors, by mixing air and pure carbon
dioxide from a pressurized vessel at the final flow rate of 3 vwm. In
autotrophy conditions, no organic carbon source was supplemented to
the medium, whereas organic carbon with 3% glycerol (final
concentration) was supplemented during mixotrophy conditions. The
algal growth was monitored daily by measuring the absorbance at 730
nm, which is related to the biomass concentration and is indicated by
optical density (O.D.).

2.2.2 Cell concentration

The biomass of G. phlegrea was measured as O.D.. Analysis of
the dry cell weight was carried out by weighing aliquots of culture. The
O.D. values were converted into biomass concentration via an
appropriate calibration between O.D. and dry cell weight. The
conversion factor was 1 O.D./mL = 0.2 mgbiomass/mL for G. phlegrea.

2.2.3 Protein extraction and quantification.

The biomass was harvested by centrifugation at 1200 g for 30
min at room temperature and resuspendend in 50 mM sodium acetate
pH 5.5 (Wu 2016). Cells were disrupted by two consecutive cycles of
French Press (each at 2 kbar). After centrifugation at 5000 g at 4°C for
30 min, proteins were recovered in the supernatant, whereas the
residual biomass was used to extract lipids (as described below).
Proteins were assayed by BCA Protein Assay Kit (Thermo Scientific).

2.2.4. Phycocyanin quantification and purification

The absorbance of crude extracts was measured at 615 and 652
nm to obtain phycocyanin concentration, according to the Bennett and
Bogorad equation (Bennett and Bogorad, 1973):

c. (m9) = | Absg15nm—(0.474XAbSg52nm)]
PC =
mL 5.34

These wavelengths correspond to the maximum of absorption of
phycocyanin (PC, 615 nm) and allophycocyanin (APC, 652 nm),
respectively. The grade of purity of phycocyanin was calculated by
measuring the ratio As2onm/A2sonm. A single step purification was
performed to recovery phycocyanin. A size-exclusion chromatography
was performed by using a Sephadex G-75 fine equilibrated in 50 mM
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sodium acetate pH 5.5. Fractions were collected and the absorbance at
280 and 620 nm was measured.

2.2.5 Lipid extraction, purification, and analysis

The residual biomass (i.e., after protein extraction) was dried at
60°C for 24 h. Lipids were selectively extracted by mixing CHCl3-MeOH
(2:1 v/v) with a Soxhlet extractor for 8 h. Then, the solution was dried
under nitrogen flux to recover and weigh lipids. One milligram was
placed into a 16 x 125 mm screw-cap Pyrex tube and 1 mL of hexane
and 1 mL of BFs in MeOH (14%, wt/vol) were added. The tube was
incubated in a 50°C water bath for 1 h with vigorous handshaking for
20 s every 30 min. Then, 1 mL of a saturated solution of NaHCOs3 and
2 mL of hexane were added and the tube was vortex-mixed. After
centrifugation, the hexane layer containing the fatty acid methyl ester
(FAME) was placed into a gas chromatography vial, capped, and stored
at — 20°C until GC analysis. The organic layer containing FAMEs was
collected, dried, dissolved in an appropriate volume of hexane (100 pL),
and analyzed using a Shimadzu 2010 series GC FID (Shimadzu,
Milano, Italy). The gas chromatograph was equipped with an SP52-60
capillary column (100 m x 0.25 mm i.d. x 0.20 ym film thickness) with
a non-bonded, poly(bis-cyanopropyl siloxane) phase (Sigma-Aldrich, St
Louis, MO, USA) and nitrogen as the carrier gas. Samples (1 uL) were
introduced into the injector using an AOC-20i auto sampler (Shimadzu,
Milano, Italy) heated to 250°C with a split ratio of 10:1. The initial
temperature was 160°C with a 2 min hold, followed by a 6°C/min ramp
to 200°C with a 2 min hold and finally followed by a 6°C/min ramp to
220°C with a 25 min hold. The following parameters were set during the
experiments: detector temperature, 275°C; carrier gas: helium for
chromatography at a pressure of 1.8 psi, auxiliary gas: hydrogen for
chromatography at a pressure of 18 psi, air chromatography at a
pressure of 22 psi; and sensitivity of the instrument, 4 to 16 times the
minimum attenuation. In situ digestion and mass spectrometry
analyses. Sample aliquots (30 ug) were submitted to electrophoresis
on a 10% polyacrylamide gel (0.1% SDS, 25 mM Tris-HC1, 192 mM
glycine, pH 8.3). Gel was stained with Coomassie Brilliant blue and the
main gel lanes excised from the gel and destained prior to further
processing. Briefly, gel slices were washed with three cycles of 0.1 M
NH4HCO3 pH 8.0 and acetonitrile, followed by reduction (10 mM DTT;
100 mM NH4HCOs3 45 min, 56°C) and alkylation (55 mM IAM; 100 mM
NH4HCOs3, 30 min, RT). Gel slices were washed with three further
cycles of 100 mM NH4HCOs pH 8.0 and acetonitrile. Finally, gel plugs
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were rehydrated in 40 mL sequencing grade modified trypsin (10 ng/uL
trypsin; 10 mM NH4HCO3) and incubated overnight at 37°C. Peptides
mixture was eluted, vacuum-dried, and resuspended in 0.1% formic
acid for LC-MS/MS. Peptide samples were loaded onto a Michrom C18
Captrap to initially desalt samples and from there were introduced
directly into a LTQ-Orbitrap MS (Thermo Fisher Scientific, Surrey, UK)
via a fused silica C18 capillary column (Nikkyo Technos CO, Tokyo,
Japan) and a nanoelectrospray ion source. The mobile phase
comprised H20 with 0.1% formic acid (buffer A) and 100% acetonitrile
with 0.1% formic acid (buffer B). The gradient ranged from 5 to 30%
buffer B in 95 min followed by 30 to 60% B in 15 min and a step gradient
to 85% B for 5 min with a flow of 0.42 yL/min, finally a return to the initial
conditions of 5% B. The FTMS full scan mass spectra (from 450 to 1600
m/z) were acquired with a resolution of r = 60 000. This was followed
by data-dependent MS/MS fragmentation in centroid mode of the most
intense ion from the survey scan using collision-induced dissociation in
the linear ion trap: normalized collision energy 35%; activation Q 0.25;
electrospray voltage 1.5 kV; capillary temperature 200°C; and isolation
width 2.00. Singly charged ions were excluded from the MS/MS
analysis and Xcalibur software version 2.1.0 SP1 build 1160 (Thermo
Fisher Scientific, U.K.) was used for data acquisition. Raw data files
were processed using MaxQuant. MS/MS spectra were searched
against human protein in Uniprot database. Proteins identified by in-gel
digestion proteomics, carbamydomethylation on cysteine and oxidation
of methionine with acetylation of protein N-terminal were considered as
dynamic and static post-translational modifications, respectively.

2.2.6 Cell culture and MTT assay

Human immortalized keratinocytes (HaCaT) were from Innoprot
and were cultured in 10% fetal bovine serum in Dulbecco’s modified
Eagle’s medium, in the presence of 1% antibiotics and 2 mM L-
glutamine, in a 5% CO2 humidified atmosphere at 37°C. Cells were
seeded in 96-well plates at a density of 2x10%/well. Approximately 24 h
after seeding, increasing concentrations of the crude extract or pure PC
(0.1-1 mg/mL) were added to the cells for different length of time. At
the end of each experimental point, cell viability was measured by the
tetrazolium salt colorimetric assay (MTT), as described by Arciello et al.
(Arciello 2011). Cell survival was expressed as the percentage of viable
cells in the presence of the specific molecule compared with control
cells (represented by the average obtained between untreated cells and
cells supplemented with the highest concentration of buffer). Each
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sample was tested in three independent analyses, each carried out in
triplicates. Determination of intracellular ROS levels. The protective
effect of crude extract and of pure PC (0.1 or 0.25 mg/mL), against
oxidative stress, was measured by determining the intracellular reactive
oxygen species (ROS) levels. The protocol used by Del Giudice et al.
was followed (Del Giudice 2017), with some modifications. Briefly, cells
were exposed for 2 h to the molecules under test and then irradiated by
UVA light for 10 min (100 J/cm?). Fluorescence intensity of the
fluorescent probe (2', 7'-dichlorofluorescein, DCF) was measured at an
emission wavelength of 525 nm and an excitation wavelength of 488
nm using a Perkin-Elmer LS50 spectrofluorimeter. Emission spectra
were acquired at a scanning speed of 300 nm/min, with 5 slit width for
both excitation and emission. ROS production was expressed as
percentage of DCF fluorescence intensity of the sample under test,
compared with the untreated sample. Three independent experiments
were carried out, each one with three determinations.

2.2.7 Statistical analyses

In all the experiments, samples were analyzed in triplicate. The
results are presented as mean of results obtained after three
independent experiments (mean + SD) and compared by one-way
ANOVA according to the Bonferroni’'s method (post hoc) using
Graphpad Prism for Windows, version 6.01.

2.3 Results
2.3.1 Effect of carbon dioxide

To establish G. phlegrea optimal growth conditions, different
concentrations of carbon dioxide were tested: 2, 5, and 20% (v/v). As
Galdieria is the only alga, among Cyanidiales, that can grow
autotrophically as well as mixotrophically and heterotrophically, using
over 27 kinds of sugars and sugar alcohols (Gross and
Schnarrenberger 1995), we compared autotrophy and mixotrophy
conditions overtime. Figure 1A shows algal growth in autotrophic
conditions, whereas Figure 1B is referred to mixotrophic conditions.
CO2 negatively affected algal growth in both the experimental
conditions analyzed, as an increase of the pH value was observed (pH
3) and a concomitant decrease in the total biomass concentration was
found. Accordingly, in the absence of COz2, a significant increase in the
algal growth (up to 3.4 g/L for autotrophic growth and 6 g/L for
mixotrophic growth) was observed (Figure 1C, D). Thus, during
mixotrophy (Figure 1D), the reached biomass concentration is almost
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two-fold higher than during autotrophy (Figure 1C), suggesting
mixotrophy as the best growth condition.
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Figure 1: Growth of Galdieria phlegrea in photobioreactors. Cells were grown in
the presence on increasing amount of CO2, and O.D. was measured every day.
Growth is expressed as a function of time. A, C: Cells grown in autotrophy. B, D; Cells
grown in mixotrophy. A, B: Black circles, cells grown in the presence of 2%CO., empty
circles, cells grown in the presence of 5% COz2; black triangles, cells grown in the
presence of 20% CO:. C, D: G. phlegrea grown in the absence of CO, reported as

biomass concentration.
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2.3.2 Biorefinery process design

In the context of using microalgae in a biorefinery approach, an
efficient model for the recovery and isolation of high-value products was
designed. The strategy (Figure 2) was focused on the subsequent
extraction of two class of molecules, phycocyanin and lipids, starting
from phycocyanin, which has the highest market value.

Harvesting

!

—>| Cell disruption

!

Centrifugation |=»| Proteins

v
Pellet
|
Drying
|
Solvent extraction [—»| Lipids |=>| Lipid separation

¢

Drying

Figure 2: A schematic representation of the biorefinery strategy design.
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2.3.3 Pigments extraction and purification

The harvested biomass was extracted by two cycles of French
Press. Supernatants were analyzed by SDS-PAGE followed by
Coomassie staining (Figure 3A) and revealed the presence of two major
protein species, whose molecular weight corresponded to those of a-
and B-subunits of PC. As PC is a blue colored protein, it is visible also
in the absence of any coloration (Figure 3B), or after exposure to UV
light (Figure 3C), taking advantage of its fluorescent nature. These
results suggested that the two major protein species were PC.

B
Autotrophy  Mixotrophy Autotrophy  Mixotrophy Autotrophy Mixotrophy

wa 1 2 3 4 5 wa 1 2 3 4 a 1 2 3 4 5

Figure 3: PC extraction from Galdieria phlegrea grown in autotrophic and
mixotrophic conditions. SDS-PAGE analysis of samples after French Press
extraction. Lane 1: molecular weight markers; lanes 2—3: soluble proteins after the 1st
and 2" cycle of extraction by French Press of biomass grown in autotrophy; lanes 4—
5: soluble proteins after the 15t and 2" cycle of extraction by French Press of biomass
grown in mixotrophy. In all lanes, 30 ug of total proteins was analyzed. A: SDS-PAGE
stained by Blue Coomassie. B: Unstained gel. C: Gel exposed to UV light.

As shown in Table 1, total proteins and PC extracted by the
French Press were very similar in both the analyzed conditions.
Interestingly, even though the protein yield was not high, the ratio
between PCs and total proteins was higher than 60%, with a relative
purity grade of 3.
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Table 1. Extraction yield of Galdieria phlegrea grown in autotrophic and
mixotrophic conditions

Total protein  Total PC  Protein yield PC yield PC/proteins

(mg) (mg) (%) (%) (%)
Autotrophy 45+5 28+4 15+3 9+3 63
Mixotrophy 48+4 31+7 16+2 10+3 64

It has been reported that different purity grades indicate different
applications of phycocyanin: (i) food grade if purity is < 0.7, (ii) reagent
grade, when the ratio is between 0.7 and 3.9, and (iii) analytical grade
if the ratio is = 4.0 (Fernandez-Rojas 2014). The isolation of
phycocyanin was performed by a single step of purification, using a
size-exclusion chromatography. SDS-PAGE analysis (Figure S1)
showed the presence of few protein bands identified as phycocyanin by
in situ digestion and mass spectrometry analyses, thus confirming the
high purity level of the sample. Moreover, the purity grade reached was
higher than 5 for autotrophy and higher than 2 for mixotrophy (Table 2).
Thus, we decided to use the residual biomass from autotrophic growth
to extract lipids. The PC was recovered with a rate of 179 mg/g cell
mass of G. phlegrea through this protocol.

Autotrophy Mixotrophy

ka 1 2 3 4 5 6 7 8 9

Figure S1: PC purification from Galdieria phlegrea extracts grown in
autotrophic and mixotrophic conditions. SDS-PAGE analysis of samples after
purification. Lane 1: molecular weight markers; lane 2: soluble proteins extracted by
French Press grown in autotrophy (30 pg); lanes 3-5: samples eluted by the size-
exclusion chromatography (5 pg); lane 6: soluble proteins extracted by French Press
grown in mixotrophy (30 pg). Lanes 7-9: samples eluted by the size-exclusion
chromatography (5 ug).
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Table 2. Concentration and purity grade of PC after purification.

PC concentration Purity grade

(mg/mL) (Abse20 /Abs27s8)
Autotrophy
Crude extract 1.9+0.1 3
Fraction 2 0.119+0.003 5.02
Fraction 3 0.224+0.04 5.28
Fraction 4 0.216+0.09 5.01
Mixotrophy
Crude extract 1.7+0.8 1.9
Fraction 2 0.126+0.03 2.8
Fraction 3 0.243+0.02 2.97
Fraction 4 0.272+0.08 2.76
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2.3.4 Lipid extraction and purification

According to the circular economy strategy, we extracted lipids
as the second class of molecules. The lipid extraction was performed
on residual algal biomass after a drying step. In order to verify if lipids
extraction could be affected by the previous French Press extraction, in
a parallel experiment, lipids were extracted also from the raw dried
biomass. As shown in Table 3, the yield of total lipids was 79% for the
raw biomass and 21% for the disrupted biomass. The isolation of three
different lipid classes was carried out by performing a solid phase
extraction (SPE), and results are reported in Table 3. Then, a gas
chromatography analysis was performed and the results are reported
in Table 4. It is interesting to notice that polyunsaturated,
monounsaturated, and saturated fatty acids were present, but a
significant increase in PUFAs content was observed in the disrupted
biomass, in comparison with the raw one, as reported in Figure 4. In
particular, in the raw material, oleic (MUFA) and linoleic (PUFA) acids
(3.72 and 2.00%, respectively) were mainly present, whereas, in the
disrupted biomass, w-3 eicosapentaenoic acid (EPA, 6.81%), the two
w-6 linoleic (LA, 9.61%) and arachidonic acids (AA, 9.00%), and the
monounsaturated oleic acid (OA, 4.00%) were present, along with lower
percentages of a-linoleic (ALA), y-linoleic (GLA), dihomo-y-linoleic
(DGLA), and palmitoleic (POA) acids. As for the saturated fatty acids,
about 90% were present in the raw material and only 60% in the
disrupted biomass, with palmitic and stearic acids as the main species,
in the ratio of 3 to 1 in both materials.

Table 3. Yields of total lipids. Mean yields are expressed as the percentage
of the ratio between each algal compound and dried biomass.

Lipid yield Neutral lipids Fatty acids  Phospholipids

(%) (%) (%) (%)
Before French press 79+26 68+23 16+2 56+28
Post French press 213 33+2 17+1 41+3
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Table 4. Gas chromatography analysis on samples before and after
French Press. Polyunsaturated, monounsaturated and saturated fatty acids
are reported as relative percentages.

PUEA Before French press  Post French press

(%) (%)
FATTY
ACIDS
18:3 (n-3) a-Linoleic acid (ALA) - 1.31+0.30
20:5 (n-3) Eicosapentanoic acid (EPA) - 6.81+1.50
22:5 (n-3) Docosapentanoic-n3 acid (DPA) 0.17+0.04 0.41+0.10
18:2 (n-6) Linoleic acid (LA) 2.00+0.24 9.61+1.11
18:3 (n-6) y-Linoleic acid (GLA) - 3.30+0.40
20:3 (n-6) Dihomo-y-linoleic acid (DGLA) 0.23+0.05 2.40+10
20:4 (n-6) Avrachidonic acid (AA) 0.16+0.01 9.00£0.30
22:4 (n-6) Docosatetraenoic acid (DTA) - 0.20£0.01
MUFA
16:1 Palmitoleic acid (POA) 0.42+0.01 1.204£0.20
18:1 Oleic acid (OA) 3.72+0.80 4.00£0.70
SFA
16:0 Palmitic acid (PA) 69.0+3.3 45.1+3.0
18:0 Stearic acid (SA) 22.0+2.1 13.0£1.5
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Figure 4: Percentage of total polyunsaturated fatty acids. The black bar refers to
PUFA extracted from the raw biomass and the grey bar to PUFA extracted from the
residual biomass after PC extraction. **** p < 0.00005 between the samples.

2.3.5. Phycocyanin characterization

It is known that PC is endowed with many biological functions,
among which the antioxidant activity. In order to verify that the
extraction procedures did not affect PC biological activity, we analyzed
its ability as an antioxidant agent. First, we analyzed its biocompatibility
on immortalized human keratinocytes (HaCaT). Thus, cells were
incubated in the presence of increasing amount of PC (from 0.1 to 1
mg/mL) for different length of time (24—72 h). In a parallel experiment,
the crude extract was analyzed as it is widely used to produce functional
food or food additives (Chentir 2018). At the end of each incubation, cell
viability was assessed by the MTT assay, and cell survival was
expressed as the percentage of viable cells in the presence of PC or of
the crude extract compared with that of untreated cells. Interestingly,
no cytotoxic effect was observed when cells were incubated with pure
phycocyanin (Figure 5A) under all the experimental conditions
analyzed. On the other hand, when cells were incubated with the crude
extract, a 50% reduction in cell viability was observed at the highest
concentration after 72 h of incubation (Figure 5B). Once established the
complete biocompatibility of purified PC, the protective effect on UVA-
stressed HaCaT cells was evaluated. Keratinocytes were chosen as
antioxidants should be able to protect the skin from UV-induced
oxidative stress, as they are normally present in the outermost layer of
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the skin. As a source of stress, we used a UVA lamp, commonly used
in the nail products industry. Cells were treated with 0.1 mg/mL and
0.25 mg/mL of PC or the crude extract for 2 h, and then oxidative stress
was induced by UVA irradiation (100 J/cm?) for 10min. At the end of the
irradiation, H2-DCFDA was added to measure intracellular ROS level.
As shown in Figure 5C, UVA induced a significant increase in
intracellular ROS levels (200%) with respect to untreated cells.
Interestingly, cells treated with 0.25 mg/mL of the crude extract showed
an increase of intracellular ROS levels in the absence of any treatment,
and no protection after UVA treatment, thus suggesting that the crude
extract acts as a source of stress per se. Noteworthy, cells treated with
0.25 mg/mL of pure phycocyanin did not show any alteration in ROS
level (Figure 5D), and a significant protection against UVA-induced
oxidative stress was observed when cells were treated with either 0.1
or 0.25 mg/mL of the purified PC.
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Figure 5. Effect of crude extract and pure phycocyanin on HaCaT cells. A, B:
Dose-response curves of HaCaT cells after 24 h, 48 h and 72 h incubation with
increasing concentrations of crude extract (A) or pure PC (B) (0.1-1 mg/mL). Cell
viability was assessed by the MTT assay and reported as a function of extract
concentration. Data shown are means + S.D. of three independent experiment. C, D:
Cells were pre-incubated in the presence of 0.1 mg/mL and 0.25 mg /mL crude extract
(C) or pure PC (D) for 2 h and then irradiated by UVA (100 J/cm?). Intracellular ROS
levels were evaluated by DCFDA assay. Values are expressed as fold increase with
respect to control (i.e. untreated) cells. Data shown are means + S.D. of three
independent experiment. ** indicates p<0.005, *** indicates p<0.0005 with respect to
UVA treated cells.
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2.4 Discussion

In this study, we have shown a feasible design to obtain different
high-value molecules starting from the wet biomass of Galdieria
phlegrea. We first extracted proteins and phycocyanin, with a ratio
between total phycocyanin and total proteins higher than 60%. This
ratio is much higher than that previously reported by Carfagna and
colleagues, who found that PC content was about 10% (Carfagna
2018). Moreover, the purity grade of PC in the raw extract was already
3, and became higher than 5 at the end of the single purification step.
To the best of our knowledge, this is the first report on the purification
of PC from G. phlegrea by a single step procedure and with such a high
purity grade (Sonani 2016). It must be stressed out that the proposed
procedure to isolate PC from G. phlegrea is an economical process, as
it is obtained from wet biomass, in aqueous buffer and by using a size
exclusion chromatography, which could be easily substituted by
ultrafiltration in a scaling-up process. Thus, our procedure is
economically sustainable and much “greener” than others, which
usually use dried biomass or detergents and at least two purification
steps (Sonani 2016). Moreover, PC isolated by this procedure is active
as antioxidant molecule when tested on a cell-based model. UV
radiations were used to test the antioxidant potential of the purified PC.
Indeed, it is well known that UV radiations are considered one of the
most harmful exogenous factors for the human skin, as, in addition to
the development of erythema, ROS are produced. Particularly, in the
last few years, UVA radiations have been used in the nail industry more
and more often. A recent paper reported that two healthy women,
middle-aged, with no personal or family history of skin cancer,
developed squamous cell carcinoma on the dorsum of their hands. Both
women reported previous exposure to UVA radiation for cosmetic nalil
treatment (Diffey 2012). This has prompted some concerns about the
safety of this procedure (Diffey 2012). Interestingly, PC was able to
counteract the negative effects induced by UVA radiation. PC
antioxidant activity at 0.1 mg/ mL is in agreement with that one reported
in vivo by Sonani and coworkers (Sonani 2017) who purified PC from
Synechococcus, but with a lower purity grade, 4. Even though PC is
widely considered as an antioxidant protein, nothing is reported in
literature on its activity on stressed eukaryotic cells, but its activity is
rather demonstrated only by in vitro assays, with some concerns from
the scientific community (Charalampopoulos 2018). Moreover, starting
from the residual biomass, we isolated polyunsaturated fatty acids.
Interestingly, we found that the amount of isolated PUFAs from the
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broken biomass (34%) was higher than that obtained from the raw
biomass (2.5%), suggesting that the biorefinery procedure here
described could be a good alternative to obtain PUFAs without using
fish oil (about 25% PUFAs) (Miyaguti 2018). Among the several
advantages of using PUFAs from microalgae, there is the absence of
fishy taste, fishy smell, no risk of carcinogens accumulation, and the
possibility to use “vegetarian,” “vegan,” or “organic” labels. Moreover,
the world demand of PUFAs is increasing, as it is used for infants,
nutritional supplements, and pharmaceuticals (Deschamps 2016). To
date, microalgae are considered significant sources of PUFAs, as up to
30-70% of lipids in their cell dry weight is found (Breuer 2013; Chisti
2007; Sun 2018). It is well established that several factors can influence
lipid accumulation, such as nitrogen and phosphorus starvation, pH,
temperature, and light intensity (Hindersin 2014), leading to a 20%
increase (Ramesh Kumar 2019). However, stress conditions imply
extremely controlled systems and the possibility to obtain only lipids. In
addition, stress conditions enhance the accumulation of intracellular
triacylglycerol lipids which contain lower amount of PUFAs with respect
to polar lipids, mainly located on the cell membrane (Breuer 2013). By
using our procedure, PC and lipids can be easily and economically
obtained in a cascade approach.
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Abstract

A green approach was used to recover, in a cascade approach,
phycocyanins, carotenoids and lipids from Galdieria phlegrea.
Phycocyanin  extraction was performed by high-pressure
homogenization and purified by ultrafiltration, whereas carotenoids
were obtained by a pressurized liquid extraction and lipids by
supercritical fluid extraction. The second step of this innovative, green
and cost-effective procedure is able to improve the recovery of
zeaxanthin and B-carotene up to 40%, without affecting the quality of
compounds and avoiding the use of organic solvents and the drying
processes. The isolated carotenoids were active as antioxidants, as
clearly shown by their protective activity on a cell-based model. Lipid
yield was increased by 12% with respect to traditional methods.
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3.1 Introduction

Microalgae are a continuous and reliable source of safe natural
and high value products, such as soluble proteins, polyunsaturated fatty
acids (PUFA) and pigments. Phycocyanins (PCs) are blue colored,
highly fluorescent and water-soluble proteins, synthetized in
cyanobacteria and red algae. PCs, as the other phycobiliproteins, are
antenna pigments able to improve the photosynthetic efficiency of
microalgae. Because of their brilliant color, PCs are commonly used in
cosmetic and food industry (Santiago-Santos, Ponce-Noyola, Olvera-
Ramirez, Ortega-LOpez, & Cafiizares-Villanueva 2004). They are also
endowed with therapeutic properties such as antioxidant, anti-
inflammatory, hepato-protective and antitumoral activity (Basha 2008).

Among pigments, carotenoids function as accessory pigments in
light-harvesting photosystem during photosynthesis (Jin & Melis 2003)
and they are also important for their antioxidant function, as they
deactivate free radicals, thus preventing cell damages. In the last
decades, carotenoids have attracted great interest for their beneficial
effect on human health. The demand of carotenoids is rapidly growing:
the global carotenoid market was estimated to be ~1.24 billion USD in
2016, and is projected to increase to ~1.53 billion USD by 2021, at a
compound annual growth rate (CAGR) of 3.78% from 2016 to 2021
(Sathasivam & Ki 2018). To date, commercially available carotenoids
are generally synthetic, since they are more stable than natural ones.
However, the emulsified preparations of synthetic carotenoids show
high toxicity, carcinogenicity, and teratogenicity properties, thus
generating criticism among health-conscious consumers (Nagarajan,
Ramanan, Raghunandan, Galanakis, & Krishnamurthy 2017). Being
microalgae good producers of many pigments, the extraction of
carotenoids from these microorganisms would be very competitive in
the market and would have a huge economic impact (Ambati 2019).
Microalgae can accumulate also significant amount of lipids (from 1 to
70%) (Spolaore, Joannis-Cassan, Duran, & Isambert 2006), depending
on the strain and the culture conditions (Pruvost, Van Vooren, Le Gouic,
Couzinet-Mossion, & Legrand 2011).

Lipids can be employed as feedstock for nutraceutical,
pharmaceutical, foods and biofuel industries. To date, bioenergy
market has the lowest value. This is due to the fact that biogas,
bioethanol and biodiesel have a selling price of 0.2€/m3, 0.4 €/Kg,
0.5 €/L respectively, a price that still exceeds their high downstream
process costs (20.5€/m3, 33.34€/kg, 25.56g€/L respectively)
(Barsanti & Gualtieri 2018). Thus, an improvement in efficient, cost-
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effective and green extraction techniques to produce high-quality
compounds is needed. In this context, microalgae are an excellent
source of molecules endowed with biological activity. Noteworthy, the
design of a suitable integrated biorefinery platform able to efficiently
extract target compounds in a cascade approach, and in accordance
with the green chemistry principles, is still a challenge. Among all the
innovative techniques, compressed fluid extractions are considered the
most competitive ones, since they may fulfill these criteria (Gallego,
Bueno, & Herrero 2019).

In this context, pressurized liquid extraction (PLE) and
supercritical fluid extraction (SFE) are the most widely employed as
they are based on the use of the same system, so they would represent
a process intensification. PLE and SFE are innovative techniques that
use liquid solvents at elevated temperature and pressure to extract
molecules. Moreover, the extraction performance are enhanced as
compared to those techniques carried out at near room temperature
and atmospheric pressure (Camel 2001; Gallego & Bueno 2019;
Mubarak, Shaija, & Suchithra 2015).

In the present work, we set up a cascade approach to recover
high value bioproducts from Galdieria phlegrea, a unicellular thermo-
acidophilic red alga. The experimental strategy is reported in Figure 1.
Starting from the previously established technique used to disrupt cells
and extract PCs (Imbimbo 2019), an optimization of the isolation of PC
was carried out. Then, the residual wet biomass was used to extract
two different bioproducts in two sequential steps: carotenoids by using
Pressurized Liquid Extraction (PLE) and finally lipids by Supercritical
Fluid Extraction (SFE). The bioactivity of the extracted carotenoids
obtained by PLE was validated on a cell-based model, using human
immortalized keratinocytes, and compared to the bioactivity of the
commercial molecules.

3.2 Material and methods
3.2.1 Reagents

HPLC-grade acetone and methanol were from VWR (Barcelona,
Spain). Antibodies were from Cell Signal Technology (Danvers, MA,
USA). All the other reagents and standards were from Sigma-Aldrich
(Madrid, Spain).

3.2.2 Microalgal strain and culture conditions

Galdieria phlegrea (strain 009) was provided from the Algal
Collection of the University Federico Il (ACUF, http://www.acuf.net).
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Cells were grown in autotrophic conditions in photobioreactors, as
described in Imbimbo et al. (Imbimbo 2019)

3.2.3 Phycocyanin extraction and purification

After harvesting the biomass by centrifugation at 1200 g for 30
min at room temperature, cells were suspended in 50 mM sodium
acetate pH 5.5 (Wu, Wang, Xiang, Li, & He 2016). Cell disruption was
performed by high-pressure (French Press). Two consecutive cycles,
each at 2 kbar, were performed to disrupt the biomass. Cell lysate was
obtained by centrifugation at 5000 g at 4°C for 30 min and proteins were
recovered in the supernatant, whereas the residual biomass was used
for further extractions. To purify PC, two single step purification
techniques were used in parallel: gel-filtration and ultrafiltration.

The size-exclusion chromatography was performed by using a
Sephadex G-75 fine equilibrated in 50 mM sodium acetate pH 5.5. The
ultrafiltration was performed by using 100 kDa molecular weight cut off
membranes and the process was performed at room temperature. At
the end of the purification, the permeate was discarded and the
retentate collected. The grade of purity of phycocyanin was calculated
by measuring the ratio As2onm/A280nm.

3.2.4 Storage of biomass

The residual wet biomass, after protein extraction, was stored at
— 80°C. To avoid that the storage conditions would affect the results,
extraction of carotenoids was performed after 72h.

3.2.5 Conventional carotenoids extraction

Carotenoids were extracted using the method of Reyes et al.
(José, Reyes, Mendiola, & Iba 2014). Briefly, 200 mg of lyophilized
biomass was mixed with 20 mL HPLC-grade acetone containing 0.1%
(w/v) butylate hydroxytoluene (BHT) and the mixture was shaken for 24
h in a thermostatic shaker at 500 rpm and 20°C. Then, the sample was
centrifuged at 4°C for 10 min at 5000 g. The supernatant was collected
and the solvent removed under N2 stream. The extracts were weighted
and stored in the dark at -20°C.

3.2.6 Conventional lipid extraction

Total lipid extraction was performed according to the Axelsson
and Gentili method (Axelsson & Gentili 2014). 25 mg of freeze-dried
microalgae biomass were mixed with 8 mL of chloroform/methanol 2:1
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(v/v). Then, 2 mL of NaCl 0.73% (w/v) were added and mixed again.
The sample was centrifuge at 350 g for 5 min at room temperature,
allowing the separation of the two phases. The lower layer was
removed and collected. The solvent was removed under N2 stream. The
extracts were weighted and stored in the dark at -20°C.

3.2.7 Compressed Fluid Extraction processes

All high pressure extractions were performed in a homemade
compressed fluid extractor coupled to a PU-2080 HPLC pump from
Jasco (Tokyo, Japan). This equipment can be employed to carry out
both PLE and SFE. To this purpose, 2 g of wet algal biomass (the
equivalent of 200 mg of dried biomass) were mixed with silica gel of 150
A (S150) pore size with particle size of 200-425 mesh. The required
amount of this silica gel was added as adsorbent till obtain a static paste
(José 2014). Silica prevents the paste draining in the equipment
pipeline when loading in the extraction cell and improves the solute
recovery (Reyes, Mendiola, Suarez-Alvarez, Ibafiez, & Del Valle 2016).
The mixture was added into a stainless-steel extraction cell sandwiched
between glass wool to prevent clogging problems. Extraction were
carried out in triplicate in two sequential steps, decreasing the polarity
of the solvents, in order to exhaust the microalgae biomass relevant
extractable compounds. Pressurized liquid extraction was performed at
static extraction mode at 100 bar, 50°C for 30 min using pure ethanol
as solvent. The extracts were collected in glass vials, dried under N2
stream and then weighted and stored at -20°C in the dark.
Subsequently, the residue of the previous extraction was used as raw
material for the next step. Supercritical fluid extraction was carried out
in the same apparatus, using CO2 as solvent. The extraction was
performed at 350 bar, 60°C for 100 min. CO:2flow rate was set up at 5
mL/min. Pressure was controlled by using a back pressure regulator.
The extracts were collected in glass vials, dried under N2 stream and
then weighted and stored at -20°C in the dark. A schematic
representation of the used apparatus is reported in figure S1.
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Figure S1: Compressed Fluid Extraction apparatus. The oven is equipped with a
preheater and an extraction cell. Two pumps are connected to the extraction cell and
a back pressure regulator connects the oven to the collection vial.

3.2.8 Total carotenoid determination

The total carotenoid content was determined
spectrophotometrically as described by Gilbert-Lopez et al. (Gilbert-
Lépez 2015). The lipophilic extracts were dissolved in pure methanol in
a concentration ranging from 0.05 to 5 mg/mL. A standard calibration
curve of B-carotene (from 5 to 200 pug/mL) was used to calculate the
concentration of total carotenoids. The absorbance of samples was
recorded at 470 nm. Total carotenoids content was expressed as the
ration of mg of carotenoids and g of extract. Carotenoid yield was
expressed as mg of carotenoids extracted per g of dry biomass.
Analyses was carried out in triplicate.

3.2.9 Carotenoids characterization by HPLC-DAD-MS

Carotenoids were characterized by HPLC-DAD using the
method described by Castro-Puyana et al. (Castro-Puyana 2013), with
some modifications. HPLC analyses were performed using an Agilent
1100 series liquid chromatograph (Santa Clara, CA, USA) equipped
with a diode-array detector, and using a YMC-C30 reversed-phase
column (250 mm x 4.6 mm inner diameter, 5 ym particle size; YMC
Europe, Schermbeck, Germany) and a pre-column YMC-C30 (10 mm
x 4 mm i.d., 5 ym). The mobile phase was a mixture of methanol—
MTBE-water (90:7:3, v/v/v) (solvent A) and methanol-MTBE (10:90,
v/v) (solvent B). Carotenoids were eluted according to the following
gradient: 0 min, 0% B; 20 min, 30% B; 35 min, 50% B; 45 min, 80% B,;
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50 min, 100% B; 60 min, 100% B; 62 min, 0% B. The flow rate was 0.8
mL/min while the injection volume was 10 pL. The detection was
performed at 280, 450 and 660 nm, although spectra from 240 to 770
nm were recorded using the DAD (peak width >0.1 min (2 s) and slit 4
nm). The instrument was controlled by LC Chem Station 3D Software
Rev. B.04.03 from Agilent. Extracts were dissolved in pure methanol in
a concentration ranging from 1 to 10 mg/mL to 10 and filtered through
0.45 um nylon filters before HPLC analysis. Each dilution was injected
in triplicate. For calibration plots, different concentrations of zeaxanthin
(from 3.9 to 62.5 pg/mL) and of B-carotene (from 31.3 to 1000 pg/mL
were analyzed in duplicate as described in Gallego (Gallego & Martinez
2019). The same instrument was directly coupled at the exit of the DAD
to an Agilent ion trap 6320 mass spectrometer (Agilent Technologies)
via an atmospheric pressure chemical ionization (APCI) interface.
Analyses were conducted under positive ionization mode using the
parameters described elsewhere (Gallego & Bueno 2019). This time
extracts were dissolved in pure methanol in concentrations between 10
and 20 mg/mL and injected in duplicate. Automatic tandem mass
spectrometry (MS/MS) analyses were also performed, fragmenting the
two highest precursor ions.

3.2.10 ABTS assay

The antioxidant activity of the lipophilic extract was evaluated by
ABTS assay (2,2'-Azinobis-[3-ethylbenzthiazoline-6-sulfonic acid]). The
colorimetric assay is based on the reduction of the ABTS* radical by the
antioxidant molecules present in the sample. The radical is produced
by the reaction of a 7 mM ABTS solution mixed with 2.45 mM of
potassium persulfate conducted for 16 h at room temperature in the
dark. The mixture is then diluted in deionized water to obtain an
absorbance of 0.7+0.02 at 734 nm. Lipophilic extract in different
concentrations was allowed to react with ABTS for 7 min in the dark and
the absorbance was measured at 734 nm again. Trolox (6-hydroxy-
2,5,7,8- tetramethylchromane-2-carboxylic acid) was used as standard
to obtain a calibration curve. Each extract was analyzed three times in
triplicate.

3.2.11 Cell culture and cytotoxicity assay

Human immortalized keratinocytes (HaCaT) were from Innoprot
(Biscay, Spain), whereas immortalized murine fibroblasts (BALB/c 3T3)
were from ATCC (Manassas, Virginia). Cells were cultured in 10% fetal
bovine serum in Dulbecco’s modified Eagle’s medium, in the presence
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of 1% antibiotics and 2 mM L-glutamine, in a 5% CO2 humidified
atmosphere at 37°C. HaCaT cells were seeded in 96-well plates at a
density of 2x103 cell/well and BALB/c 3T3 at a density of 3x103 cell/well.
Approximately 24 h after seeding, increasing concentrations of
lipophilic extract (from 10 to 100 pg/mL) were added to the cells for
different length of time. At the end of each experimental point, cell
viability was measured by the MTT assay, as described by Arciello et
al. (Arciello 2011). Cell survival was expressed as the percentage of
viable cells in the presence of the lipophilic extract compared to control
cells (represented by the average obtained between untreated cells and
cells supplemented with the highest concentration of buffer). Each
sample was tested in three independent analyses, each carried out in
triplicates.

3.2.12 DCFDA assay

The antioxidant effect of the lipophilic extract (50 pg/mL) was
measured by determining the intracellular ROS levels. The protocol
used by Del Giudice et al. was followed (Del Giudice 2017), with some
modifications. Briefly, HaCaT cells were exposed for different length of
time to the extract under test and then irradiated by UVA light for 10 min
(100 J/cm?). Fluorescence intensity of the fluorescent probe (2',7'-
dichlorofluorescein, DCF) was measured at an emission wavelength of
525 nm and an excitation wavelength of 488 nm using a Perkin-Elmer
LS50 spectrofluorimeter (Shelton, CT, USA). Emission spectra were
acquired at a scanning speed of 300 nm/min, with 5 slit width both for
excitation and emission. ROS production was expressed as percentage
of DCF fluorescence intensity of the sample under test, compared to
the untreated sample. Three independent experiments were carried
out, each one with three determinations.

3.2.13 Determination of lipid peroxidation levels

The levels of lipid peroxidation were determined by using the
thiobarbituric acid reactive substances (TBARS) assay according to the
protocol proposed by Petruk et al. (Petruk 2016). Briefly, HaCaT cells
were pre-incubated for 15 and 30 min with lipophilic extract and then
irradiated by UVA light for 10 min (100 J/cm?). Cells were detached by
trypsin, centrifuged at 1000 g for 10 min and 5x10° cells were
resuspended in 0.67% thiobarbituric acid (TBA) and an equal volume
of 20% trichloroacetic acid was added. Samples were then heated at
95°C for 30 min, incubated on ice for 10 min and centrifuged at 3000 g
for 5 min, at 4°C. TBA reacts with the oxidative degradation products of
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lipids in samples, yielding red complexes that absorb at 532 nm. Lipid
peroxidation levels were expressed as percentage of absorbance at
532 nm of the sample under test, compared to the untreated sample.
Three independent experiments were carried out, each one with three
determinations.

3.2.14 Western blot analysis

HaCaT cells were seeded at a density of 3x10° cells/cm? in
complete medium for 24 h and then treated with 50 pg/mL of lipophilic
extract for different length of time. To analyze Nrf-2 expression levels,
nuclear and cytosolic lysate were prepared as follow. Cells were
detached by trypsin, centrifuged at 1000 g for 10 min. Pellets were
resuspended in lysis buffer (0.5% Triton X-100 in PBS pH 7.4)
containing protease and phosphate inhibitors. After 20 min incubation
on ice, samples were centrifuged at 1200 g for 5 min at 4°C. The
supernatants were removed and collected as cytosolic lysates. The
residual pellets were washed in the same buffer and resuspended in
RIPA buffer (50mM Tris-HCI pH 7.4, 1% NP-40, 0.25% Na
deoxycholate, 150 mM NaCl, 1 mM EDTA) completed with protease
and phosphatase inhibitors. After 20 min incubation on ice, vortexing
every 5 min, samples were centrifuged at 14000 g for 30 min at 4 °C.
The supernatants were collected as nuclear lysates. Concentration of
samples was determined by the Bradford assay and the samples were
analyzed by SDS-PAGE (sodium dodecyl sulfate—polyacrylamide gel
electrophoresis) and western blot analysis. To normalize protein
intensity levels, antibodies against GAPDH and B23 were used. The
chemiluminescence detection system was from Bio-Rad (Hercules, CA,
USA).

3.2.15 Statistical analysis

Experimental data results were analysed by ANOVA and means were
compared by Tukey's HSD (SPSS statics V15 IBM, New York, United
States), Value of p<0.05 was considered statistically significant, figured
by alphabetical letters along means in tables.

3.3 Results and Discussion

3.3.1 Optimization of phycocyanin purification

We recently set up a procedure to disrupt G. phlegrea biomass
by using a conventional high-pressure procedure. PC was then easily
recovered from the supernatant by a single purification step, i.e. the gel-
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filtration (Imbimbo 2019). However, from an economic point of view, the
size exclusion chromatography is not feasible, as it is difficult to be
scaled-up. Thus, we optimized PC purification by using ultrafiltration
and compared the results with those previously obtained. As shown in
Table 1, both ultrafiltration technique and gel filtration let us to obtain a
PC with a purity grade. It is known that a purity grade <0.7 is indicative
of a food grade, between 0.7 and 3.9 is of reagent grade and 24.0 of
analytical grade (Fernandez-Rojas, Hernandez-Juarez, & Pedraza-
Chaverri 2014). As for the yield, about 80% PC was obtained with both
techniques. However, the protein concentration was much higher when
ultrafiltration was used, as 13 mg/mL of PC were obtained with respect
to 0.19 mg/mL of gel-filtration.

Table 1. Comparison in PC recovery after gel-filtration and ultrafiltration.
PC was determined spectrophotometrically. Data shown are means + S.D.
of three independent experiments. a indicates p<0.05 with respect to gel-
filtration.

Technique used  Initial PC PC recovery  PC concentration  Purity grade

(MY/ viomass) (%) (mg/mL) (Abss20/Abszso)
Gel-filtration 98+1.4 7848 0.19+0.01 5+0.2
Ultrafiltration 98+1.4 80+7 13+1.42 5+1

3.3.2 Total carotenoids extraction

Starting from the residual wet biomass after PC extraction,
carotenoids extraction was performed by using PLE technology. In
order to compare the carotenoids extraction after PLE, a conventional
acetone extraction was performed in parallel on dried raw biomass and
on the dried residual biomass after PC extraction, as schematized in
Figure 1. Usually, one of the mechanism used to break cell wall is
freeze-drying the biomass, which is a high energy consuming treatment
and causes rapid loss and degradation of carotenoids, thus affecting
the bioactivity of the desired compounds (Mcmillan, Watson, Ali, &
Jaafar 2013; Papaioannou, Roukas, & Liakopoulou-Kyriakides 2008).
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Figure 1. A schematic representation of the extraction strategy.

The results of the extractions are reported in Table 2. The carotenoid
yield is expressed as mg of carotenoids extracted per g of dry biomass.
It is interesting to notice that the conventional extraction allowed to
obtain 62 mg of carotenoids from the raw biomass, whereas about 100
mg where recovered starting from the disrupted biomass. Thus, a
significant increase (p<0.05) in total carotenoids extraction was
observed when the disrupted biomass was used. When PLE was
employed on residual wet biomass, about 90 mg of carotenoids were
obtained. Noteworthy, although the PLE did not increase the extraction
yield with respect to the conventional method, the time needed to obtain
carotenoids significantly decreased from 24 h to 30 min. In addition, no
organic solvents were used, thus suggesting that this technology is
green and very effective. In terms of total carotenoids content in the
extract, the high-pressure procedure did not extract carotenoids, but
allowed a further better extraction. In fact, as shown in Table 2, the
conventional extraction allowed an increase in carotenoids content up
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to 63% when the disrupted biomass was used instead of the raw one
(p<0.05). Surprisingly, PLE allowed a further increase of 250% in total
carotenoid content when compared to the conventional extraction
technique on the disrupted biomass (p<0.005) and 400% on the raw
biomass (p<0.05).

Table 2. Comparison between conventional extractions performed on
raw biomass and biomass post French press extraction and PLE
extraction after French press in terms of extracted carotenoids. Data
shown are means + S.D. of three independent experiment. a indicates p<0.05
with respect to raw biomass, b indicates p<0.005 with respect to conventional
extraction after PC recovery and c indicates p<0.005 with respect to raw
biomass.

Sample Carotenoids  Carotenoids  Zeaxanthin p-carotene
yield content (MQ/g extract)  (MQO/Y extract)
(mg/g biomass) (mg/g extract)
Raw biomass
] . 62+2 222424 2.740.3 22+4

(conventional extraction)
Post French press
(Conventional extraction) lOOiSa 362i24a 334137a 32076
Post French press (PLE) 896 911+23% 48+5? 436+60°

3.3.3 Carotenoids characterization by HPLC-DAD-MS

Carotenoids obtained by PLE technique were analyzed by high-
performance liquid chromatography coupled to diode array detector
and mass spectrometry detector (HPLC-DAD-MS) in order to collect
more information about the specific pigments (carotenoids and
chlorophylls). When possible, a tentative identification was
accomplished by combining the information provided by UV-vis spectra
from DAD, [M + H]* and MS/MS fragmentation patterns from mass
spectrometry detector and bibliographic search (Table 3).

Chromatographic profiles shown in Figure 2 revealed that the
extract obtained by PLE with ethanol is the one with the highest number
of pigments. Peaks number 4, 5 and 11 stood out as the most relevant
ones and they could be tentatively identified as zeaxanthin, chlorophyll
a and [3-carotene respectively. These pigments were also present in the
pressurized liquid extracts obtained with ethanol from other microalgae
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(Neochloris oleoabundans) (Castro-Puyana 2013) and Porphyridium
cruentum (Gallego, Martinez, Cifuentes, Ibafez, & Herrero 2019).
Protonated ions of these compounds were detected (m/z 569.6 [M + H]*
for zeaxanthin, m/z 894.0 [M + H]* for chlorophyll a and m/z 537.7 [M +
H]* for B-carotene), along with fragment ions of zeaxanthin and
chlorophyll a produced by the loss of a water molecule (m/z 551.5 [M +
H — H20]*) or phytyl group (m/z 615.4 [M + H — C20H3s]*) respectively.
Furthermore, the identification of these three compounds was
corroborated by the injection of commercial standards.

Other minor chlorophylls, peaks 2 and 9 were tentatively
assigned as hydroxychlorophyll a (Castro-Puyana 2013) and
pheophytin a (Gallego & Bueno 2019) due to their UV-vis UV and
MS/MS spectra, showing the particular loss of a phytyl group. Peaks
number 6 and 10 have been tentatively identified as chlorophyll a’ and
pheophytin @' in concordance with their spectra, similar to those of
chlorophyll a and pheophytin a, but presenting longer retention times.
Peak number 3 presented the characteristic absorbance spectrum of
chlorophylls, and therefore have been designed as chlorophyll-type.

The rest of the minor peaks in the chromatogram presented the
characteristic absorbance spectrum of carotenoids. With the exception
of peak number 7, that could not be detected in MS due to the lack of
enough ionization efficiency, the rest of carotenoids were characterized
in terms of [M + H]* and many fragments from MS/MS were detected.
However, a tentative identification was not possible. On the other hand,
it is not the first time that peak number 12 has been reported. This
carotenoid with UV-vis spectrum with maximums at 446 and 472 nm
was previously mentioned in gas expanded liquid (GXL) extracts
obtained with 75% of ethanol from Scenedesmus obliquus microalga
(Gilbert-Lépez 2017). In conclusion, the pigment analysis revealed [3-
carotene and zeaxanthin as the two main carotenoids in all extracts in
agreement with Marquardt (Marquardt 1998), but with a different
microalgal strain (G. sulphuraria).

In addition, a method based on HPLC-DAD was employed to
quantify the amount of zeaxanthin and B-carotene. To fit the calibration
curves prepared with the commercial standards of both pigments, the
samples analyzed were diluted in pure methanol at different
concentrations: 10 mg/mL for the conventional extraction starting from
raw biomass, and 1 mg/mL for the two extracts obtained after French
press. Quantification results are reported in Table 2. As we expected,
PLE improved the amount of both pigments. Nevertheless, the increase
obtained was surprisingly interesting: up to 40% in comparison with the
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ones obtained by conventional extraction and to about 2000 times with
respect to the raw biomass.

Table 3. Pigments detected in Galdieria phlegrea extracts after PLE.

Peak Identification RT UV-Vis max, [M+H]* MS/MS main fragments
(min) nm mz detected

1 Carotenoid 13.706 450, 475 664.3 607.5,551.5,4954

2 Hydroxychlorophyll a 15.062 430, 663 910.1 §03.0,0631.8,614.5

3 Chlorophyll-type 15.696 426, 665 940.7 629.4,661.4,907.7, 852.7,

4 Zeaxanthin® 17.926 428,450,476 569.6 551.5

5 Chlorophyll a* 19.092 432,664 894.0 615.4,5833

6 Chlorophyll a’ 20.523 430, 665 894.1 615.6

7 Carotenoid 21.453 445,471 - -

8 Carotenoid 24772 450, 476 584.7 564.8

9 Pheophytin a 30.425 408, 666 872.1 594.0, 683.3,535.5

10 Pheophytin a’ 31.681 408, 660 871.9 503.8

11 B-Carotene™ 33.685 450,475 537.7 -

12 Carotenoid 35.591 446,472 592.8 5334

“Identification corroborated by comparison with commercial standards: RT: retention time
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Figure 2. Representative HPLC-DAD chromatograms of carotenoids extracted
from G. phlegrea. A: conventional extraction of raw biomass. B: conventional
extraction of the residual biomass after PC extraction. C: PLE extraction of the
residual biomass after PC extraction. * indicates carotenoids, ** indicates chlorophylls.
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Peak numbers and their identification are reported in Table 3

3.3.4 Total lipid extraction

To further improve the biorefinery design, after the PLE
extraction a lipid extraction was carried out using supercritical CO2
(ScCOz2). Noteworthy, both PLE and SFE were performed on the same
apparatus, without the needing to recover the biomass from the
extraction cell after carotenoids extraction. In particular, after PLE, CO2
was injected in the extraction cell to push out ethanol containing
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carotenoids. Afterwards, pressure was increased to the super critical
point and lipids were extracted (Figure S1). As benchmark,
conventional chloroform/methanol extraction was carried out on raw
dried biomass and on the residual dried biomass after PC extraction.
Results of the extractions are reported in Table 4. The ScCO2 extraction
allowed to obtain the same amount of lipids that were obtained by
conventional extraction, avoiding the use of organic solvent. This result
was quite surprising, as the lipids extracted are the third class of
molecules obtained in a biorefinery approach. When compared with our
previous results (Imbimbo 2019), we found a lower recovery in lipid
yield, but this could be due to a different extraction method used.

Table 4. Comparison between conventional extractions performed on
raw biomass and biomass post French press extraction and SFE
extraction after French press in terms of extracted lipids. Data shown are
means * S.D. of three independent experiment. a indicates p<0.05

Sample Lipid yield
(mg/g biomass)
Raw biomass
_ ) 110£3
(Conventional extraction)
Post French press
_ _ 16416
(Conventional extraction)
Post French press (SFE) 18415

3.3.5 Evaluation of biocompatibility and antioxidant activity
of lipophilic extract obtained by PLE extraction on eukaryotic cells

To verify if the carotenoids extracted by the PLE technique were
biologically active and safe for humans, their in vitro antioxidant activity,
along with their biocompatibility on eukaryotic cells, was tested. The
results of the in vitro ABTS colorimetric assay are shown in Figure 3
and clearly indicate that the lipophilic extract is endowed with a
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significant antioxidant activity. Its ICso value, i.e. the concentration of
the extract able to inhibit 50% of the radical, is 50 uyg/mL. This result is
much lower than those reported in literature, as the ICso value here
obtained is about 1600 times lower than others reported with different
microalgae (Muthukumaran, Peraman 2019).

Abs734nm

o
-
1

0.0 T T T + 1
0.0001 0.001 0.01 0.1 1 10

Extract concentration (mg/mL)

Figure 3. ABTS assay on carotenoids extracted from G. phlegrea. ABTS
scavenging activity of different concentrations of lipophilic extract (mg/mL) obtained
by PLE from G. phlegrea. Data shown are means + S.D. of three independent
experiment.

The biocompatibility of the extract was tested by a time-course
and dose-response test on immortalized murine fibroblasts (BALB/c
3T3) and immortalized human keratinocytes (HaCaT). Cell viability was
assessed by the tetrazolium salt colorimetric (MTT) assay and cell
survival was expressed as the percentage of viable cells in the
presence of extract compared to that of control samples. As shown in
Figure 4 A-B, after 48 h cell viability was not affected up to 50 pg/mL,
while at the highest concentration tested (100 pg/mL) a 50% reduction
of cell viability was observed.
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Figure 4: Effect of lipophilic extract on the viability of HaCaT and BALB/c 3T3
cells. Dose-response curves of HaCaT (A) and BALB/c 3T3 (B) cells after 24 h (black
circles) and 48 h (black squares) incubation with increasing concentrations of
lipophilic extracts obtained by PLE (10-100 pg/mL). Cell viability was assessed by the
MTT assay and cell survival expressed as percentage of viable cells in the presence
of the lipophilic extract under test, with respect to control cells grown in the absence
of the extract. Data shown are means * S.D. of three independent experiment.

3.3.6 Protective effect of lipophilic extract against oxidative
stress on HaCaT cells

As the lipophilic extract obtained by PLE contains antioxidants,
the potential protective effect against oxidative stress was analyzed on
a cell-based model. As cell system, we chose immortalized
keratinocytes as they are normally present in the outermost layer of the
skin, and UVA radiations as a source of stress. Cells were treated with
50 pg/mL extracts for different lengths of time (from 5 to 120 min), and
then oxidative stress was induced by UVA irradiation (100 J/cm?).
Immediately after irradiation, ROS levels were measured by using
H2DCF-DA as a probe. For each set of experiments, untreated cells
were used as a control. Under physiological conditions (i.e. in the case
of untreated cells) a physiological release of ROS is observed (100%).
As shown in Figure 5A, no effect on ROS levels was observed when
cells were incubated with the extract for 120 min (grey bars), whereas
UVA treatment significantly increased DCF fluorescence intensity
(black bars). Interestingly, pretreatment of cells with the lipophilic
extract, prior to UVA exposure, resulted in an inhibition of ROS
production, which was clear already after 5 min of pretreatment. We
then performed a comparison between the antioxidant activity of the
total lipophilic extract obtained by PLE and commercial B-carotene and
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zeaxanthin, the two most abundant species identified in the extract. On
the basis of the quantification data reported in Table 2, we calculated
that, when the lipophilic extract was tested at 50 pg/mL, the amount of
B-carotene corresponded to 24 pg/mL and that of zeaxanthin to 2.4
pg/mL. Thus, HaCaT cells were pre-incubated for 30 min with either: 50
pg/mL of lipophilic extract; 24 pg/mL of B-carotene; 2.4 pg/mL of
zeaxanthin; a mixture of both carotenoids. At the end of incubation,
oxidative stress was induced as previously mentioned. Alteration of
ROS levels was measured by using H2DCF-DA. As shown in Figure 5B,
a significant increase in ROS production was observed when cells were
incubated with commercial -carotene (white bars) or zeaxanthin (black
squared bars), also in the absence of any UVA exposure. Interestingly,
only the mixture of both commercial carotenoids (dashed bars), as well
as the lipophilic extract (grey bars), were able to counteract oxidative
stress in a similar way. The protective effect of lipophilic extract was
also confirmed by analyzing the lipid peroxidation levels. To this
purpose, thiobarbituric acid reactive substances (TBARS) were
measured and related to lipid peroxidation levels. A significant increase
in lipid peroxidation levels was observed after UVA treatment but,
noteworthy, this effect was abolished when cells were pretreated with
the lipophilic extract, either after 15 or after 30 min pre-incubation (grey
and white bars, respectively). Treatment of cells with lipophilic extract
did not alter significantly lipid peroxidation levels (Figure 5C).
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Figure 5: Antioxidant effect of the lipophilic extract from G. phlegrea on UVA-
stressed HaCaT cells. Cells were pre-incubated in the presence of 50 pg/mL
lipophilic extract for different length of time, prior to be irradiated by UVA (100 J/cm?).
A: Determination of intracellular ROS levels by DCFDA assay. Cells were incubated
for 5 min (light grey bars), 15 min (white bars), 30 min (black-squared bars), 60 min
(dashed bars) or 120 min (dark grey bars) with the lipophilic extract in the absence (-
) or in the presence (+) of UVA. Black bars are referred to untreated cells. For each
experimental condition, ROS production was measured and a percentage of the ratio
between ROS production in treated cells and ROS production in untreated cells was
calculated and reported in the graph. B: Comparison of the protective effect of the
lipophilic extract with commercial antioxidants by the DCFDA assay. Cells were
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incubated for 30 min prior to UVA exposure. Black bars are referred to untreated cells
in the absence (-) or in the presence (+) of UVA. Grey bars are referred to cells
incubated with 50 ug/mL of lipophilic extract; white bars are referred to cells incubated
with 24 ug/mL of B-carotene; black squared bars are referred to cells incubated with
2.4 ug/mL of zeaxanthin; white bars are referred to cells incubated with 24 ug/mL of
B-carotene; dashed bars are referred to cells incubated with both B-carotene and
zeaxanthin. C: Analysis of lipid peroxidation levels evaluated by TBARS assay. Cells
were pre-incubated with the lipophilic extract for 15 (grey bars) or 30 min (white bars)
before UVA irradiation. Values are expressed as % with respect to control (i.e.
untreated) cells. . For each experimental condition, lipid peroxidation levels were
measured and a percentage of the ratio between lipid peroxidation levels in treated
cells and lipid peroxidation levels in untreated cells was calculated and reported in the
graph. Data shown are means + S.D. of three independent experiment. * indicates
p<0.05, ** indicates p<0.005, *** indicates p<0.0001.

3.3.7 Nrf-2 regulates the antioxidant activity of lipophilic
extract

To understand the molecular mechanism responsible for the
protective effect of the lipophilic extract, the involvement of the
transcription factor Nrf-2 was analyzed. Under normal physiological
conditions, Nrf-2 is associated with Keap-1, which keeps Nrf-2 in the
cytosol and directs it to the proteasomal degradation. Upon either
oxidative stress induction and/or in the presence of antioxidants, Keap-
1 dissociated from Nrf-2, which is translocated to the nucleus where it
binds to antioxidant responsive elements (ARE) sequences and
activates the transcription of several phase-Il detoxifying enzymes (Ma
2013). Thus, we incubated HaCaT cells in presence of the lipophilic
extract for different length of time (from 5 to 30 min) and lysates were
analyzed by Western Blot analysis, using Nrf-2 antibody. As shown in
Figure 6 A, an increase in nuclear Nrf-2 was observed after 15 min of
incubation. The activation of Nrf-2 was further confirmed by analyzing
the translation level of the heme oxygenase-1 (HO-1) by Western blot
analysis. HO-1 is a ubiquitous and redox-sensitive inducible stress
protein that degrades heme to CO, iron and biliverdin (Balogun 2003).
The importance of this protein in physiological and pathological states
is underlined by the versatility of HO-1 inducers and the protective
effects attributed to heme oxygenase products in conditions that are
associated with moderate or severe cellular stress. Thus, HaCaT cells
were incubated for 30 min and 60 min and lysates were analyzed by
Western Blot analysis, using a HO-1 antibody. As shown in Figure 6 B,
an increase in HO-1 levels was observed after 30 min of incubation.
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Figure 6: Effect of the lipophilic extract on Nrf-2 activation on HaCaT cells. Cells
were incubated with 50 yg/mL of lipophilic extract obtained by PLE technique for
different length of time and then nuclear (A) or cytosolic (B) proteins were analyzed
by Western blotting. A: Western blot analysis of nuclear Nrf-2 after 5 min (dark grey
bar), 15 min (light grey bar) and 30 min (white bar) incubation. Nuclear Nrf-2 was
normalized to B23 and quantified by densitometric analysis. The ratio between Nrf-2
and B23 of each treated sample was then related to the ratio Nrf-2/B23 of untreated
cells, considered 100% B: Western blot analysis of cytosolic HO-1 was performed
after incubation with 50 pyg/mL of the extract for 30 min (dark grey bar), and 60 min
(white bar). HO-1 and B-actin and were quantified by densitometric analysis and the
ratio HO-1/B-actin of each treated sample was then related to the ratio HO-1/B-actin
of untreated cells, considered as 100%. Data shown are means + S.D. of three
independent experiment. * indicates p<0.05 with respect to control cells.

3.4 Conclusions

One of the aims of green chemistry is to preserve the natural
environment, promoting a better use of resources and limiting the
negative influence of human involvement, such as the use of
procedures that require the use of toxic solvents (Mustafa and Turner
2011). Compared to conventional extractions, this innovative green
biorefinery approach is able to extract, in cascade, three different
bioactive compounds from the microalga Galdieria phlegrea. In
combination, the described process allows achieving higher yields of
PC, carotenoids and lipids using GRAS (Generally Recognized As
Safe) solvents, in shorter time and with less solvent consumption. Here,
we demonstrated that PLE using ethanol has a high potential to extract
carotenoids from G. phlegrea. Moreover, as G. phlegrea is an
eukaryotic microalga, it possesses a robust cell wall, which prevents
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the release of intracellular products. The idea of breaking the biomass
by high pressure homogenization allowed to isolate PC and helped the
subsequent release of carotenoids. Both final products, PC and
carotenoids were biologically active in terms of antioxidant activity
(Imbimbo 2019). These results will open the way to the idea of
commercializing carotenoids from microalgae for cosmeceutical
applications.

In conclusion, this work will help to achieve a complete
valorization of the G. phlegrea microalga biomass. The results can then
contribute to increase the revenue streams of the process, in order to
compensate the large cultivation and downstream cost for biomass
production and, finally, turn positive the economic balance of the
microalgae biorefinery. Furthermore, they contribute to develop a green
process which can also increase the social acceptance of industrial
microalgal products.
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Abstract

C-phycoyanins are abundant light-harvesting pigments which have an
important role in the energy transfer cascade of photosystems in
prokaryotic cyanobacteria and eukaryotic red algae. These proteins
have important biotechnological applications, since they can be used in
food, cosmetics, nutraceutical, pharmaceutical industries and in
biomedical research. Here, C-phycocyanin from the extremophilic red
alga Galdieria phlegrea (GpPC) has been purified and characterized
from a biophysical point of view by SDS-PAGE, mass spectrometry,
UV-Vis absorption spectroscopy, circular dichroism and intrinsic
fluorescence. Stability against pH variations, addition of the oxidizing
agent hydrogen peroxide and the effects of temperature have been also
investigated, together with its in cell antioxidant potential and antitumor
activity. GpPC is stable under different pHs and unfolds at a
temperature higher than 80 °C within the pH range 5.0-7.0. Its
fluorescence spectra present a maximum at 650 nm, when excited at
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589 nm. The protein exerts interesting in cell antioxidant properties
even after high temperature treatments, like the pasteurization process,
and is cytotoxic for A431 and SVT2 cancer cells, whereas it is not toxic
for non-malignant cells. Our results assist in the development of C-
phycocyanin as a multitasking protein, to be used in the food industry,
as antioxidant and anticancer agent.

4.1 Introduction

Phycobilisomes (PBSs) (Glazer 1985; MacColl 1998) are
supramolecular protein complexes that absorb light and deliver energy
to a reaction centre containing chlorophyll in prokaryotic cyanobacteria
and eukaryotic red algae (Watanabe 2014). PBSs thus play a major role
in photosynthesis energy absorption and transmission (Kirst 2014).
These complexes contain a core and rods, which are constituted and
organized by several phycobiliproteins (PBPs) and a small number of
linker polypeptides that assemble in very large and intricate aggregates
(MacColl 1998; Gingrich 1983). PBPs contain three classes of
pigments, each with a specific spectral feature: phycoerythrins (PE; red,
Amax = 565 nm), phycocyanins (PC; blue, Amax = 617 nm) and
allophycocyanins (AP; bluish green, Amax = 650 nm) (MacColl 1998;
Grossman 1993).

C-phycocyanins (C-PCs) were isolated, purified and
characterized from many sources (Raposo 2013). They contain a- and
B-chains (Adir 2003) forming a stable a8 unit that then assembles into
a multimeric structure (ap)n (n=1~6) (Storf 2001). C-PCs typically exist
as (aB)s trimer, shaped as a hollow disk, or as [(af3)s]2 hexamer, shaped
as a double disk. a- and B-chains share similar structures but have
different sequences (identity between 25 and 40 %) and molecular
weights (10-19 kDa for the a-chain and 14-21 kDa for the [B-chain)
(Glauser 1992). Each subunit binds from 1 to 4 chromophore molecules
(phycocyanobilin, PCB) with a ring-opening tetrapyrrole structure. This
results in specific absorption and emission spectra (O’Carra 1971;
Bennet 1971).

Moreover, the tetrapyrrole ring is responsible for the excellent
radical scavenging and antioxidant properties of the C-PCs (Piron 2019;
Pleonsil 2013). C-PCs also exert anti-tumour (Jiang 2018; Jiang 2017)
and anti-inflammatory activity (Zhu 2016). It has been also reported that
they can decrease the progression of Alzheimer's disease (Penton-Rol
2016), probably by inhibiting the B-Secretase protein (Singh 2014), and
that they can be used as fluorophores in diagnostics therapeutics or as
food colorants (Kuddus 2013). In this respect, it is important to identify
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and characterize C-PCs that are stable to high temperatures and
extreme pH, so that they can be stable after/during the sterilization
treatments. Here we report a complete biophysical characterization,
including sequence determination and analysis, stability against
temperature and pH variations of C-phycocyanin from Galdieria
phlegrea (GpPC), a unicellular thermo-acidophilic red alga with optimal
growth conditions of T=35-45°C at pH1.5. The GpPC in cell
antioxidant activity, before and after pasteurization, along with its
cytotoxic activity have been also evaluated. Our results open the way
to the use of GpPC as food colorant and preservative, as the protein
fully retains its structure and antioxidant activity after high temperature
treatments.

4.2 Materials and Methods

4.2.1 Protein purification and in situ digestion

Galdieria phlegrea (strain 009) was provided from the Algal
Collection of the University Federico Il (ACUF) and grown as described
in Imbimbo et al. (Imbimbo 2019). The isolation of GpPC was carried
out by ultrafiltration. Briefly, the total protein extract obtained by
conventional high-pressure procedures was purified by using a 100 kDa
molecular weight cutoff membrane. The permeate was discarded and
the retentate was collected. The process was carried out at room
temperature. The purity grade of GpPC was evaluated first by
measuring the ratio As2onm/A2sonm, and then by SDS- and native PAGE
and mass spectrometry (Kuddus 2013). 15% SDS-PAGE was
performed to evaluate GpPC purity. Native PAGE was carried out using
10% (w/v) polyacrylamide. Gels were stained with Coomassie brilliant
blue purchased from BIO-Rad. For in situ digestion, following 12.5%
polyacrylamide gel (0.1% SDS, 25mM Tris-HCI, 192 mM glycine,
pH8.3) and Coomassie brilliant blue staining, the two bands
corresponding to the predicted molecular weight of a and B-chains were
excised from the gel and fully destained prior to further processing.
Briefly, the gel pieces were washed with three cycles of 0.1 M NH4HCO3
pH8.0 and acetonitrile (ACN), followed by reduction (10 mM
dithiothreitol (DTT) in 100 mM NH4HCO3 45 min, 56 °C) and alkylation
(55 mM iodoacetamide (IAM) in 100 mM NHsHCO3, 30 min, room
temperature). Then, the gel pieces were washed with three further
cycles of 100 mM NH4sHCO3s pH 8.0 and ACN. Finally, gel plugs were
rehydrated and incubated overnight at 37 °C with trypsin (10 ng/uL
trypsin; 10 mM NH4HCO3) and chymotrypsin (1 pg/uL). Peptides
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mixture was eluted, vacuum-dried, and resuspended in 0.1% formic
acid for LC-MS/MS analysis. The marker used was the prestained
protein ladder-Broad molecular weight (10-245kDa) from Abcam
(ab116028; Cambridge, UK). Trypsin (proteomics grade) and
chymotrypsin were from Sigma-Aldrich (Saint Louis, Mo, USA).

4.2.2 LC-MS/MS analysis

Peptide samples were loaded via an autosampler (Surveyor MS
Pump Plus and Micro AS) onto a Michrom C18 Captrap and then were
introduced directly into an Orbitrap LTQ-Velos MS (Thermo Fisher
Scientific, Surrey, UK) via a fused silica C18 capillary column (Nikkyo
Technos CO, Tokyo, Japan) and a nanoelectrospray ion source. The
mobile phase comprised H20 with 0.1% formic acid (buffer A) and 100%
acetonitrile with 0.1% formic acid (buffer B). The gradient ranged from
5% to 30% buffer B in 95 min, followed by 30% to 60% B in 15 min and
a step gradient to 85% B for 5 min with a flow of 0.42 yL/min- Finally,the
system returns to the initial conditions of 5% B. FTMS full scan mass
spectra (from 450 to 1600 m/z) were acquired with a resolution of r= 60
000. This was followed by data dependent MS/MS fragmentation in
centroid mode of the most intense ion from the survey scan using
collision induced dissociation (CID) in the linear ion trap: normalized
collision energy 35%; activation Q 0.25; electrospray voltage 1.5kV;
capillary temperature 200°C; and isolation width 2.00. This MS/MS scan
event was repeated for the top 20 peaks in the MS survey scan; the
targeted ions were then dynamically excluded for 30s. Singly charged
ions were excluded from the MS/MS analysis; Xcalibur software version
2.1.0 SP1 build 1160 (Thermo Fisher Scientific, U.K.) was used for data
acquisition.

4.2.3 Mascot identification of phycocyanin sequences

The acquired MS/MS spectra were transformed in mzData
(.XML) format and used for protein identification with a licensed version
of MASCOT software (www.matrixscience.com) version 2.4. with 10
ppm MS tolerance and 0.6 Da MS/MS tolerance; peptide charge from
+2 to +3. Carboxyamidomethilation of Cys as fixed modification was
inserted, but possible oxidation of methionines and formation of
pyroglutammic acid from glutamine residues at the N-terminal position
of peptides, were considered as variable modifications to query
SwissProt databases, without including taxonomy restrictions.
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4.2.4 Sequence comparison

Primary structures of C-phycocyanin from Pseudanabaena sp.
w0831, Thermosynechococcus elongatus, Thermosynechococcus
vulcanus, Leptolyngbya sp. N62DM, Synechocystis sp. PCC 6803,
Synechococcus elongatus, Arthrospira platensis, Gracilaria chilensis,
Polysiphonia urceolata, G. sulphuraria, C. caldarium and Microchaete
diplosiphon were obtained from the NCBI/BLAST server against the
PDB database. ExXPASy ProtParam tool was used to calculate the
percentage amino acid composition (Wilkins 1999).

4.2.5 Spectrophotometric characterization

UV-Vis absorption spectra of GpPC were collected at different
pHs (buffers: 10 mM sodium citrate pH 2.0 or pH 3.0, 10 mM sodium
acetate pH 4.0 or pH 5.0, 10 mM bis-Tris, pH 6.0, 10 mM Tris-HCI pH
7.0 or 8.0, 10 mM bicine pH 9.0, 10 mM CAPS (N-cyclohexyl-3-
aminopropanesulfonic acid pH 10.0 or 11.0) with a protein
concentration of 0.2 mg/mL using a quartz cuvette of 1 cm path length.
The protein was extensively dialysed against milliQ water using tubing
cellulose membranes with a 35 kDa pore size before the 24 h incubation
with the buffers. Spectra were collected at 25°C over 250-700 nm
wavelength range using a Varian Cary 5000 UV-vis-NIR
spectrophotometer and the following parameters: data pitch: 1 nm,
scanning speed: 600 nm/min, band width: 2 nm. The UV-Vis absorption
signal of GpPC was then followed titrating the protein (2.5 mL,
concentration 0.2 mg/mL) with a 50% solution of hydrogen peroxide
(added volumes between 10 and 100 pL) to evaluate the phycocyanin
response to oxidative stress.

GpPC intrinsic fluorescence was determined using a Fluoromax-
4 spectrofluorometer from Horiba Scientific and a 1 cm optical path-
length quartz cell, under controlled temperature conditions (Peltier
control system) at 25°C using a cuvette of 500 yL. Emission spectra
were collected using a protein concentration of 0.2 mg/mL at the same
pHs used to register UV-Vis absorption spectra. Data were registered
between 295 and 450 nm upon excitation using excitation wavelength
(Aex)= 280 nm, between 310 and 450 nm upon excitation using
Aex=295 nm, and between 600 and 800 nm upon excitation using
Aex=589 nm.

Far-UV CD spectra of GpPC (0.2 mg/mL), at the same pH values
used to register UV-Vis absorption spectra, were registered at 25°C
using a Jasco J-810 spectropolarimeter equipped with a Peltier block
arrangement (Model PTC-348WI) (Jasco, Easton, MD), a quartz
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cuvette of 0.1 cm path length, and a spectral band pass of 2 nm. Raw
ellipticity data were converted to mean residue ellipticity using the
formula [0] = [Brawx100xMRW]/cxIl, where MRW is GpPC mean residue
weight, c is the concentration (mg/mL) and | is the path length (cm).
Deconvolution of CD spectra for secondary structure amount was
performed using BestSel (Table S1) (Micsonai 2018). Other
experimental settings were: scan speed: 50 nm/min, resolution: 0.2 nm,
sensitivity: 50 mdeg, response: 4 s.

4.2.6 Stability against temperature

The temperature stability of GpPC was determined by monitoring
the changes in mean residue ellipticity (at 222 nm) and the change in
the maximum emission wavelength as a function of temperature. For
CD measurements, the temperature was raised to 95°C in 1°C every
60 s. The two-state unfolding model was used to calculate the melting
temperature. Unfolding curves were registered at different pHs (10 mM
sodium acetate, pH 5.0 or pH 5.5, 10 mM Tris-HCI, pH 7.0 or 10 mM
CAPS, pH 10.0) with a protein concentration of 0.2 mg/mL. For
fluorescence measurements, spectra were registered at different
temperatures after 5 min equilibration in 10 mM sodium acetate, pH 5.0.

4.2.7 Antitumor activity

Human epidermoid A431 cells, murine fibroblasts BALB/c 3T3
and SVT2 cells were obtained from ATCC, whereas human epidermal
keratinocytes HaCaT cells were from Innoprot (Biscay, Spain). All cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-
Aldrich, St Louis, MO, USA), supplemented with 10% foetal bovine
serum (HyClone), 2 mM L-glutamine and antibiotics, all from Sigma-
Aldrich, under a 5% CO2 humidified atmosphere at 37°C. For toxicity
experiments, cells were seeded in 96-well plates at a density of 2.5x103
cells per well. 24 h after seeding, increasing concentrations of GpPC
were added to the cells (0.5-10 uM). Cell viability was assessed by the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay after 72 h incubation, as previously described (Petruk 2016).

4.2.8 Thermal pasteurization

For thermal pasteurization, GpPC was heated at 75°C in a water
bath. After 10 min incubation, the sample was transferred to a second
water bath at 20°C. The sample was stored at 4°C until analysis.
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4.2.9 Cellular reactive oxygen species (ROS) assay

The antioxidant activity of pure GpPC before and after
pasteurization was determined by measuring intracellular ROS levels,
according to the protocol previously reported (Petruk 2016), with some
modification. HaCaT cells were pre-incubated for 2 h with 0.4 uM GpPC
or pasteurized GpPC. Cells were then exposed to UVA irradiation for
10 min (100 J/cm?). The fluorescence of the probe 2" 7" -
dichlorodihydrofluorescein diacetate (H2-DCFDA) was detected at an
emission wavelength of 525 nm and an excitation wavelength of 488
nm using a Perkin-Elmer LS50 spectrofluorometer (Shelton, CT, USA).
Emission spectra were acquired at a scanning speed of 300 nm/min,
with 5 nm slit width both for excitation and emission. ROS levels were
expressed as percentage of fluorescence intensity of the sample under
test, compared to untreated cells. Three independent experiments were
carried out, each one with three determinations.

4.2.10 Statistical analyses

In all the experiments, samples were analyzed in triplicate. The
results are presented as mean of results obtained after three
independent experiments (mean £ SD) and compared by one-way
ANOVA according to the Bonferroni’'s method (post-hoc) using
Graphpad Prism for Windows, version 6.01.

4.3 Results and Discussion
4.3.1 GpPC purification

It has been reported that a measure of the purity grade of C-PCs
is the As2onm/A2sonm ratio. A value 24.0 indicates an analytical grade
(Patel 2005; Fernandez-Rojas 2014). Some of us have recently
optimized a simple purification procedure to obtain highly pure GpPC
by a single ultrafiltration step (Imbimbo 2019) recovering a protein
sample with a purity grade of 5 and a recovery yield of 80%. This
As20nm/A2sonm ratio is much higher than that required for food
applications (0.7) (Kuddus 2013; Patel 2005; Fernandez-Rojas 2014).

The purified protein was analyzed by SDS-PAGE and the results
are shown in Figure 1A and by mass spectometry. As expected, GpPC
was characterized by two blue bands, in line with other C-PCs (Bennet
1971; Glazer 1971), suggesting that it is constituted by two chains
which are able to bind the chromophore. The approximate molecular
weights of the two subunits are 17 and 18 kDa, respectively. Pure
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GpPC was then analysed by electrophoresis under non-denaturing
conditions (Native-PAGE) at pH 8.8. The results, reported in Figure 1B,
indicate that a single molecular species exists in our sample. Similar
results have been obtained analysing a native gel carried out in a Bis-
Tris-HEPES/MES-Acetic acid and Bis-Tris-Tricine PAGE system at
pH7.0 (data not shown). GpPC purity was further confirmed by in
solution trypsin digestion, followed by LC-MS/MS tandem mass
spectrometry. MASCOT analysis led to the identification of peptides
occurring within PCs sequences. No different proteins were identified,
thus confirming the purity of the protein (data not shown).

30

b
&

Figure 1. Electrophoretic analysis of GpPC samples after ultrafiltration. A: SDS-
PAGE. Lane 1: molecular weight markers; lane 2: total protein extract (30 ug); lane 3:
5 ug of purified GpPC. B: Native-PAGE. Lanes 1-3: 10, 20, 40 ug of pure GpPC. After
electrophoresis, the two gels were stained with Coomassie-Blue.

4.3.2 Protein sequence analysis

The two bands corresponding to the a- (1) and B- (2) chains were
excised from the gel and subjected to hydrolysis with trypsin and
chymotrypsin in order to ensure the greatest possible sequence
coverage for the two chains. The obtained peptide mixtures were
analyzed by LC-MS/MS; the MASCOT in house software was used for
protein identification. Table 1 reports the sequences obtained from MS-
MS fragmentation spectra related to the a-chain after the treatment with
chymotrypsin and trypsin and the scores associated with each one.
Similar analyses were performed on protein bands corresponding to the
B-chain. The results are summarized in Table 2. On the basis of mass
spectral sequencing data and considering the high sequence identity
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among C-phycocyanins from different sources, the sequences of the a
and the B-chains of GpPC were determined.

Table 1. Peptides from GpPC a- chain (LC-MS/MS results).

End Observed Mr(expt) ppm Start U Peptide

1 17  903.4594 1804.904 2.97 99 U -MKTPITEAIATADSQGR.F + Oxidation (M)

1 17 8954615 17838.908 2.5 112 U -METPITEAIATADSQGR.F

1 30 BIS.1502 3268572 -3.03 2 u Ei\I;)ﬂ(TPITEAIATADSQGR.FLSNTELQSCAGR.F + Oxidation
1 17 602.6424 1804.905 3.59 56 U -MKTPITEAIATADSQGR.F + Oxidation (M)

1 17 597.3096 1788.907 1.67 64 U -MKTPITEAIATADSQGR.F

1 17  448.2353 17838.912 4.54 8 U -MKTPITEAIATADSQGR.F

2 17  829.9396 1657.865 0.7 80 U METPITEAIATADSQGR.F

2 17 553.6308 1657.871 4.27 12 U METPITEAIATADSQGR.F

3 30 998.8264 2993.457 2.05 34 U K.TPITEAIATADSQGRFLSNTELQSCAGR.F

3 17 7658943 1529.774 3.6 113 U K.TPITEAIATADSQGR.F

3 30 749.37 2993451 -0.12 11 U K.TPITEAIATADSQGRFLSNTELQSCAGR.F

3 17 5109315 1529.773 2.7 67 U K.TPITEAIATADSQGR.F

18 33 957.47 1912.925  2.13 14 U R.FLSNTELQSCAGRFQR.A

18 30 741.8561 1481.698 2.96 104 U R.FLSNTELQSCAGR.F

18 33 638.6494 1912926 2.61 47 U R.FLSNTELQSCAGRFQR.A

34 50 836.9449 1671.875 6.01 28 U R.AGASLDAARSLTANAQR.L

34 50 558.2959 1671.866 0.4 19 U R.AGASLDAARSLTANAQR.L

34 42 416.2206 830.4266 2.46 82 U R.AGASLDAAR.S

43 50  430.734 859.4534 2.67 48 U R.SLTANAQR.L

51 81 1099.541 3205.6 3.14 61 U R.LIDGAAQAVYSKFPYTTQMTGPCYASSAIGK.A
51 81 1104.874 3311.601 5.17 81 u ﬁiéziﬁA(S;XYSKFPYTTQMTGPCYASSAJGK‘A+
51 83 878.6933 3510.744 7.91 18 u E;éﬂiﬁA(SI?\)YSHPYTTQMTGPCYASSAJGMLC N
51 81 828.9073 33116 479 20 U E;;ﬂiﬁA(SSVYSKFPYTTQMTGPCYASSA_IGK‘A+
51 81 8240083 3295.604 4.48 27 U R.LIDGAAQAVYSKFPYTTQMTGPCYASSAIGK.A
51 62 618.3352 1234.656 0.095 90 U R.LIDGAAQAVYSKTF

63 81 1040482 2078.95 293 89 U KFPYTTQMTGPCYASSAIGK.A

63 81 1048.48  2094.945  3.04 99 U KFPYTTQMTGPCYASSAIGK.A + Oxidation (M)

63 81 699.3214 2094.942 1.58 63 U KFPYTTQMTGPCYASSAIGK.A + Oxidation (M)

63 81 693.9896 2078.947 1.36 70 U K.FPYTTQMTGPCYASSAIGK.A

66 01 9681071 20013 19 12 u (&;\ETQMTGPCYASSAJGKAKCSRDIGYY‘L + Oxidation
75 91 923.0550 1845897 57 0 U Y.ASSAIGKAKCSRDIGYY.L

87 93 450.2352 898.4558 1.11 26 R.DIGYYLR.M

94 120 997.4736 2989.399 3.96 33 u Eﬁzg;;c&;AGGTGPNDEYL\'AGLEEINR'T w2
121 137 1006.037 2010.059 6.59 63 U R.TFDLSPSWYVEALENIK.A
121 134 828.4219 1654.829 3.01 84 R.TFDLSPSWYVEALK.N
121 137 671.0239 2010.05 1.82 21 U R.TFDLSPSWYVEALENIK.A
121 134 552615 1654.823 -0.66 20 R.TFDLSPSWYVEALK.N

135 162 936.4738  2806.4 3.94 49 U KNIKASHGLSGAAASEANAYINYAINSLS.-
138 162 1226.595 2451176 3.71 98 U K.ASHGLSGAAASEANAYINYAINSLS.-
138 162 818.0644 2451.171 1.96 90 U K.ASHGLSGAAASEANAYINYAINSLS.-
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Table 2. Peptides from GpPC B- chain (LC-MS/MS results).

End Observed Mr(expt) ppm Start U Peptide
1 18 652.3271 1953.96 -1.21 48 U -MLDAFSKVVAQADARGETF L
1 18 657.6605 1969.96 1.48 61 U -MLDAFSKVVAQADARGEF.L + Oxidation (M)
1 19 690.0261 2067.057 5.12 21 U -MLDAFSKVVAQADARGEFL.S
1 19 695.3568 2083.040 3.72 33 U -MLDAFSKVVAQADARGEFL.S + Oxidation (M)
1 18 977.9863 1953.958 -1.94 56 U -MLDAFSKVVAQADARGEF.L
1 18 085.9841 1969.954 -1.58 61 U -MLDAFSKVVAQADARGEF.L + Oxidation (M)
1 19 1034.534  2067.054 4.04 66 U -MLDAFSKVVAQADARGEFL.S
1 19 1042.527 2083.039 -0.95 88 U -MLDAFSKVVAQADARGEFL.S + Oxidation (M)
3 18 570.9556 1709.845 4.49 3 U L.DAFSKVVAQADARGEF.L
3 18  855.0295 1709.844 4.18 70 U L.DAFSKVVAQADARGEF.L
3 19 012.4658 1822.917 -2.36 55 U L.DAFSKVVAQADARGEFL.S
6 18 459.9062 1376.697 -5.85 39 U F.SKVVAQADARGEF.L
6 19 497.6017 1489.783 -3.76 42 U F.SKVVAQADARGEFL.S
6 14 678.6898 2033.048 -3.24 14 U F.SKVVAQADARGEFLSNTQL.D
6 18 689.3541 1376.694 -8.11 63 U F.SKVVAQADARGEF.L
6 19  745.8997 1489.785 -2.71 77 U F.SKVVAQADARGEFL.S
6 27  778.4056 2332.195 -3.13 34 U F.SKVVAQADARGEFLSNTQLDAL.S
6 24 1017.534 2033.054 0.047 5 U F.SKVVAQADARGEFLSNTQL.D
19 27  487.7613 973508 0.038 39 F.LSNTQLDAL.S
19 38 544205 2173.151 -0.72 13 U F.LSNTQLDALSKMVADGNKRL.D
19 38 7253891 2173.146 -3.22 30 U F.LSNTQLDALSKMVADGNKRL.D
19 38 730.7202 2189.139 -3.93 37 U F.LSNTQLDALSKMVADGNKRL.D + Oxidation (M)
20 38 516.024  2060.067 -0.73 42 U L.SNTQLDALSKMVADGNKRL.D
20 38 687.6966 2060.068 -0.21 48 U L.SNTQLDALSKMVADGNKRL.D
20 38 693.024  2076.05 -6.34 15 U L.SNTQLDALSKEMVADGNEKRL.D + Oxidation (M)
20 38 1039.042 2076.068 2.47 64 U L.SNTQLDALSKMVADGNKRL.D + Oxidation (M)
25 38 5119378 1532.792 -4.23 32 U L.DALSKMVADGNKRL.D + Oxidation (M)
25 38  767.4005 1532.786¢ -7.57 60 U L.DALSKMVADGNKRL.D + Oxidation (M)
28 38 4122231 1233.648 -1.99 27 U L.SKMVADGNKRL.D + Oxidation (M)
28 38 617.8314 1233.648 -1.37 38 U L.SKMVADGNKRL.D + Oxidation (M)
39 60 717.0458 2148.116 -0.88 31 U L.DATAAISANAATIVINAARSLF.S
39 66 9444854 2830.434 -4.13 1 U L.DATAAISANAATIVINAARSLFSEQPQL.I
39 59 1001.532  2001.05 0.4 13 U L.DATAAISANAATIVINAARSL.F
39 60 1075.076 2148.137 9.02 48 U L.DATAAISANAATIVINAARSLF.S
39 66  1416.234 2830.454 2.68 6 U L.DATAAISANAATIVINAARSLFSEQPQL.I
84 92  604.8251 1207.636 -2.19 15 L.RDMEIILRY.V
84 92 612,821 1223.627 -4.71 14 L.RDMEIILRY.V + Oxidation (M)
91 95 3441762 686.3378 -1.33 20 LRYVSY A
91 105 801.4111 1600.808 -1.27 31 U L.RYVSYATIAGDSSVL.D
93 110 971.4611 1940.908 -3.77 60 U Y.VSYATIAGDSSVLDDRCL.N
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End Observed Mr(expt) ppm Start U Peptide
96 105 467.2466 932.4786 -3.03 70 U Y.ATIAGDSSVL.D
96 110 796.881 1591.747 -2.35 106 U Y.ATIAGDSSVLDDRCL.N
96 117 809.3878 2425.142 -3.27 14 U Y.ATIAGDSSVLDDRCLNGLRETY.Q
96 113 938.9567 1875.899 -0.42 75 U Y.ATIAGDSSVLDDRCLNGL.R
96 117 1213.584 2425153 -0.62 24 U Y.ATIAGDSSVLDDRCLNGLRETY.Q
106 110 339.6461 677.2776 -3.88 15 L.DDRCL.N
106 113  481.7201 961.4256 -3.2 35 L.DDRCLNGL.R
106 117 504.5699 1510.688 2.94 28 L.DDRCLNGLRETY.Q
106 117 756.3509 1510.687 2.53 19 L.DDRCLNGLRETY.Q
111 117 426.7121 B851.4096 -4.77 34 LNGLRETY.Q
118 129 533.3024 1064.59 3.4 21 U Y.QALGVPGASVAL.A + Gln->pyro-Glu (N-term Q)
118 129 541.8118 1081.609 -3.8 57 U Y.QALGVPGASVAL.A
- ; - ERME A 1 Gln—nvio-
118 141 7854204 2353266 -2.10 0 u Y.QALGVPGASVALAVEKMKEAATIAF.A + Gln->pyro-Glu
(N-term Q)
118 141 791.1036¢ 2370.2890 -3.84 10 U Y.QALGVPGASVALAVEKMKEAAIAF.A
118 141 796.4377 2386.291 -0.72 6 U Y.QALGVPGASVALAVEKMKEAAIAF A + Oxidation (M)
18 141 1177641 2353267 -1.73 36 u Y.QALGVPGASVALAVEKMKEAAIAF.A + Gln-=pyro-Glu
(N-term Q)
118 141 1186.154 2370.294 -1.69 33 U Y.QALGVPGASVALAVEKMEKEAAIAF.A
118 141 1194.155 2386.294 0.61 13 U Y.QALGVPGASVALAVEKMKEAAIAF A + Oxidation (M)
121 129 385.7229 769.4312 -2.81 33 U L.GVPGASVAL.A
121 141 687.0444 2058.111 -3.37 6 U L.GVPGASVALAVEKMEKEAAIAF.A
121 141 1030.062 2058.11 -3.92 9 U L.GVPGASVALAVEKMEKEAAIAF A
121 141 1038.063 2074.111 -1.25 39 U L.GVPGASVALAVEKMEKEAAIAF.A + Oxidation (M)
130 141 436.5724 1306.695 -0.07 35 U L.AVEKMKEAAIAF.A
130 141 654.3525 1306.69 -3.84 31 U L.AVEKMKEAAIAF.A
130 141 662.3491 1322.684 -5.09 40 U L.AVEKMKEAAIAF.A + Oxidation (M)
142 164 1224565 2447.115 -0.56 25 U F.ANDSSNVTIGDCSALISEIATYF.D
157 164  472.241 9424674 -2.53 35 U L.ISEIATYF.D
164 172 326.1903 9755491 -1.11 26 U Y.FDRAAKAVV.-
164 172 488.7806 975.5466 -3.6 29 U Y.FDRAAKAVV.-
165 172 415.2473  828.48 -2.04 22 U F.DRAAKAVV.-
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Sequences of a- and B-chains of GpPC determined by
proteolysis-based mass spectrometry experiments are reported in
Figure 2 aligned with those of C-PCs of known structure with highest
sequence identity. The alignments show that the degree of identity of
the a and B-chains of GpPC with other C-PCs is very high, and that a
and B-chains share 84% and 82% sequence identity, respectively, with
the corresponding chains of the protein from Cyanidium caldarium
(code 1PHN) (Stec 1999) and 83% and 84% sequence identity,
respectively, with the a and -chains of C-PC from Galdieria sulphuraria
(code 3BRP). The amino acid composition, the isoelectric point and
other analysis of GpPC sequence, together with the values obtained
using sequences of the C-PCs from Pseudanabaena sp. w0831,
Thermosynechococcus elongatus, Thermosynechococcus vulcanus,
Leptolyngbya sp. N62DM, Synechocystis sp. PCC 6803,
Synechococcus elongatus, Arthrospira platensis, Gracilaria chilensis,
Polysiphonia urceolata, G. sulphuraria, C. caldarium, Microchaete
diplosiphon, are reported in Table 3. Alignment is unambiguous since
there are no gaps.

Comparative sequence alignment shows that GpPC and the
protein from t have higher pl of the a-chain when compared to the other
C-PCs. The content of charged residues (R, K, D and E) of GpPC is
comparable with that observed for thermophilic C-PCs, although a
lower amount of negatively charged residues is found in the a-chain
(Table 3). In the latter protein, there is a significantly lower number of
glycine residues in the B-chain and a higher number of polar residues
in the a-chain, when compared to that found in other C-PCs. Other
sequence features are reported in Table S2.
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Table 3. Amino acid composition and other sequence analyses of C-
phycocyanins from different sources.

Amino acid composition, %

PDE code Growth [ pl Hydrophobic(A, L, | Charged Polar Gly Negatively
temp, 1L, V,P,F,Y, W, M)

(Organism) (D,E, R, K} (N.Q, 5,7, C) (D.E) (R.K)
°C

o g o B all o B all o g all o B all o g all o B All

(GoPC) 3545 | 762|496 |475|506|49.0 |167|203 | 18.6 | 272|238 |25.4 |80 |52 |66 |ao 110|965 |86 |93 |90
1PHN (Cyanidium 5560 [5.81|4.96|50.0|28.8 |49 [167[203] 186|253 |238245]74 |70 [72 |85 [110[9s |50 |93 a7
caldarium}

uBo 57 536 512|500 | 517|509 | 173|198 | 186|247 |221 (23374 |64 |69 |53 |105]|99 |20 |93 |a7
(Thermosynechococcus

elongatus)

3018 57 5.36 [5.12]50.0 | 517|508 |17.3|19.8 [ 186 | 247|221 |23.3 |74 |64 |69 |92 [105]s9 [s0 |03 |87
(Thermosynechacoccus

vuleanus)

3KVS (Goldieria 2 6.57 |4.96 [20.4 [28.8 |49.1 |16.0 | 203|183 | 265|238 25174 [7.0 |72 |80 110|965 |80 |93 |87
sulphuraria)

AHOM (Synechococcus | 4o 5.36 | 5.18 |49.7 | 50.3 | s0.0 [18.4 | 22.0 202 | 233 (202|217 |80 |75 [77 |98 |116]107 |56 104 |as
elongates)

AFOT (Synechogystissp. | 37 5.35 498|457 | 500|475 |19.7| 203|201 | 259|215 236 (80 |81 |81 |105 110|108 |93 |93 |93
PCC6803)

2BV& (Gracilaria 30-42 |[5.15 [4.65)|47.5 459|467 |17.9 209 195|272 267|269 |68 |64 |66 |99 [122]|111(80 |87 |84

chilensis)

1HAT (Arthrospira

platensis)

4L1E {Leptolyngbya sp.

N62DM)

1CPC (Microchaete 24 6.56 | 5.10 [ 48.1 | 50.6 [49.4 [17.3 |19.8 [ 18.6 [ 259 (215 [23.6 |20 |81 |81 [es |105]s6 |86 [93 |30

diplosiphon)

10-15
5TOU (Pseudanabaena 579|540 | 465|523 |45.7 |175| 151|186 | 265|205 236 |80 |75 |78 |52 835 |56 |86 |52 |50

sp. lw0331)

10-15 5.81 | 4.92 | 48.1 | 53.5 | 50.9 179 |19.2|18.6 | 259 |21.5|23.6 |74 |58 |66 |93 105|959 |86 |87 |87
1F99 (Polysiphonia

urceolata)
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a-chain
Galdieria phlegrea:A ~MKTPITEATATADSQGRFLSNTELQSCAGRFQRAGASLDAARSLTANAQRLIDGAAQAV 59
qrazud.z.wn caldar:.um A ~MKTPITEATAAADNQGRFLSNTELQAVNGRYQRAAASLEAARSLTSNAERLINGAAQAV 59
el A -MKTPITEATAAADTQGRFLSNTELQAVDGRFKRAVASMEAARALTNNAQSLIDGAAQAV 59
Memosynechococcus vulcanus:A ~MKTPITEATAAADTQGRFLSNTELQAVDGRFKRAVASMEAARALTNNAQSLIDGAAQAV 59
G‘Ild.let:l.a sulphuraria:A ~MKTPITEATAAADNQGRFLSNTELQAVNGRYQRAAASLEAARSLTSNAQRLINGAAQAV 59
el A MSKTPLTEAVAAADSQGRFLSSTELQVAFGRFRQAASGLAAAKALANNADSLVNGAANAV 60
Synec.hocys tis species PCC 6803:A ~MKTPLTEAVSTADSQGRFLSSTELQIAFGRLRQANAGLOAAKALTDNAQSLVNGAAQAV 59
Gracilaria chilensis:A -MKTPITEATASADSQGRFLSNGELQSINGRYQRATASLEAARSLTSNAERLISGAAQSV 59
Arthrospira platensis:A ~MKTPLTEAVSIADSQGRFLSSTEIQVAFGRFRQAKAGLEAAKALTSKADSLISGAAQAV 59
Leptolyngbya species N62DM:A -MKTPL )SQGRFLSSTEI( \GLEAAKALTSKADSLISGAAQAV 59
Microchaete diplosiphon:A -HKTPLmVAAADSQGREISSTEIQTAFGRFRQASASmemSSMSGMNAV 59
Pseudoanabaena species Iw0831:A ~MKTPLTEAVSAADSQGRFLSTTETQ' RQAT: AAAKAL AANAV 59
Polysiphonia urceolata:A ~MKTPLTEATAAADS! SNTELQV EAAKALT ISGAANAV 59
hkkokhky s kk kkkkkk Kk * *k ok gz kkiaik: ok, ok Kkkkook
Galdieria phlegrea:A YSKFPYTTQMTGPCYASSAIGKAKCSRDIGYY. T Y IN 119
Cyanidium caldarium:A YSKEPYTSQN IGYY TYCLV LIAGLEEIN 119
Y el A YQKFPYTTTMQGSS ARDIGYYLRMVTY( LIAGLSEIN 119
Thermosynechococcus vulcanus:A YQKFPYTT ARDIGYYLRMITYC YLIAGLSEIN 119
Galdieria sulphuraria:A YSKFPYTSQMPGPQY ARDIGYYLRMVTYCLV .YLIAGLEEIN 119
Synechococcus elongates:A YSKFPYT ARDIGYYLRIVTYAL IDEYLLAGLDEIN 120
Synechocystis species PCC 6803:A YNKFPYTTQTQGNNFAADQRGKDKCARDIGYYLRIVTYCLVAGGTGPLDEYLIAGIDEIN 119
Gracilaria chilensis:A YSKFPYTT( ARDIGYYLRMVTYCLV LIAGLSEIN 119
Arthrospira platensis:A YNKFPYTTQM( PRGKDKCARDIGYYLRMVTYCLI. LIAGIDEIN 119
Leptolyngbya species N62DM:A YNKFPYTTQMQGPNYAADQRGKDKCARDIGYYLRMVTYCLIAGGTGPMDEYLIAGIDEIN 119
Microchaete diplosiphon:A YSKFPYTTSQNGPNFASTQTGKDKCVRDIGYYLRMVTYCLVVGGTGPLDDYLIGGIAEIN 119
Pseudoanabaena species Iw0831:A YSKFPYT QTGKDKCVRDIGYYIRMVTYCCV )YLVAGIAEIN 119
Polysiphonia urceolata:A YSKFEmWGMSSTMw\Mwwxux YLRMVTYCLV Y IN 119
* EEEEE kKK RREEEE K RE | s K KRR KRR ko RRRE
Galdieria phlegrea:A RTFDLSPSWYVEALKNIKASHGLSGAAASEANAYINYAINSLS 162
Cyanidium caldarium:A RTFDLSPSWYVEALNYIKANHGLSGQAANEANTYIDYAINALS 162
Thermosynechococcus elongatus:A STFDLSPSWYIEALKYI! IDYAINALS 162
Thermosynechococcus vulcanus:A STFDL IEALKYIKANHGLTGQA IDYAINALS 162
Galdieria sulphuraria:A RTFDLSPSWYVEALNY YIDYAINALS 162
Synechococcus elongates:A KTFDLAPSWYVEALKYI IDYLINALS 163
Synechocystis species PCC 6803:A RTEDL: VEALKYT YLDYAINALS 162
Gracilaria chilensis:A RSFEL YIEALEYI! LSGQ; LDYAINALS 162
Arthrospira platensis:A RTFELSPSWYIEALKYT! SGD. LDYAINALS 162
Leptolyngbya species N62DM:A RTFEL IEALKYIKANHGL LDYAINALS 162
Microchaete diplosiphon:A RTFDLSPSWYVEALKYI! IDYAINALS 162
Pseudoanabaena species Iw0831:A RTFDLSPSWYVEALKY IDYAINALS 162
Polysiphonia urceolata:A RTFEL YIEALKYI! YIDYAINTLS 162
SRR AEER AEE: kK Ko R Kk RE AR
B-chain
Galdieria phlegrea:B ~MLDAFSKV I. I 59
Cyanidium caldarium:B ~MLDAFAKV NTQLDAL 4 I SAIV 59
Th h, el tus:B ~MLDAFAKV LSN I IVANAARAL 59
Thermosynechococcus vulcanus:B ~MLI v FDALSN: LDAVNRI' TVANAARAL 59
Galdieria sulphuraria:B =] \Y DAL VVNRITSNASAIV 59
Synechococcus elongates:B DAQLDALSR IDTVNRITGNASST 60
Synechocystis species PCC 6803:B LSGSQLDAL IDSVNRITGNASAIVSNAARAL 59
Gracilaria chilensis:B LANMI IVNRINSNASAT' 59
Arthrospira platensis:B QF STAQIDALSQM I IVSNAARSL 59
Leptolyngbya species N62DM:B STAQIDAL I I 59
Microchaete diplosiphon:B QADARGEYLSGSQIDALSALVAL I I 59
Pseudoanabaena species IwW0831:B YISASQIDAL ITSNSSAIV 59
Polysiphonia urceolata:B NTQIDALLAIV: LDVVNKT IV 59
e kkk Rk sk kR ko *
Galdieria phlegrea:B QPQLIQ A IILRYVSYATTAGDSSVLDDRCLNGLRETYQA 118
Cyanidium caldarium:B FSEQPQLIQ ACLRDMEIILRYVSYAITAGDSSILDDRC ).\ 119
Thermosynechococcus elongatus:B FAEQPQL IQPGMMLRDME IILRYVTYAILAGDSSVLDDRCLNGLRETYQA 119
Thermosynechococcus vulcanus:B QPQLIQI IILRYVTYAILAGDSSVLDDRCLNGLRETYQA 119
Galdieria sulphuraria:B FSEQPQLIQ! ACLRDMEIILRYVSYAITAGDSSVLDDRCLNGLRETYQA 119
Synechococcus elongates:B IA ACLRDMEIILRYVTYAVFTGDASILDDRCLNGLRETYLA 120
Synechocystis species PCC 6803:B QPQLIQPGGNA LRDME I ILRYVTYATFTGDASVLEDRCLNGLRETYVA 119
Gracilaria chilensis:B I¢ ACLRDME IVLRYVSYAEIAGDSSVLDDRCLNGLRETYQA 119
Arthrospira platensis:B FAEQPQLIAPGGNAYTSRRMAACLRDMEIILRYVTYAVFAGDASVLEDRCLNGLRETYLA 113
Leptolyngbya species N62DM:B IAPGGNA ACLRDMEI ILRYVTYAVFAGDASVLEDRCLNGLRETYLA 119
Microchaete diplosiphon:B FAEQPQLIAPGGNAYTSRRMAACLRDMEIILRYVTYAIFAGDASVLDDRCLNGLKETYLA 119
Pseudoanabaena species Iw0831:B FAEQPALIAPGGNA A IVLRYVTYAIYSGDASIL LA 119
Polysiphonia urceolata:B I A IVLRYVSYAMIAGDASVLDDRCLNGLRETYQR 118
Galdieria phlegrea:B LGVPGASVAL AT IGDCSALISEIATY v 172

Cyanidium caldarium:B IGVPGASVAVGIEWSAIAIANDESGITTGDCSMEVGI’YE‘DMATAVQ 172
Th h el :B IQKMKDAAIATI ITPGDC. MSEIAGY 172
Thermosynechococcus vulcanus:B IETPGSSVAVAIQMAAIAIANDPNGITPGDCSAIMSBIAG!PDMAVA 172
Galdieria sulphuraria:B LGVPGA DSAIAI ITTGDC 172
Synechococcus elongates:B LGVPGASVAEGVRKMKDMVAIVSDRNGITQGDCSAIISEIGSYFDKAMAVA 173
Synechocystis species PCC 6803:B LGVPGA I TRGDCSAIVAEIAGYFDRAAAAVA 172
Gracilaria chilensis:B L IEKMKEA F ASAVS 172
Arthrospira platensis:B L LAIV TPGDCSALASEIASYFDRACAAVS 172
Lep:o.lyngby: species stm B L LATY ITPGDCSALASEIASYFDRACAAVS 172
Mi te diplosi. LATAGDTNGITRGDC: SYFD! 172
Pseudoanabaena species Iw0831 B L IGKMKDAAIAT ILMSEIGSYFDKAAAAVA 172
Polysiphonia urceolata:B LGTPGASVAVAI! \/ IATYFT 172

*k KR EEE

® i Kkkoco o ik: RRKIK KK

Figure 2. Multiple sequence alignment of C-phycocyanins from different sources
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Table S2. Amino acid composition and other sequence analyses of C-
phycocyanins from different sources (Micsonai 2018).

Crganism N Asn (1) N Gin (@) N Met(M] | 6s (6 {M+CFRHN] (Gekere] [GereTel] (E+KCHH] [D+EFKeR]- (W RAERL)
(e +5£T)

A |5 a0 [& [2 Jai[a & Jar|= [2 [ [= [# [=@ [ E e |2 [ [« [= [f e [= &7 [o8 [= [#

B B A EHEBEECEEE G EEE g5 22 |2o1 |23 |5 ERE 2
Goldienio_phlegrea
Thermasynechococcus |7 22 (28 |& |7 s |5 |5 fao|z |7 |5 (22 |25 |48 [ao |32 |r2 fas |35 |72 |27 J2s [esz|-z0 |2 [-22]ss |58 [aaz
slongates
Thermasynechococcus |7 22 (28 |& |7 s |5 |5 fao|z |7 |5 (22 [2s a8 [az |32 |73 Jaz |35 |72 |27 [2s [esz|-z0 |2 [-22]ss |58 [aaz
vuleanus
Cyanidium caldgrium a2 e (2o |7 7 Jz=aa s oz |50 T2 [= (o= [32 |3 (72 |57 [o5 |72 [ [2m|ems]2z2 | [25]sr |2 [ze
Goldierio sulphuraria s o e |7 52 |e ooz |5 |5 |25 |25 |50 |37 |32 o0 |37 |35 |72 |22 [27 [ess|as |5 [22]se [a2 e
Synechacoccus w e 22 |z [& |7 [e [« |5 12 |7 [ 5 [25 |32 |38 |32 |r2 Jozr |a5 |75 [am5|5 |32 [7 |8 [ [5¢ |5 [ai7
elongates
synechogsts spoecc |ao |8 |28 |e [ fasfr e J5 f2 [ 5 22 T2z 5 |22 |35 |72 oz [3= = |22 Jeea]es [+ |2 EN EEN I B
5803
Arthrospire plotensis s |7 (2= |7 |5 === ¢ [z [o |5 22 [22 o2 [as J2= |75 2 |32 |72 (222 2s [z22]2 |= |7 [=5 |2 [az5
Gracilorio chilensis s |z fzs [7 Je [z [z [ 2 |7 |5 22 J=s (o5 [22 J22 [os s [s2|ss [oo J22 |2 [z |+ [-2ofse |52 [aie
Leptolynghya  5p. s |7 2z |7 |5 ez s [& ooz [« |6 22 [22 |42 [a5 |22 |r2 |37 |33 |70 |22z 2s Jez|2 |7 [+ |55 [=0
NE2DM
Micrachaste 717 |22 |5 |5 |z |5 |7 |2 [5 |5 |25 |22 |57 |38 |35 |7e |4o |35 |75 |23 |2z |227 |2z |o |2z |5z |58 |0
diplosiphan
Pseudanabosna sp. s |7 |23 & |z |7 [ |s oz |7 |5 |27 [25 |35 |32 |30 |77 Jao |22 |72 |5 |37 |s25[-22 |0 [-22]sz |58 [aae
Iwozs1
rolysiphonic wceolats |22 |9 22 |z s e Ja [= = |2 [z |5 [ [= (a5 Jao J2o Joo Jas |52 |72 |55 [2as|2s [-22 |2 [2z]se [s0 Jaze

4.3.3 Effect of pH variations and H202 addition on the structure
of GpPC

To investigate the effect of the pH change on the structure of GpPC,
UV-Vis absorption, far-UV circular dichroism (CD) and intrinsic
fluorescence spectra were collected under different pH values (Figures
3A-E). Both the UV-Vis and CD spectra are almost superimposable in
the pH range 4.0-9.0, while they slightly change when pH is < 4.0 or >
10.0. In particular, UV-Vis spectra show the typical features of the
absorption spectra of C-PCs (Edwards 1996), with a prominent peak at
620 nm (Figure 3A). The protein remains blue up to pH 10.0, whereas
it loses the colour at pH =210.0 (Figure 4).

CD spectra of GpPC show the minima at 208 and 222 nm, which are
diagnostic of the presence of a high a-helical content (Figure 3B). The
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calculated percentages of GpPC a-helix content as a function of pH,
obtained using BestSel (Micsonai 2018), are listed in Table S1. At pH
values between 2.0 and 9.0, the helical content is significantly higher
than 70%. These values are in good agreement with those derived from
the known structures of C-PCs deposited in the Protein Data Bank and
higher than those estimated on the basis of CD spectra for the protein
from the red microalga C. caldarium (47.5%) (Edwards 1997), from the
cyanobacterium P. luridum (67.1%) (Eisele 2000) and from the
thermophilic microalga Synechococcus lividus (54.7%) (Edwards
1997). Interestingly, GpPC retains its secondary structure at acid pH,
contrarily to what observed in the case of other C-PCs that unfold,
dissociate into monomers and precipitate at pH <4.5 (Patil 2006; Wu
2016). At pH > 10.0, GpPC loses helicity (estimated a-helical content
between 50 and 60%), but minima at 208 and 222 nm are still present
in CD spectra, even though with lower ellipticity values.

These data were further confirmed by intrinsic fluorescence
experiments. Fluorescence emission was measured at 25°C upon
excitation at 280 nm (Figure 3C), 295 nm (Figure 3D) and 589 nm
(Figure 3E) to follow the effect of pH on the environment of the Tyr/Trp
residues (280nm), of the only Trp present in the protein sequence
(residue 128 in the a-chain) (295 nm) and of the chromophore (589 nm).
Upon excitation at 280 nm, GpPC has an emission maximum at 333-
334 nm, in line with the expectation for a well-folded protein. Upon
excitation at 295 nm, GpPC has an emission maximum at 333-334 nm,
suggesting that Trp128a is buried in the protein hydrophobic core, while
upon excitation at 589 nm GpPC has an emission maximum at 646-650
nm, in agreement with other PCs (Edwards 1997). At pH 10.0 and 11.0
the emission maximum upon excitation at 295 nm is red-shifted to 337-
342 nm, while it is red-shifted to 344 nm at pH 2.0. These findings
suggest that changes in the tertiary structures occur at extreme acid
and basic pHs.

These conformational variations affect the a-chain structure and
the solvent exposure of Trp128a; they take place to varying extents at
different pHs. This is in line with the idea that the B-chain has a higher
stability when compared to the a-chain (Su 2017). Interestingly, the
fluorescence due to the chromophore is altered only at the highly basic
pH 10.0 and 11.0, where the emission maximum is blue-shifted to 616-
624 nm.

The emission intensity of the protein also decreases upon
deviation from the native state due to the solvent quenching of the Trp
fluorescence. These data agree with the results of far-UV CD spectra,
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which show a loss of secondary structure content at highly acid or basic
pHs.
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Figure 3. UV-Vis absorption spectra. A: far-UV CD spectra; B: intrinsic
fluorescence spectra upon excitation at 280 nm; C: intrinsic fluorescence spectra
upon excitation at 295 nm; D: intrinsic fluorescence spectra upon excitation at 589
nm; E: GpPC as a function of pH at 25°C. Protein concentration: 0.2 mg/mL.
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Figure 4. Images of GpPC solution at different pHs. The loss of colour of GpPC is
due to the loss of the chromophore.

The effect of different concentrations of an oxidant agent on the
structure of GpPC was then evaluated comparing the UV-Vis
absorption spectra of the protein upon addition of different
concentrations of H202 (Figure 5).

The presence of hydrogen peroxide induces oxidative stress via
reactive oxygen species (ROS) production. Data show that the
incubation of the protein with H202 leads to a slight decrease in the
absorption capability of the protein at 620 nm, in agreement with results
obtained with C-PCs from Euhalothece sp. (Mogany 2019) and
Geitlerinema sp. H8DM (Patel 2018).
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Figure 5. UV-Vis absorption spectra of GpPC upon addition of increasing
amounts of H2O,. Spectra were collected at 25°C in 10 mM sodium acetate buffer,
pH 5.0, using protein concentration 0.2 mg/mL.

4.3.4 Stability against temperature

The use of C-PCs as food colorant and in fluorescent
applications is hampered by their sensitivity to high temperature. To
enhance C-PC thermal stability, stabilizing agents like additives can be
used; however, they are toxic for humans (Wu 2016). The stability of
GpPC against temperature was analysed by following CD signal
intensity at 222 nm at pH 5.0, 7.0 and 10.0 from 25°C to 95°C (Figure
6). Protein irreversibly denatures during thermal unfolding: spectra
collected at 25°C after the thermal treatment indicate that the protein
does not re-acquire the secondary structure that loses at high
temperatures upon cooling. The inspection of the unfolding curves
suggests that the thermal denaturation of the protein is a two-state
process. At pH 5.0, the melting temperature (Tm) of the transition, i.e.
the temperature at which 50% of GpPC is denatured, is 85+1°C. Tm at
pH 5.5 and at pH 7.0 is 87£1°C. The thermostability is lower at pH 10.0,
where Tm is 52+1°C.
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Figure 6. Thermal unfolding curves of GpPC as followed by molar ellipticity
values at 222 nm. Heating rate was 1.0°C/min. Measurements were carried out in 10
mM sodium acetate buffer at pH 5.0, 10 mM Tris-HCI buffer at pH 7.0, 10 mM CAPS
at pH 10.0, using protein concentration 0.2 mg/mL

This is in line to what happens with the protein from
cyanobacterium Spirulina platensis (which shows Tm values of 61.8,
57.5 and 49.9°C at pH 5.0, 7.0 and 9.0, respectively) (Martelli 2014)
and in agreement with the accepted idea that C-PCs have maximum
stability between pH 5.0 and 7.0 (Chaiklahan 2012). Notably, at pH 5.0
and 7.0, the thermostability of the protein is sensibly higher than that
observed for C-PCs from the mesophilic Spirulina sp. (47°C)
(Chaiklahan 2012), from Euhalothece sp. (55°C) (Mogany 2019) and
Chroomonas sp. (about 55°C) (Edwards 1997), from the psychrophilic
source Arctic cyanobacterium (56°C) (Su 2007), from C. caldarium
(65°C) (Eisele 2000) and P. luridum (about 62°C) (Edwards 1996;
Edwards 1997), from S. platensis (72°C) (Su 2017), from the
thermophilic sources G. sulphuraria (up to 60°C) (Moon 2014) and S.
lividus (about 82°C) (Edwards 1996).

Tertiary structure loss of GpPC induced by temperature was then
investigated by collecting intrinsic fluorescence spectra at different
temperatures upon excitation at 295 nm at pH 5.0 (Figure 7A). When
the temperature was increased, GpPC fluorescence spectra upon
excitation at 295 nm showed a red-shift of the maximum emission
wavelength and a decrease of the signal intensity. In particular, up to
75°C, the maximum emission wavelength of GpPC (333-334 nm) is
close to that found at 20°C (333-334 nm), suggesting that the protein
retains its tertiary structure up to this temperature.
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At a temperature higher than 77.5°C, GpPC tertiary structure
starts to unfold. The apparent melting temperature Tm of the protein
tertiary structure is 87°C, in perfect agreement with data obtained by
CD (Figure 8). This finding indicates a simultaneous collapse of the
secondary and tertiary structure of the protein during thermal unfolding.
To evaluate the effect of high temperature on the chromophore
fluorescence, emission spectra were also collected as function of
temperature upon excitation at 589 nm (Figure 7B). Interestingly,
spectra do not show changes in the maximum emission wavelength at
different temperatures, although a significant reduction of fluorescence
intensity is observed. At temperature higher than 85°C, emission is no
longer observed, suggesting loss of the chromophore. Overall, these
features could be an advantage for the potential use of GpPC in the
food industry. These results motivate us to perform further tests (that
could be helpful for specific applications) that evaluated the protein
resistance at high temperatures.
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Figure 7. Fluorescence spectra of GpPC recorded at different temperatures at protein
concentration 0.2 mg/mL in 10 mM sodium acetate pH 5.0, upon excitation using (A)

Aex= 295 nm; (B) Aex = 598 nm.
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Figure 8. Fraction of protein unfolded shown as a function of temperature.
Unfolding has been monitored by intrinsic tryptophan fluorescence. Spectra were
collected in 10 mM sodium acetate buffer, pH 5.0, using protein concentration 0.2
mg/mL upon excitation at 295 nm.

To study the kinetics of GpPC denaturation process at pH 5.0 at
high temperatures, CD spectra have been collected periodically at 75°C
as a function of time (Figure 9). Surprisingly, GpPC shows CD spectra
that are typical of a folded protein for more than 1 h at 75°C, although
the prolonged exposure at this temperature results in fading of the blue
colour with time. It is noteworthy that at this temperature, most of C-
PCs undergo to rapid unfolding. For example, C-PC from S.platensis
has a half-life (tu2) of 16 min at pH 7.0 and of 42 min at pH 5.0 at 75°C
(Wu 2016), while, according to Chaiklahan, CP-C from Spirulina sp.
precipitates at pH 5.0 and 6.0 after incubation at temperatures higher
than 59°C for 15 min, and it precipitates at pH 7.0 after 30 min at 64°C
(Chaiklahan 2012). Thus, GpPC appears much more resistant at high
temperatures when compared to previously isolated C-PCs.
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Figure 9. Far-UV CD spectra of GpPC at 75°C as a function of time. Spectra were
collected in 10 mM sodium acetate buffer, pH 5.0, using protein concentration 0.2
mg/mL.

4.3.5 Antioxidant activity of GpPC

Recently, it has been reported that pure GpPC is an excellent
antioxidant, as it is able to protect cells from UVA damages (Imbimbo
2019). To verify if high temperature treatments affect the bioactivity of
GpPC, a comparison between the antioxidant activity of GpPC and that
of pasteurized GpPC, which was heated at 75°C for 10 min, was
performed. Cells were incubated for 2 h prior to UVA exposure with 0.4
UM of either GpPC or GpPC after pasteurization. At the end of this
experiment, ROS levels were measured by wusing 2.7'-
dichlorodihydrofluorescein diacetate (H2-DCFDA). As shown in Figure
10, no alteration in ROS levels was observed when cells were
incubated with the two molecules (white and grey bars), whereas a
significant increase in ROS levels was observed when cells were
exposed to UVA irradiation (black bars).

Overall, these findings suggest that GpPC is commercially more
competitive than the other C-PCs investigated up to now as it remains
practically intact, both from physico-chemical and biological point of
view, after high temperature treatments, like in the pasteurization
process (Grant 2002).

These findings suggest a possible use of GpPC in food
industry. C-PC contained in the extract from Arthrospira platensis
(ApPC) has received the approval from FDA and EFSA and is currently
used as food colorant (Code of Federal Regulation 2016,
https://www.govregs.com/regulations/title21_chapterl_part73_subpart
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A_section73.530), but this protein has a limited thermostability
(denaturation above 60 °C) (Martelli 2014). The high thermostability
of GpPC renders this protein an interesting alternative to ApPC.

3004 Bl Untreated
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3 Pasteurized GpPC
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Figure 10. Comparison of antioxidant activity between GpPC and pasteurized
GpPC on UVA-stressed HaCaT cells. Intracellular ROS levels were determinated
by DCFDA assay. Cells were pre-incubated in the presence of 0.4 uM of GpPC (white
bars) and 0.4 uM of pasteurized GpPC (grey bars) for 2 h, prior UVA irradiation (100
J/cm?). Black bars refer to untreated cells in the absence (-) or in the presence (+) of
UVA. Values are expressed as percentage with respect to control (i.e. untreated) cells.

Data are shown as means + standard deviation (S.D.). Three independent
measurements were carried out. * indicates p<0.05.
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4.3.6 Cytotoxic activity of GpPC

As it is known that antioxidants can potentially exert anticancer
activity, the cytotoxicity of GpPC was evaluated on two cancer cell lines
(A431 and SVT2 cells) and on two immortalized cell lines (Balb/c 3T3
and HaCaT cells). The cells were incubated for 72 h with increasing
concentrations of GpPC and cell viability was evaluated by the MTT
assay at the end of the experiment. The results are reported in Figure
11 and show typical dose-response curves for cancer cells and no
significant toxicity on immortalized cells. Indeed, it was not possible to
determine the ICso values, which correspond to the protein
concentration able to inhibit cell growth by 50%, for non-cancer cells.
As reported in Table 4, the 1Cso values determined for cancer cells are
significantly lower than those reported in literature for other C-PCs
(Safei 2019; Liu 2016; Ying 2016). C-PC isolated from Limnothrix sp.
NSO1 is toxic on MCF-7 cells, with an ICso of 4.52 pg/pL (about 50 uM)
after 72h exposure, but not toxic against primary fibroblasts (Safei
2019), whereas C-PC isolated from Spirulina pl. shows ICso values
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within the range 133.6-163.8 uM after 48 h exposure on human cancer
SKOV-3 cells (Liu 2016; Ying 2016).
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Figure 11. Dose-response curves of immortalized and cancer cell lines after 72
h incubation with increasing concentrations of GpPC (0.5 — 10 uM). A: HaCaT
(black circles) and A431 (black squares). B: BALB/c 3T3 (black circles) and SVT2
(black squares) cells. Cell viability was assessed by the MTT assay and cell survival
expressed as percentage of viable cells in the presence of the lipophilic extract under
test, with respect to control cells grown in the absence of the extract. Data are shown
as means * S.D. Three independent measurements were carried out.

Table 4. Cytotoxicity of GpPC expressed as the protein concentration
(uM) able to inhibit cell growth by 50% (ICso value), after 72h of
incubation.

Cell line IC50(nLM)
HaCaT N.D.
A431 9.8+0.07

BALB/c 3T3 N.D.
SVT2 3.7+0.14

4.4 Conclusions

C-PCs have attracted the interest of the scientific community for
several reasons. They can be used as food colorant and are able to
exert numerous biological activities of interest for pharmaceutical and
biomedical research. Here, a comprehensive biophysical study of C-
phycocyanin from the rare red microalga Galdieria phlegrea, including
the determination of the primary sequence, a study on thermal stability
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and of the antioxidant and cytotoxic activity of the protein, is reported.
GpPC structure is not significantly influenced by the pH within the range
4.0-9.0, while it appears to be affected by highly acid or basic values.
GpPC presents an intense absorption at 620 nm and emits at 646-650
nm, when excited at 589 nm at 25°C. Compared to its counterparts from
mesophilic and even thermophilic sources (G. sulphuraria and C.
caldarium), GpPC has a high thermal stability, with Tm values > 80°C
at pH 5.0 and 7.0. The protein exhibits an interesting antioxidant activity
even after pasteurization, as well as a high antitumor activity, selective
for malignant cells. These unique features make GpPC a probable
candidate for future applications in food and pharmaceutical industries.
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5.1 General discussion

The present PhD project was aimed at designing a biorefinery by
using a red thermo-acidophilic microalgae, Galdieria phlegrea (strain
009). Three different high value bio-products, starting from the one with
the highest market value, were extracted by developing a cascade
extraction.

To this purpose, the attention was first focused on the design of
a feasible process at lab-scale to obtain two different high-value
molecules starting from the wet biomass of Galdieria phlegrea:
phycocyanin (PC) and PUFAs. First, proteins were extracted in
agueous buffer by a high-pressure procedure and PC was isolated to a
very high purity level by a single purification step. By this way, the
antioxidant activity of PC was fully preserved as it was able to protect
cells from UVA-induced damages. Then, the second step of the
biorefinery was focused on lipids extraction starting from the residual
biomass. Lipids were fractionated and PUFAs characterized.
Interestingly, the amount of isolated PUFAs obtained from the broken
biomass was higher than that obtained from the raw biomass,
suggesting an efficient biorefinery.

To further valorize the algal biomass, the biorefinery design was
integrated with the principles of green chemistry. The new set up of the
green biorefinery consisted in three sequential steps, which combined
a conventional extraction in aqueous medium and two innovative
procedures:

1. High pressure extraction to recover PC;
2. Pressurized Liquid Extraction (PLE) to extract carotenoids;
3. Supercritical Fluid Extraction (SFE) to obtain lipids.

Compared to conventional organic solvents extractions
performed on the same biomass, this combination allowed achieving
higher yields of carotenoids and lipids by using GRAS (Generally
Recognized As Safe) solvents, in shorter time and with less solvent
consumption. The carotenoid fraction contained B-carotene and
zeaxanthin, and the mixture extracted showed high antioxidant activity,
the same observed by combining the two commercial antioxidants. This
clearly indicates that PLE does not affect the biological activity of the
extracted molecules. Interestingly, the carotenoids extracted were able
to prevent the production of intracellular ROS after the induction of
oxidative stress and to activate the Nrf-2 pathway, which is normally
involved in the stress response.
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Finally, a complete biophysical and biochemical
characterization of PC from G. phlegrea was carried out. In particular,
the primary sequence was determined, and the stability of the protein
was analyzed. PC revealed to possess a very high stability up to 85°C
and in a wide range of pH (4.0-9.0). Thus, it was not surprising to verify
that PC retained its antioxidant activity also after thermal pasteurization.
Finally, PC showed a high and selective antitumor activity for cancer
cell lines.

The set up of the biorefinery machine allows valorizing many of
the active molecules present in G. phlegrea. This approach could be
easily scaled up at industrial level, as all the procedures are economic
and compatible with industrial machines. Indeed, the obtained results
could also contribute to increase the revenue streams of the process,
thus compensating the large cultivation and downstream costs for
biomass production. This could lead to a positive economic balance of
the microalgae biorefinery. Furthermore, the development of a green
process could also increase the social acceptance of industrial
microalgal products.

Despite the achieved results are encouraging, there are still
many issues that hinder the full exploitation of microalgae: (i) social
impact; (ii) control of growth parameters; (iii) extraction techniques; (iv)
the overall costs.

Social _impact. The first problem to be overcome with
microalgae is the social acceptance of microalgae products. To date,
microalgae have been commercialized only as “functional food”
(Nethravathy 2019). Currently, the microalgae market is dominated by
Spirulina as dried whole alga or as supplement in food and beverage
and by Chlorella as dried whole algae. Dunaliella salina is cultivated to
extract carotenoids, Haematococcus pluvialis for the production of
astaxanthin, Crypthecodinium cohnii and Shizochytrium for the
production of DHA (Garcia 2017). According to Future Market Insights,
in 2017 the market for Spirulina powder was estimated to be US$ 220.5
million and is expected to increase over US$ 380 million by the end of
2027, at a CAGR (Compound Annual Growth Rate) of 5.9%. Whereas,
the growth prospect in food and beverage segment will be at a CAGR
of 6.9%. The PC market is constantly growing and is expected to reflect
1.8 times increase in revenue growth from 2017 to 2025. In 2018, PC
market was valued at US$ 112.3 million and is predicted to be valued
at US$ 232.9 million with CAGR of 7.2% by 2025. The powder segment
of PC will emerge as a global leader with US$114 million market cap
between 2018 and 2028. When compared to the global market of food
and feed products derived from all the other sources, the market
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portfolio of microalgae-based products is still smaller, but increasing
steadily (Nethravathy 2019).

Control of growth parameters. Another bottleneck that
inhibits microalgae exploitation at large-scale production is the control
of the growth parameters and the problem of contaminations. At
industrial scale, microalgal cultures are generally carried out in open
ponds or photobioreactors (PBRs). PBRs are closed systems that allow
controlling the cultivation parameters and obtaining higher productivity
yields. Open ponds are uncontrolled outdoor systems that do not allow
a good productivity. Despite PBRs result to be the most efficient
cultivation method, to date, open pond systems are the most widely
employed systems for industrial purpose. This is due to several
reasons: (i) a low initial investment, (ii) a low power demand, (iii) low
operating and maintenance costs (Gonzales 2011). In this context,
extremophile microorganisms have gained much interest, since they
have the ability to live and thrive stressful conditions, such as heavy
metals concentration, acidic environments (pH 1.0-3.0) or high
temperatures (> 50°C) (Varshney 2015). Extremophile microalgae
represent thus excellent candidates for large-scale production in open
pond systems in which the risk of contaminations is very low (Sydney
2019).

Extraction_technigues. The selection of the right extraction
procedure to be employed is another important issue to be considered.
In fact, the molecules obtained from the biomass have to be biologically
active and dissolved in a fully biocompatible buffer. Currently,
conventional extraction techniques are used, but they involve organic
solvents, such as chloroform, acetone, methanol and diethyl ether
(Saini and Keum 2018). The conventional solvent extraction usually
requires large amounts of solvent, long extraction times and needs a
dried biomass as a starting material. All these factors strongly increase
the costs of the downstream processes.

Recently, the demand for greener, safer and natural products
that do not require the involvement of toxic solvents, increased. Green
chemistry is aimed at preserving the environment and human health by
promoting the use and reuse of natural resources and by limiting or
completely avoid the use of toxic organic solvents. The development of
green extraction procedures to recover active compounds represents a
significant advance, as no toxic solvents are needed, thus minimizing
the environmental impact. Moreover, they allow to reduce the extraction
time and to improve the extraction yields, without affecting the biological
activity.
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In this scenario, compressed fluid extractions are considered
valuable green alternatives to conventional extractions. Compressed
fluid extractions include Sub-critical Water Extraction (SWE),
Pressurized Liquid Extraction (PLE), and Supercritical Fluid Extraction
(SFE). SFE operates at temperature and pressure above the critical
point of the solvent selected. These conditions allow increasing the
diffusivity of the solvent, thus improving the penetration of the solvent
into the matrix. On the other hand, the solvents involved in PLE and
SWE are maintained at a temperature above the boiling point and at a
pressure high enough to keep fluids in their liquid states. Besides the
differences among these techniques, they all share a small amount of
GRAS solvents to perform extractions, without affecting the bioactivity
or the chemical structure (Herrero and lbafiez 2018). The main
disadvantage of these procedures are the high costs to build the
equipment.

Among innovative techniques, in the last years other promising
approaches have been investigated. Microwave Assisted Extraction
(MAE) is a technique for the extraction of pigments, lipids and other
bioactive molecules which involves the use of microwaves to heat up
the solvents in contact with the cell (Juin 2015). The heating is caused
by two phenomena: dipole rotation and ionic conduction, which may
happen individually or simultaneously (Tatke and Jaiswal 2011). MAE
is generally performed in closed system to avoid the dissipation of the
heat. By this way, the heating mechanism is targeted and selective,
thus reducing the extraction time and improving the yield. However, the
main limitation of this method is that the high temperature required may
affect the bioactivity of the extracted molecules.

lonic Liquids (ILs) are organic solution of salts that can melt at
mild temperature (<100°C). They are typically composed of a large
number of inorganic or organic cations. ILs are characterized by
synthetic flexibility and thermal stability. Moreover, they are non-volatile
and non-flammable (Harris 2018; Vekariya 2017). These features make
them attractive as alternatives to volatile organic solvents. They are
generally employed for lipid extraction, however, to date, only limited
papers are available in literature (Motlagh 2019). One of the main
drawbacks of ILs is the unrealistic application at industrial scale, due to
their costs and the environmental impact (Zhang 2008). Many ILs have
been proved to be not harmful for humans, however, their synthesis
involves many steps that require expensive, toxic and volatile reagents
(Harris  2018). Switchable Solvents (SSs) represent a second
generation of ILs. First reported by Philipp Jessop (Jessop 2005), SSs
are non-volatile liquids able to convert their characteristics from
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hydrophobic to hydrophilic state and vice-versa in response to an
external stimulus, such as a change in temperature or pH and/or the
addition or removal of a gas (i.e. CO2) (Yook 2019; Al-Ameri and Al-
Zuhair 2019). This unique “switching” property allows performing
cascade extractions of high value molecules and to recover and reuse the
solvent. For this reason, SSs are considered economically competitive as
their sustainability rely only in the low energy consumption (Clarke 2018;
Pollet 2011). However, the solvent selection points out one of the main
problems related to this procedure. The properties of SSs may be improved
by incorporating functional groups into the structure during the chemical
synthesis. Obviously, this makes the preparation difficult as well as it may
affect the costs (Clarke 2018). For this reason, the solvents used in this
kind of extraction are generally amines, whose synthesis is less expensive,
but not environmentally friendly (Schuur 2019).

Overall costs. Despite the strategic relevance of bio-based
products for many industries, numerous technological and strategic
challenges still hamper the commercial industrialization of microalgae.
Overall, many evidence of the effectiveness of individual steps of
biorefinery are reported in literature, but very few attempts have been
faced to set up entire processes. Furthermore, the companies should
conform to the social and environmental needed to gain public
acceptance. To date, conventional crop-biorefinery costs represent the
20-40% of the whole process costs. These costs can increase up to
60% for the algae-based biorefinery (Lam 2018; Caporgno and Mathys
2018).

To reduce costs, simple processes that require only few unit
operations should be developed, keeping in mind that the technologies
tailored for a single unit operation should always be followed by an
evaluation of the impact on the overall process.

In conclusion, the complete valorization of microalgae biomass by a
well-integrated platform would facilitate the transition from lab-scale to
large-scale production, thus making green biorefineries a strong reality.
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tive effect against apoptosis in pre-treated irradiated cells was evidenced. We found that eucomic and
piscidic acids were responsible for the anti-oxidative stress action of cladode extract. In conclusion, a
bioactive, safe, low-cost and high value-added extract from Opuntia cladodes was obtained to be used
for skin health/protection.

© 2017 Elsevier Ltd. All rights reserved.

Natural products are receiving a great deal of interest by scien-
tists and pharmacologists for their use in the prevention of oxida-
tive stress-related  pathologies, which include obesity,
atherosclerosis, diab cancer, neurod di and
aging.'

Opuntia is widely distributed in Mexico and in all American
hemispheres, as well as in Africa and in the Mediterranean basin.”
Among all the species, Opuntia ficus-indica (referred to here on as
Opuntia) is the most widely distributed. The multiplicity of
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health-promoting properties of Opuntia are well known. Indeed,
in traditional medicine it has been recognized as a source of prebi-
otics and phytochemicals.” Most of the studies report the protec-
tive effect of fruits and stems; for example, extracts from Opuntia
ficus-indica var. saboten have been reported to protect against neu-
ronal damage produced under oxidant conditions,” or against renal
and hepatic alterations caused by mycotoxins.” On the other side,
only few studies have been performed on the antioxidant, anti-
inflammatory, wound healing, hypoglycemic and antimicrobial
activities of Opuntia cladodes.”’ Lee and colleagues showed that
an ethanol extract of cladodes decreased the oxidation of linoleic
acid and DNA.? Recently, Avila demonstrated an increased antiox-
idant activity in plasma and blood in subjects consuming cladodes
(300 g/day for 3 days).”

Given these premises, and taking into account the high annual
productivity of biomass per hectare (10-40 tones dry weight), it
is undeniable that Opuntia cladodes represent an economic and
suitable substrate for isolation of antioxidants. However, it has to
be considered that all the above studies have a common drawback,
namely the use of organic solvents to extract bioactive compounds.
Indeed, it was previously demonstrated that the extraction proce-
dure, as well as the extraction solvent, notably affect the yield of
natural products, their content as well as their antioxidant
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Fig. 1. Structure of 2-hydroxy-4-(4'-hydroxyphenyl)-butanoic acid (a) found in OSMF C, and of piscidic (b) and eucomic (c) acids found in OSMF D.

activity.'” Furthermore, the use of organic solvents has elevated
costs with the risk of contamination of the extract by solvent
residues.

‘We previously reported that Opuntia extracts can be obtained
by simple mechanical press and that the Opuntia raw extract
(ORE) was constituted by two main components: i) a high molec-
ular weight constituent consisting in two polysaccharide entities:
a linear B-(1—4)-galactose polymer and a highly branched xyloara-
binan; ii) a low molecular weight component consisting in lactic
acid, p-mannitol and three phenolic derivatives, i.e. piscidic, euco-
mic and 2-hydroxy-4-(4'-hydroxyphenyl)-butanoic acids (Fig. 1).°

Phenolic compounds are used in several applications due to
their proved antioxidant and potentially health-promoting proper-
ties."""* Importantly, the chemical structure of phenolic com-
pounds, in terms of their reducing properties as electron or
hydrogen-donating agents, determines their potential for action
as antioxidants.™

In this context, we investigated whether ORE is able to protect
human keratinocytes against UVA-induced oxidative stress. UVA
radiations are known to increase reactive oxygen species (ROS)
production, thus causing oxidative damage of proteins, lipids and
nucleic acids. These damages result in different detrimental effects
on the skin, such as inflammation, premature aging and develop-
ment of cancer.'*'® Keratinocytes are essential components of skin
and connective tissue, normally present in the outermost layer of
the skin.'” This prompted us to select cultured human ker-
atinocytes (HaCaT cell line) as an excellent experimental model
to test the protective role of Opuntia extracts against UVA
radiations.

We first tested the in vitro antioxidant activity of the whole ORE
and of each isolated fraction (OSMF A-D), obtained following the
procedure described in Di Lorenzo et al.” and reported in Supple-
mentary material.

By the ABTS colorimetric assay, we found that ORE is endowed
with a significant antioxidant activity, as a low ICs5¢ value was
obtained (0.52 + 0.01 mg/mL). Fraction OSMF A, namely the lactic
acid component,” showed the highest ICso value (1.4 +0.01 mg/
mL), in agreement with findings obtained in a different experimen-
tal system by Lampe, who reported that lactic acid is able to scav-
enge free radicals.'® The ICs, values of OSMF C (namely 2-hydroxy-
4-(4'-hydroxyphenyl)butanoic acid, Fig. 1a) and D (namely piscidic
and eucomic acids, Fig. 1b and c, respectively)® were found to be
much lower (0.09 + 0.02 and 0.03 + 0.01, respectively) than those
obtained for the whole extract and for OSMF B (p-mannitol,”)
(ICs0 = 0.79 £ 0.37 mg/mL). These results were confirmed by the
TEAC (Trolox equivalent antioxidant capacity) test, from which

Table 1

Opuntia raw extract (ORE) and its fractions (OSMF A-D) were tested for their in vitro
antioxidant properties. The antioxidant activity is expressed as the concentration
required to scavenge 50% of free radical ABTS™ (ICsp), Trolox equivalent antioxidant
capacity (TEAC), and the ability to counteract UV radiations, expressed as sun
protecting factor (SPF). Values are normalized to the concentration of each sample.

Sample 1C5 (mgfml) TEAC (4Mfmg) SPF

ORE 052£0.01 432£453 225+05
OSMF A 144001 10.63.39 14101
OSMF B 079037 24.08£0.34 094+0.11
OSMF C 0.09 £0.02 22579+ 15.85 02001
OSMF D 0.03 £0.01 749.65 + 11.81 223+041

much higher TEAC values were obtained for OSMF C and D, with
respect to OSMF A and B, indicating a high content in antioxidants
in the former two fractions (Table 1).

We also tested the UV-protective properties of ORE and its
OSMF fractions by measuring their sun protection factor (SPF)
in vitro, according to a spectrophotometric method.'® As shown
inTable 1, while OSMF B and C did not show any significant protec-
tive effect, a value of about 2 was obtained when ORE or OSMF D
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Fig. 2. Effect of ORE on the viability of human keratinocytes. Dose-response curve
of HaCaT cells after 24 h (black bars), 48 h (dark grey bars) and 72 h (light grey bars)
incubation in the presence of increasing concentrations of ORE. Cell viability was
assessed by the MTT assay; the cell survival percentage was defined as described in
Supplementary material. Values are given as means £S.D. (n > 3). " indicates p <
0.05 with respect to untreated cells.
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was tested; this value has been reported to correspond to 50% UV
blockage. Therefore, these samples can be considered as having
good sunscreen activity.”” OSMF A showed an in vitro SPF of 1.4,
in agreement with the results obtained by Kornhauser, who
reported that lactic acid is commonly used in cosmetics for the
improvement of photoaged skin.?!

The biocompatibility of ORE on HaCaT cells was tested by per-
forming a dose-response experiment, in which cells were exposed
for different lengths of time to the extract within the range 0.1-2.5
mg/mL. We found that cell viability was not affected up to 1 mg/
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Fig. 3. GSH levels in HaCaT cells irradiated by UVA in the presence of ORE. Cells
were pre-incubated in the presence of 1 mg/mL ORE (grey bars) for different lengths
of time, irradiated by UVA (100 }{em?) and intracellular GSH levels determined by
DTNB assay. Control cells, black bars: cells pre-treated with ORE are indicated by:
dark grey bars (5 min of pre-incubation), light grey bars (15 min of pre-incubation),
white bars (30 min of pre-incubation), spotted bars (60 min of pre-incubation) and
dashed bars (120 min of pre-incubation). Values are expressed as fold increase with
respect to control (i.e. untreated) cells. Data shown are the means + S.D. of three
independent experiments. ~ indicates p <0.05; " indicates p < 0.001.
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mL, even after 72 h incubation (p > 0.05) (Fig. 2), while after 72 h,
at the highest concentration tested (2.5 mg/mL), about 30% cell
death was observed. On the basis of these results and on previously
reported data,” further experiments were carried out at 1 mg/mL
ORE concentration.

To test if ORE was able to protect keratinocytes from oxidative
stress, we performed a time course experiment in which cells were
pre-treated with ORE (1 mg/mL) for different lengths of time (from
5 min to 2 h) before inducing oxidative stress by UVA irradiation
(100 J/cm?). Immediately after irradiation, intracellular GSH was
evaluated by the DTNB assay (Fig. 3). As expected, UVA treatment
significantly decreased intracellular GSH when compared to the
non-irradiated samples (50% decrease), whereas ORE had no effect
on intracellular GSH level. Interestingly, a pretreatment of cells
with ORE, prior to UVA exposure, resulted in an inhibition of
GSH oxidation in a time-dependent manner. In particular, we
found that ORE was able to protect cells from GSH depletion after
just 30 min incubation, and no difference was observed up to 2 h
incubation. The efficacy of ORE at 1 mg/mL well correlates with
the in vitro antioxidant assay (1C5¢ 0.52 mg/mL).

In order to identify the low molecular weight fraction from
Opuntia extract responsible for the antioxidant activity of the
whole extract, each fraction was tested by DTNB and DCFDA
assays. For a direct comparison between the whole extract and
its fractions, a suitable volume of each fraction was tested to reach
the concentration of the single component in the whole extract
tested at 1 mg/mL.° As shown in Fig. 4A, when cells were pre-incu-
bated either with ORE or with the isolated fractions prior to be irra-
diated, ORE (dashed bars) and OSMF D (dotted bars) were found to
be able to contrast the detrimental effects of UVA irradiation on
GSH (GSH depletion), whereas the other fractions had no protec-
tive effect. In the absence of irradiation, instead, no effect on the
intracellular GSH level was observed for any fraction. These results
were also confirmed by the DCFDA assay (Fig. 4B), which showed
no alteration in the redox state upon treatment with Opuntia sam-
ples. On the other hand, a significant increase in ROS production
was observed when keratinocytes were irradiated by UVA (4-fold
increase). Interestingly, the alteration in the redox state was fully
counteracted when cells were pre-incubated either with ORE
(dashed bars) or with OSMF D (dotted bars) prior to UVA
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Fig. 4. GSH oxidation and ROS production in HaCaT cells irradiated by UVA in the presence of ORE and isolated fractions. A-B, Cells were pre-incubated in the presence of ORE
(1 mg/mL) or equivalent amount of each Opuntia fracnon for 30 min and then irradiated by UVA (100 J{cm?). A, changes in intracellular GSH levels of cells before (—) and after
5 B, il

ROS levels

(+)UVA

by DCFDA assay. Black bars, untreated cells; dark grey bars, fraction A (OSMF A, # A); light grey bars, fraction B

(OSMF B, # B); whnc bars, fraction C (OSMF C, # C); spotted bars, fraction D {OSMF D, # D) dashed bars, ORE Values are expressed as fold increase with respect to control (i.e.

untreated) cells. Data shown are the means + S.D. of three independent experiments.

“indicates p < 0.01, ~ indicates p < 0.001.
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irradiation. A small, although significant, protective effect was
observed with the other fractions. The slight antioxidant activity
of lactic acid (present in OSMF A) is in line with Lampe and col-
leagues who found that lactic acid was effective in counteracting
free radicals produced by a photoinitiator, but no effect was
observed in the presence of hydrogen peroxide radicals, which
are more reactive and able to enter the cell.'® As for OSMF C, it is
well known that the antioxidant activity of a phenolic compound
must be related to the amount, position and number of the hydro-
xyl groups in the molecule.” In this context, piscidic and eucomic
acids are richer in hydroxyl groups than 2-hydroxy-4-(4-hydrox-
yphenyl)-butanoic acid, the component of OSMF C (Fig. 1).

Based on these results, ORE and OSMF D were used to deeply
analyze their antioxidant protective effect.

To this purpose, measurement of lipid peroxidation levels was
performed (Fig. 5A).

We found that UVA treatment significantly increased lipid per-
oxidation levels when compared to a non-irradiated sample.

Noteworthy, a strong protective effect was observed when cells
were pre-treated with ORE or OSMF D, since both values were
comparable to those obtained in the absence of any treatment.

This result is in line with those obtained by Hfaiedh, who stud-
ied the effects of a water Opuntia extract in counteracting the neg-
ative effects of NiCl, in rats.”*

The protective effect of ORE and OSMF D was further confirmed
by Western blot experiments, in which the phosphorylation levels
of p38 and its direct target, MAPKAPK-2, were analyzed (Fig. 5B).
These proteins are directly involved in signaling stress pathways
induced by UVA.**?® When cells were UVA irradiated, we observed
a significant increase in the phosphorylation levels of the analyzed
markers (Fig. 5B-C). On the contrary, when cells were exposed to
ORE or OSMF D prior to UVA treatment, the phosphorylation levels
of p38 and MAPKAPK-2 were similar to those observed in non-irra-
diated cells. These results are in agreement with those obtained by
Zourgui and colleagues in mice using an ethanol:water extract.”

Furthermore, we verified whether ORE and OSMF D were able
to protect cells against UVA-induced cell death. As shown in
Fig. 6, a cell treatment with ORE did not induce apoptosis, since
no cleavage of caspase-3 or caspase-7 was observed, while, as
expected, upon UVA exposure, the activation of caspase-3 and -7
was remarkably increased, as indicated by the presence of the
cleaved form of both proteins (Fig. 6, third lane). These results
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Fig. 5. Effect of ORE extract and OSMF D on UVA-induced oxidative stress markers in human keratinocytes. Cells were incubated with 1 mg/mL ORE or 0.15 mg/mL OSMF D
for 30 min prior to UVA irradiation (100 Jjem?) and then incubated for 90 min. A, lipid peroxidation levels determined by TBARS assay; B, Western blots. In Western blots the
phosphorylation level of P-p38 and P-MAPKAPK-2 is reported, with the relative densitometric analysis (C) in the absence (black bars) or in the presence of ORE (dark grey
bars) or OSMF D (light grey bars). GAPDH was used as internal standard. Data shown are the means # S.D. of three independent experiments. ~ indicates p <.005.
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Fig. 6. ORE extract and OSMF D protect HaCaT cells from UVA-induced apoptosis.
Cells were incubated with 1 mg/ml ORE or 0.15 mg/mlL OSMF D for 30 min,
irradiated with UVA (100 Jfcm?) and then grown for 24 h. Western blots were
performed using anti-caspase-3 and -7, which recognize the activated forms of the
proteins. GAPDH was used as loading control.

are in agreement with those reported by others, who demonstrated
that many epidermal skin cells, including keratinocytes, undergo
apoptosis following UVA exposure as a result of DNA strand
breaks.”*?® When, instead, keratinocytes were pre-incubated in
the presence of ORE or OSMF D, and then exposed to UVA, no cas-
pase-3 and -7 activation was observed, thus indicating a protective
role of piscidic and eucomic acids from UVA-induced cellular
stress.

The beneficial properties of Opuntia mucilage in producing a
physical barrier on the cutis, favoring cutaneous reparative pro-
cesses, is historically well known. Nowadays, given the enormous
potential benefits on health of natural bioactive compounds iso-
lated from Opuntia cladode extracts, intensive investigation is
ongoing attracting the interest of food scientists and clinical phar-
macologists. Some of the beneficial effects of Opuntia extracts have
been attributed to fibers and polyphenols isolated from cladodes.
However, all the studies published so far have been performed
on extracts treated with organic solvents, which may not be com-
pletely removed with a potential danger for human health.

Here, we report the discover of an additional and intriguing
beneficial property of water extracts from cladodes, i.e. a protec-
tive effect against UVA-induced oxidative stress and apoptosis,
which has never been investigated so far. Altogether, our results
demonstrate that ORE water extract has strong antioxidant proper-
ties, being able to counteract the negative effects induced in
human keratinocytes by UVA radiations, and to protect cells from
this common and pernicious source of stress. We demonstrated
that the anti-stress effect of cladode extracts has to be ascribed
to eucomic and piscidic acids, as these phenolic compounds are
the sole components of fraction OSMF D, which fully retains the
antioxidant activity of the whole extract. As widely known, the
antioxidant potency of phenolic acids strongly depends on their
structural features. Indeed, it has been demonstrated that the main
structural characteristic responsible for the antioxidant activity of
phenol derivatives is the number and location of the hydroxyl
groups present in the molecule.”” Two main mechanisms by which
antioxidants can play their protective role have been proposed.
Due to the presence of such hydroxy functions, phenols are able
to easily donate hydrogen atoms to the free radicals thus blocking
the chain propagation step occurring in the oxidation process (H-
atom-transfer mechanisms).'*?® Alternatively, the antioxidant
can give an electron to the free radical becoming itself a radical
cation (single-electron-transfer mechanisms). In addition, deproto-
nated carboxyl groups behave as electron-donating groups thus
favoring the hydrogen atom transfer and electron-donating based
radical scavenging.”’ Therefore, the potent antioxidant effect

observed for both the piscidic and eucomic acids is clearly reflected
in their structural features which promote the hydrogen atoms
transfer to free radicals. The slight structural differences, as exam-
ple, between the piscidic and the 2-hydroxy-4-(4'-hydrox-
yphenyl)-butanoic acid, namely the absence, in the latter, of one
hydroxyl and one carboxyl group, could be reflected in the lower
antioxidative power observed for OSMF C.

In our opinion the present study, shedding light on bioactive
compounds responsible for Opuntia cladode antioxidant activity,
represents an important step towards the therapeutic values of
Opuntia properties.

It is important to underline that aqueous Opuntia antioxidant
extracts can be obtained by simple mechanical press of cladodes,
thus avoiding the use of expensive materials and of organic sol-
vents, responsible for environmental pollution and persistence of
residues dangerous for human health. Therefore, we obtained a
bioactive, safe, low-cost and high value-added extract to be used
in pharmaceutical and/or cosmetics applications for skin health/
protection.
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Experimental information

Opuntia extract preparation and isolation of Opuntia small molecular weight fractions (OSMF)

The Opuntia cladode extract (ORE) was supplied by BIONAP srl (OPUNTIA BIOCOMPLEX SH,
Italy) following the procedure described by Di Lorenzo et al. !. Briefly, the cladode juice was extracted
by a mechanical press system and lyophilized. ORE was then dissolved in water (0.5% w/w) and its
components separated by ultrafiltration using an apparatus equipped with a semi-permeable PES
(polyethersulfone) membrane (KMS HFK™ - 131, Koch, USA) with a cut-off of 10 kDa. From this
process two fractions were obtained containing small molecular weight components (OSMF) and high
molecular weight polysaccharides (OPF), respectively. OSMF was then injected into a 1.5 x 120 cm Bio-
Gel P-2. (Bio-Rad) and four main fractions (named OSMF A-D) were collected and lyophilized. The
identification of the main components has been previously reported’.

Antioxidant activity

HAA (hydrophilic antioxidant activity) was evaluated in the water-soluble fractions using the
protocol previously described?. Briefly, ORE and each OSMF fraction (OSMF A-D) were allowed to
react with an ABTS" solution for 7 min, and then the absorbance was taken at 734 nm by a
spectrophotometer. The standard curve obtained by using Trolox was found to be linear in the
concentration range 0-40 puM. Values were expressed either as ICso (mg/mL), representing the
concentration of extract required to scavenge 50% of free radical ABTS™, and as TEAC (Trolox
equivalent antioxidant capacity), which indicates the scavenging activity of the extract on free radical
ABTS'"' compared with a standard amount of Trolox. The TEAC value was then normalized to the
concentration of each sample. In the case of ORE, the concentration was obtained by diluting 1 mg of
the lyophilized sample in 1 mL of water. Thus, when ORE is tested at 1 mg/mL, the concentration of
each fraction is: OSMF A 0.35 mg/mL, OSMF B 0.3 mg/mL, OSMF C 0.2 mg/mL, OSMF D 0.15
mg/mL. Three separate analyses were carried out with each sample.

In vitro determination of the sun protection factor (SPF)

The sun protection factor (SPF) was determined spectrophotometrically as described by Mansur et
al 3 with some modifications. Briefly, Opuntia samples were diluted to obtain a hydroalcoholic solution
(40% ethanol). The samples were scanned with a Jasco V-630 UV-VIS Spectrophotometer (Jasco, Gross-
Umstadt, Germany) between 290 and 320 nm, at intervals of 5 nm, using a HELL 6040- UV quartz
cuvette (Hellma, Miillheim, Germany). The SPF was calculated by the following equation:

290

SPF in vitro = CFZ EEQ)I()Abs()

320
where CF is the correction factor (=10), and EE(L) and Abs(}) are the erythmogenic effect of radiation,
and the absorbance value, respectively, at the selected wavelength A. The EE(A)I values, previously
determined”, are constants.

Cell culture and analysis of cell viability

Human normal keratinocytes (HaCaT, from ATCC) were cultured in Dulbecco’s Modified Eagle’s
Medium (Sigma-Aldrich, St Louis, Mo, USA), supplemented with 10% foetal bovine serum (HyClone),
2 mM L-glutamine and antibiotics, all from Sigma-Aldrich, in a 5% COx humidified atmosphere at 37
°C. Every 72 h HaCaT cells were sub-cultured by removing the culture medium, rinsing the cells with
PBS and then detaching them with trypsin-EDTA. After centrifugation (5 min at 1000 g) cells were
diluted in fresh complete growth medium.
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Cells were seeded in 96-well plates (100 pL/well) at a density of 2 x 10%/well. For dose-dependent
cytotoxicity assays, 24 h after seeding, increasing volumes of ORE were added to the cells, to reach a
final concentration ranging from 0.1 to 2.5 mg/mL. Cell viability was assessed by the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, as previously described®. Cell survival
was expressed as the percentage of viable cells in the presence of the extract compared to controls. Two
groups of cells were used as control, i.e. cells untreated with the extract and cells supplemented with
identical volumes of water. The average of the two control groups was used as 100%. Each sample was
tested in three independent analyses, each carried out in triplicates.

Analysis of oxidative stress

To analyze oxidative stress, cells were plated at a density of 2 x 10* cells/cm®. 24 h after seeding,
cells were incubated for different lengths of time with 1 mg/mL of ORE, or equivalent amount of each
isolated fraction (the amount of each compound in fractions was determined from the concentration of
the compound in 1 mg/mL of ORE). Then media was removed from culture plates, cells were washed
with PBS twice and then covered with a thin layer of PBS before irradiation for 10 min with UVA light
(UVTtec, Cambridge, UK; 4 x 9W lamps, Amax, 365 nm, no detectable emission below 320 nm; UVA
radiation dose: 100 J/em?).

DCFDA assay

To estimate ROS production, the protocol described in Del Giudice et al.® was followed. Briefly,
immediately after UVA irradiation, cells were incubated with 2',7'-dichlorodihydrofluorescein diacetate
(H2-DCFDA, Sigma-Aldrich). Fluorescence intensity was measured by a Perkin-Elmer LS50
spectrofluorimeter (525 nm emission wavelength, 488 nm excitation wavelength, 300 nm/min scanning
speed, 5 slit width for both excitation and emission). ROS production was expressed as percentage of
DCF fluorescence intensity of the sample under test, with respect to the untreated sample. Each value
was assessed by three independent experiments, each with three determinations.

DTNB assay

To estimate intracellular glutathione levels, a procedure previously described was followed’
Immediately after UVA irradiation, cells were detached by trypsin, lysed and protein concentration was
determined by the Bradford assay. Then, 50 pg of proteins were incubated with 3 mM EDTA, 144 uM
5,5'-dithiobis-2-nitrobenzoic acid (DTNB) in 30 mM TrisHCI pH 8.2, centrifuged and the absorbance of
the supernatant was measured at 412 nm by using a multiplate reader (Biorad). GSH levels were
expressed as the percentage of TNB (5-thio-2-nitrobenzoic acid) absorbance in the sample under test
with respect to the untreated sample. Values are the mean of three independent experiments, each with
triplicate determinations.

Lipid peroxidation

The thiobarbituric acid reactive substances (TBARS) assay was performed as previously described®.
Briefly, after irradiation with UVA, cells were kept for 90 min at 37 °C, then detached and suspended (5
x 10* cells) in 0.67% thiobarbituric acid (TBA) and 20% trichloroacetic acid (1:1 v/v). After heating and
centrifugation, samples were read at 532 nm. Lipid peroxidation levels were expressed as percentage of
absorbance at 532 nm of the sample under test, compared to that of untreated cells. Three independent
experiments were carried out, each one with three determinations.

Western blot analyses
Cells were plated at a density of 2 x 10* cells/cm? in complete medium for 24 h and then treated as
described above. Untreated and treated cells, after induction of oxidative stress, were incubated for 90

127



Appendix A

min (for the evaluation of the oxidative stress pathway) or 24 h (for the analysis of apoptosis) at 37 °C,
and cell lysates analyzed by Western blotting performed as reported®. Antibodies for Pp38,
PMAPKAPK-2, and activated CASP-3 CASP-7 were purchased from Cell Signal Technology (Danvers,
MA, USA). To normalize protein intensity levels, a specific antibody against GAPDH (Thermo Fisher,
Rockford, IL, USA) was used. The chemiluminescence detection system (SuperSignal® West Pico) was
from Thermo Fisher.

Statistical analyses
In all the experiments samples were analyzed in triplicate. Quantitative parameters were expressed as
the mean value + SD. Significance was determined by Student's t-test at a significance level of 0.05.
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Medicinal plants are considered to be a major source of biologically active ¢ which provides
opportunities for their use either as medical treatments or as novel drug formulations.

The focus of our study was on basic phytochemical analysis and in vitro examination of the biological activity of
Alchemilla vulgaris L. Methanolic extracts of above ground parts and roots of A. vulgaris (AVA and AVR, respec-
tively) were prepared by maceration for 72 h. Phytochemical profile of extracts was evaluated by spectrophoto-
metric determinations of phenolic compounds and HPLC-PDA analysis. AVA and AVR were analysed for their

Edited by AO Aremu

efficacy as total antioxidant capacity, metal chelation and reducing power ability, inhibition of lipid
Keywords: peroxidation as well as their potential to neutralise DPPH, ABTS, and OH radicals. Microdilution method was
Alchemilla vulgaris employed to investigate the antibacterial and antifungal activity of extracts against nine ATCC and isolates of
Lady’s mantle bacteria and ten fungal strains from biological samples. Anti-inflammatory activity of the extracts was evaluated

Antioxidant activity
Antimicrobial activity
Biocompatibility
Anti-inflammatory activity

using cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) assays and the assay for determination of COX-2
gene expression, while biocompatibility of extracts was assessed by MTT assay.
Our results revealed the high amount of phenolic compounds in both extracts; especially they were rich in
condensed tannins. Ellagic acid and catechin were tentatively identified in AVA and AVR, respectively. Full
biocompatibility as well as remarkable bioactivity were observed for both extracts in all employed assays, so
our further investigations will be focused on the identification of active constituents in A. vulgaris and the molec-
ular mechanisms of their action.

© 2018 SAAB, Published by Elsevier B.V. All rights reserved.

1. Introduction effects, including anti-inflammatory and anticancerogenic activities

(Han et al, 2007; Liet al,, 2014).

Several lines of evidence support the hypothesis that secondary
metabolites from plants (e.g. flavonoids and phenolic acids) may play
an antioxidant role and diminish the adverse effects of an imbalance
between the production of enzymatic and non-enzymatic antioxidants
and overproduction of free radicals in oxidative stress (Hussein and
Khalifa, 2014). As a result of their antioxidant activity, either through
their reducing capacity or through potential influences on intracellular
redox processes, phenolic compounds manifest various beneficial

Abbreviations: AVA, Alchemilla vulgaris aerial parts methanolic extract; AVR, Alchemilla
vulgaris roots methanolic extract: ROS, reactive oxygen species; COX-1, cyclooxygenase-1;
COX-2, cyc y 2; PGH,, in Hy; NSAIDs, non-steroidal anti-
inflammatory drugs; IL, interleukin; TNF-x, tumour necrosis factor «; iNOS, inducible nitric
oxide synthase; NF-xB, the nuclear factor kappa-light-chain-enhancer of activated B cells;
DEX, dexamethasone.

*+ Corresponding author.
E-mail address: tatjanaboroja@gmail.com. (T. Boroja).

https://doi.org/10.1016/j.5ajb.2018.03.007
0254-6299/© 2018 SAAB. Published by Elsevier B.V. Al rights reserved.

Alchemilla vulgaris L. (Lady's mantle), an herbaceous perennial plant
belonging to the Rosaceae family, is widely spread across Europe and
Asia and commonly known in traditional medicine for treatment of
ulcers, wounds, eczema, and digestive problems as well as a remedy for
gynaecological disorders, such as heavy menstrual flow, menorrhagia
and dysmenorrhoea (Jari¢ et al., 2015; Masullo et al., 2015;
Ilic-Stojanovic et al., 2017). Alchemilla species have been reported
to exert a variety of biological activities, including antiviral, antioxidant,
antiproliferative, and antibacterial activity as well as healing effects on
cutaneous wounds in rats (Trouillas et al,, 2003; Shrivastava and John,
2006; Filippova, 2017). Previous findings showed that aerial parts of
A. vulgaris comprise mostly phenolic compounds - a large amount of
tannins, phenolic acids (predominantly ellagic acid, gallic, and caffeic
acids), flavonoids (quercetin), and flavonoid glycosides (isoquercetin,
rutin, avicularin, and tiliroside) (Meller et al., 2009). To the extent of
our knowledge, there is a scarce literature on phytochemical profile and
biological activity of roots of A. vulgaris.
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Reactive oxygen species (ROS) encompass a broad range of reactive
molecules triggering a multitude of ailments, such as rheumatoid
arthritis, cardiovascular disorders, neurological disease, and cancer
(Hitchon and El-Gabalawy, 2004; Valko et al.,, 2004; Melo et al, 2011).
Increased ROS generation has been described as one of the key factors
in the progression of inflammatory disorders (Mittal et al., 2014).
Cyclooxygenases (COX-1 and COX-2) are enzymes involved in the
inflammatory process and responsible for the conversion of arachidonic
acid into pro-inflammatory mediators, like prostaglandin H, (PGH,).
COX-1 is a constitutive enzyme expressed in almost all cells providing
homeostatic functions. Under normal conditions, COX-2 is unexpressed
in most cells, but its expression can be induced by inflammatory stimuli.
Hence, COX-2 is a major target for anti-inflammatory therapies. Since the
use of non-selective COX inhibitors (non-steroidal anti-inflammatory
drugs-NSAIDs) may lead to side effects, particularly evident in the
gastrointestinal tract (Jones et al., 2008), novel COX-2-specific agents,
with no or very little undesirable effects, are urgently needed.

The presented study was focused on assessment of biocompatibility,
antioxidant, antimicrobial, and anti-inflammatory activities of methano-
lic extracts of aerial parts and roots of Lady's mantle (A. vulgaris) and
their phytochemical profile as well.

2. Materials and methods
2.1. Chemicals and instruments

All spectrophotometric determinations were performed on UV-Vis
double beam spectrophotometer Halo DB-20S (Dynamica GmbH,
Dietikon, Switzerland). Ellagic acid, hyperoside, rutin and TRIS/HCI-
buffer were obtained from Carl Roth (Karlruhe, Germany), trolox,
epicatechin, catechin, gallic acid, vanillic acid, rutin, kaempferol, querce-
tin, DMSO (>99.98% purity), and formic acid from Sigma-Aldrich
(Deisenhofen, Germany), caffeic acid and Na,EDTA (Titriplex 1) from
Merck KGaA (Darmstadt, Germany). HPLC-grade acetonitrile, water,
and trifluoroacetic acid were purchased from Merck (Darmstadt,
Germany). Resazurin was purchased from Acros Organics (Geel,
Belgium), while all other chemicals used in antimicrobial experiments
were purchased from Torlak Institute of Virology, Vaccines, and Sera
(Belgrade, Serbia). Reagents used in COX-1 and -2 assays: purified
prostaglandin H synthase (PGHS)-1 from ram seminal vesicles, human
recombinant PGHS-2, NS-398, and arachidonic acid were obtained
from Cayman Chemical Co. (Ann Arbor, MI, USA), hematin (porcine)
and indomethacin from ICN (Aurora, Ohio, USA), epinephrine hydrogen
tartarate from Fluka (Buchs, Switzerland), and competitive PGE; EIA kit
from Assay Designs Inc. (Ann Arbor, MI, USA). COX-2 gene expression
kits, reagents and chemicals for this method: fetal bovine serum (FBS),
N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES), phos-
phate buffered saline (PBS), penicillin, and streptomycin human
leukemic monocytic cell line THP-1 (European Collection of Cell Culture;
Item No. 88081201), and RPMI1640 were obtained from Gibco® (NY,
USA), phorbol 12-myristate 13-acetate (PMA), while dexamethasone,
lipopolysaccharide (LPS) as well as GenElute™ Mammalian TotalRNA
Miniprep Kit were from Sigma-Aldrich (MO, USA). High-Capacity
cDNA Reverse Transcription Kit, Pre-developed TagMan® Assay,
COX-2 primers and COX-2 probe were from Applied Biosystems (NY,
USA). BalbC-3 T3 fibroblasts (clone A31) were purchased from ATCC
(Manassas, VA) and human epidermal keratinocytes (HaCaT) from
Innoprot (Biscay, Spain).

2.2. Plant material and preparation of the extracts

The roots and aerial parts of Alchemilla vulgaris L. were collected in
August 2014 at Got Mountain (Central Serbia). Collection of plant
material was carried out by the sampling of 20 representative indi-
viduals of the population in the full flowering period. The taxonomic
and botanical identity was confirmed by Milan Stankovi¢, PhD. A

voucher specimen (No. 120/015) is kept in the Herbarium of the
Department of Biology and Ecology, Faculty of Science, University of
Kragujevac, Kragujevac, Serbia. The collected plants were air-dried in
darkness at ambient temperature. The dried aerial parts and roots
separately from all individuals were cut up, mixed and powdered for
extracts preparation.

Dried and powdered aerial parts (30.00 g) and roots (55.80 g) of
A. vulgaris were macerated with methanol (150 and 280 mlL, respec-
tively) for 24 h three times, by continuous stirring at room temperature.
Mass of the extracts was determined after filtration through Whatman
No.1 filter paper and concentrating under reduced pressure at 45 °C.
The obtained dry weights of the extracts were 3.70 g for A. vulgaris aerial
parts (AVA) and 9.00 g for roots (AVR), (12% w/w and 16.13% w/w,
respectively). The obtained extracts were kept at + 4 °C until further use.

2.3. Chromatographic analysis

The identification of individual phenolic compounds in the extracts
was performed using HPLC system (Shimadzu Prominence, Kyoto,
Japan) as described previously (Mihailovi¢ et al., 2016). The detection
wavelength of PDA was monitored at 260, 280, 325 and 330 nm.
Methanolic solutions of ellagic acid, caffeic acid, gallic acid, vanillic
acid, quercetin, rutin, kaempferol, ( +)-catechin, and (—)-epicatechin
were used as reference standards for the identification of compounds
in the extracts, which was performed by comparing retention times
and absorption spectra of the peaks with reference standards. The com-
pounds identified in the extracts were confirmed by spiking the sample
with the standard compound.

24. Phytochemical analysis

24.1. Total phenolics

The method developed by Singleton et al. (1998) was used to
determine the total phenolic content. 0.5 mL aliquots of the extracts
diluted in methanol were mixed with 2.5 mL of Folin-Ciocalteu solution
(previously diluted ten-fold with water) and 2 mL of 7.5% aqueous
NaHCOj5 solution. The reaction mixture was incubated for 15 min at
45 °C. The absorbance was read at 765 nm. Mass concentrations of
total phenols in plant material were determined using the standard
curve for gallic acid and results were calculated as gallic acid equiva-
lents (mg GAE/g dry weight of extract).

24.2. Total flavonoids

The total flavonoid content was estimated by the method of
Quettier-Deleu et al. (2000). The reaction mixture contained 0.5 mL 2%
AICl; in methanol and 0.5 mL of extracts solutions in methanol
(1 mg/mL). The absorbance was measured at415 nm after one hour of in-
cubation at room temperature. Results were calculated as milligrammes
of rutin equivalents per gram of dry weight of extract (mg RUE/g dry
weight of extract).

24.3. Phenolic acids

Determination of the total phenolic acids content in plant extracts
was performed according to the method described in the The Polish
Pharmacopoeia VIII (2009), with slight modifications. Briefly, 1 mL of
plant extracts solutions was added to 5 mL of distilled water, followed
by addition of 1 mL of 0.1 M HCI, 1 mL of Arnow's reagent (10%
Na-molybdate and 10% Na-nitrite), 1 mL of 1 M NaOH, and 1 mL of
distilled water. The absorbance was read immediately at 490 nm.
Results are presented as caffeic acid equivalents (mg CAE/g dry weight
of extract).

2.4.4. Determination of tannins

The method suggested by Scalbert et al. (1989) was used to estimate
the content of condensed tannins in plant extracts. In brief, the extracts
were mixed with a certain amount of phloroglucinol (for each equivalent
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of gallic acid in extracts 0.5 mol phloroglucinol was added). Subsequently,
1 mL of 4.8 M HCl solution and 1 mL of formaldehyde (13 mL of 37% form-
aldehyde diluted to 100 mL in water) were added. The reaction mixture
was allowed to stand overnight at room temperature to precipitate the
tannins. Total phenolics were determined in the solution above the pre-
cipitate using Folin-Ciocalteu method and this value was subtracted
from the total phenolics’ value to obtain the total tannin content,
expressed as gallic acid equivalents (mg GAE/g dry weight of extract).

The gallotannin content was determined according to the procedure
described by Haslam (1965). To 1.5 mL of a saturated KOs solution,
3.5 mL of a methanol solution of the examined extracts were added.
The absorbance of the red intermediate was sprectrophotometrically
determined at 550 nm until the maximum absorbance was reached.
The gallotannin content was determined as gallic acid equivalents
(mg GAE/g dry weight of extract).

24.5. Total anthocyanins content

Determination of total and monomeric anthocyanins was conducted
using single pH and pH differential methods (Cheng and Breen, 1991),
based on the ability of anthocyanins to change their structure depending
on the pH. The specified volume of the sample was mixed with pH 1.0KCl
-buffer (0.025 M) and pH 4.5 sodium-acetate buffer (0.4 M), respectively.
After 30 min incubation, the absorbance was measured spectrophoto-
metrically at 520 and 700 nm. The concentrations of the total and
monomeric anthocyanins were determined as cyanidin-3-glycoside
equivalents according to the following equation: ¢ = (A « M « F « 1000) /
(e« 1), where ¢ - concentration of total or monomeric anthocyanins; A -
absorbance of total and monomeric anthocyanins, which is calculated
s (Asa0-Az00)pH 1.0 AN (As20-Az00) pH 1.0-(As20-Az00)pH a5, TEspectively;
M - molar weight of cyanidin-3-glycoside (449.2 g/mol); F - dilution
factor; € - molar absorptivity (26 900 L/mol  cm); I - cell length (1 cm).

2.5. Antioxidant activity

2.5.1. ABTS ™ radical scavenging activity

Radical scavenging activity against ABTS radical cation (2,2'-azino-bis
(3-ethylk iazoline-6 ic acid)) was measured spectrophoto-
metrically following the procedure of Re et al. (1999). The percentage
of ABTS * decoloration is proportional to the ability of extract to neu-
tralise radicals and has been calculated using the formula: % inhibition =
((Ac — As) « 100) / Ac, where: Ac - absorbance of the control (methanol
instead of the sample); As - absorbance of the sample.

The concentration of samples providing 50% of radical scavenging ac-
tivity (ICso) was calculated using dose-response sigmoidal curve plotted
the percentage of inhibition against extract concentration (pg/mL).

2.5.2. DPPH' radical scavenging activity

The ability of plant extracts to neutralise DPPH" radical was esti-
mated according to Kumarasamy et al. (2007). The reaction mixture
containing 1 mL of DPPH" solution in methanol (80 ug/mL) and 1 mL
of each extract solution (serial dilutions in methanol, started from
0.25 mg/mL) was allowed to stand in the dark for 30 min. The absor-
bance was read spectrophotometrically at 517 nm and ICso values
were calculated.

2.5.3. Hydroxy! radical scavenging activity

OH radical scavenging activity of extracts was determined using the
method performed by Kunchandy and Rao (1990). Briefly, 200 uL of the
extract was mixed with 200 pL of 10 mM iron (1) chloride solution,
followed by 100 pL of 1 mM ascorbic acid solution, 100 uL of 1 mM
EDTA solution, 200 pL of 10 mM 2-deoxy-ribose solution, and 100 pL
of 10 mM hydrogen-peroxide solution. The reaction mixture was incu-
bated at 37 °C for 1 h. Subsequently, 1 mL of TCA-TBA solution (0.5%
TBA in 10% TCA water solution) was added and the final mixture was
incubated at 80 °C for 30 min and cooled to room temperature. The
absorbance of the cooled reaction mixtures was measured at 535 nm.

On the basis of the obtained absorbance values, the percentage of
inhibition and ICsq values were calculated.

2.5.4. Estimation of metal chelating ability

The assessment of ability of plant extracts to inhibit the formation of
Fe? *-ferrozine complex was carried out according to the method by
Chew et al. (2009). One mililitre of 0.125 mM iron (I1) sulphate solution
and 1 mL of 0.3125 mM ferrozine water solution were added to 1 mL of
serial dilutions of extracts dissolved in methanol. The reaction mixture
then allows standing at room temperature for 10 min. The ICso values
were determined after reading the absorbance at 562 nm.

2.5.5. Reducing power

According to the method of Oyaizu (1986), to 2.5 mL of extracts
solutions in methanol (0.5 mg/mL), 2.5 mL of sodium-phosphate buffer
(0.2 M, pH 6.6) and 2.5 mL of 1% potassium ferricyanide were added.
The reaction mixture was left to stand for 20 min at 50 °C, followed by
addition of 2.5 mL of 10% TCA. In 5 mL of this solution, 1 mL of 1% iron
(1) chloride solution was added and absorbance was read promptly at
700 nm. Trolox, as a referent antioxidant, was used for the construction
of calibration curve and the results of reducing capacity of tested extracts
were expressed as Trolox equivalents (mg TE/g dry weight of extract).

2.5.6. Total antioxidant activity

Prieto et al. (1999) developed a method for the determination of
the total antioxidant activity of plant extracts. In brief, 0.3 mL of the
extracts dissolved in methanol was mixed with 3 mL of reagent solu-
tion (0.6 M sulphuric acid, 28 mM sodium phosphate, 4 mM ammonium
molybdate) and incubated for 90 min at 95 °C. Then, the reaction
mixture was cooled to room temperature and the absorbance of the
green-phosphate/Mo (V) complex was monitored at 695 nm. The
results are expressed as mg ascorbic acid (AA) per gram of dry extract,
using a standard curve for ascorbic acid.

2.5.7. Oil-in-water emulsion

Inhibitory activity of AVA and AVR towards lipid peroxidation was
performed according to the procedure described by Hsu et al. (2008).
To 0.5 mL of the serial dilutions of the extracts in methanol, 2.5 mL of
linoleic acid emulsion (0.2804 g of linoleic acid and 0.2804 g of
Tween-40 in 50 mL of 40 mM sodium phosphate buffer pH 7.0) was
added. The emulsion was incubated for 72 h at 37 °C. Thereafter,
0.1 mL of this solution was mixed with 4.7 mL of ethanol, 0.1 mL of
30% ammonium thiocyanate solution, and 0.1 mL of 20 mM iron (II)
chloride solution. Subsequently, the mixture was stirred for 3 min
and afterwards the absorbance was read spectrophotometrically at
500 nm against the methanol (blank).

2.6. Antimicrobial activity

2.6.1. Test microorganisms

The antimicrobial properties of A. vulgaris were tested against nine
bacterial and ten fungal strains. The employed bacteria were as follows:
Micrococcus lysodeikticus (ATCC 4698), Enterococcus faecalis (ATCC
29212), Escherichia coli (ATCC 25922), Klebsiella pneumoniae (ATCC
70063), Pseudomonas aeruginosa (ATCC 10145), Salmonella typhimurium
(ATCC 14028), Bacillus subtilis (ATCC 6633), and isolated strains
from biological samples Bacillus mycoides (FSB 1) and Azotobacter
chroococcum (FSB 14). Antifungal activity was evaluated against ATCC
cultures of Aspergillus brasiliensis (ATCC 16404) and yeast Candida
albicans (ATCC 10259), whereas following fungi were isolated from bio-
logical samples: Phialophora fastigiata (FSB 81), Penicillium canescens
(FSB 24), Trichoderma viride (FSB 11), Trichoderma longibrachiatum
(FSB 13), Aspergillus glaucus (FSB 32), Fusarium oxysporum (FSB 91),
Alternaria alternata (FSB 51), and Doratomyces stemonitis (FSB 41). The
isolates of the bacteria and fungi were obtained from the Laboratory
for Microbiology, Faculty of Science, University of Kragujevac, Serbia.
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The ATCC strains were provided from Institute of Public Health,
Kragujevac, Serbia.The bacteria and fungi cultures were subcultured
prior to testing; bacterial strains were cultured for 24 h at 37 °C on nutri-
ent agar (NA), C. albicans was cultured on Sabouraud dextrose broth
(SDB) for 24 h at 35 °C, whereas fungi were grown on potato glucose
agar (PDA).

2.6.2. Microdilution method

Microdilution method described by Sarker et al. (2007) was
employed to evaluate the antimicrobial activity of the samples, with
some modifications. Briefly, overnight-cultured bacterial cultures were
suspended in small amount of 5% DMSO than adjusted to the 0.5
McFarland turbidity standard using sterile normal saline and diluted to
obtain inoculum concentration of 5 x 10° CFU/mL for broth microdilution
MIC testing (CLSI, 2012). The analysed extracts (40 mg/mL), ellagic acid
and catechin (1 mg/mL) and antibiotic erythromycin (40 ug/mL) were
also dissolved in 5% DMSO. Determination of minimum inhibitory con-
centrations (MIC) of extracts for bacteria was performed in sterile 96
well plates (Spektar, Catak, Serbia). 50 pL of two-fold serial diluted
extracts in Muller-Hinton broth (MHB) was added to each well, followed
by addition of 10 pL of resazurin (indicator), 30 uL of MHB, and 10 pL of
bacteria suspension. The final bacterial concentration of in each well
was 5 x 10° CFU/mL (CLSI, 2012). Each plate also included positive
(erythromycin at a concentration range 20-0.156 pg/mL), growth
(MHB, resazurin, and bacteria suspension) and sterility (MHB and
resazurin, without bacteria suspension) controls. The microplates were
incubated for 24 h at 37 °C. The lowest concentration of the extracts
containing blue-purple indicator's colour was considered as MIC.

Fungal species were cultured on PDA at 28 °C from 48 h to 5 days.
Obtained colonies covered with a small volume of 5% DMSO to obtain
the suspension, and then a final concentration of inoculum suspension
was adjusted with sterile normal saline to 5 x 10* CFU/mL in accordance
with NCCLS recommendation (NCCLS, 2002a, 2002b). The concentra-
tion of the extracts was 40 mg/mL, 40 pg/mL for antimycotic nystatin,
and 2 mg/mL for ellagic acid and catechin. MICs for fungal species
were also determined in sterile 96 well plates (NCCLS, 2002a, 2002b).
50 L of serially diluted extracts in SDB, 40 uL of SDB, and 10 uL of fungal
suspension were added to each well, whereupon microplates were
incubated at 28 “C for 48 h. MICs were determined as the lowest concen-
tration of extracts without visible fungal growth.

2.7. Evaluation of anti-inflammatory activity

2.7.1. COX-1 and COX-2 in vitro assays

The inhibition of COX-1 and COX-2 enzymes were evaluated using
in vitro assays in a 96-well plate with prostaglandin H synthase
(PGHS)-1 from ram seminal vesicles for COX-1 and human recombinant
PGHS-2 for COX-2 as previously described (Fiebich et al., 2005) with
modifications published by Katani¢ et al. (2016). Briefly, 10 uL of
extracts (50 pg/mL) dissolved in DMSO were added to the incubation
mixture containing 180 pL of 0.1 M TRIS/HCl-buffer (pH 8.0), 5 uM
hematin, 18 mM epinephrine hydrogen tartarate, 0.2 U enzyme
preparation and 50 uM Na;EDTA (only for COX-2 assay) and allowed
to stand for 5 min. Positive controls, indomethacin (1.25 uM, for
COX-1) and NS-398 (5 uM, for COX-2) were also dissolved in DMSO.
To start the reaction, 10 plL of 5 uM arachidonic acid in ethanol was

added to the reaction mixture, After 20 min of incubation at 37 °C, the
reaction was terminated by adding 10 pL of 10% formic acid.

The competitive PGE; EIA kit was applied for the determination of
the PGE,, the main arachidonic acid metabolite in this reaction. The
microplate reader (Tecan Rainbow, Switzerland) was used for evalua-
tion of EIA and the PGE, concentration was determined according to
the method described by Fiebich et al. (2005). All experiments were
performed in at least three independent experiments run in duplicate.
Inhibition of COX refers to the reduction of PGE, formation in compari-
son to a blank without inhibitor.

2.7.2. COX-2 gene expression assay

COX-2 gene expression analysis was performed in accordance with
the previously described method (Livak and Schmittgen, 2001) and
with slight modifications described in Katanic et al. (2016). The differen-
tiated human leukemic monocytic cell line THP-1 were treated with
plant extracts (25 pg/mL) for 1 h and stimulated with 7.5 ng/mL final
concentration LPS (lipopolysaccharide). Cells treated with DMSO
(dimethylsulfoxide = 0.1%) were used as calibrator sample.

2.8. Biocompatibility of extracts

BalbC-3 T3 fibroblasts and human epidermal keratinocytes were
cultured in Dulbecco's Modified Eagle's Medium, supplemented with
10% fetal bovine serum, 2 mM L-glutamine and antibiotics (streptomycin
and penicillin) in a 5% CO, humidified atmosphere at 37 °C.

For biocompatibility experiments, cells were seeded in 96-well plates
at a density of 2 x 10%/well (HaCaT cells) and 3 x 10°/well (BalbC-3 T3
cells). 24 h after seeding, increasing concentrations of the extracts (from
10 to 50 pg/mL) were added to the cells. After 48 and 72 h incubation,
cell viability was assessed by the MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay, as described by Del Giudice
et al. (2015). Cell survival was expressed as the percentage of viable
cells in the presence of the extract compared to controls. Two groups of
cells were used as a control, i.e. cells untreated with the extract and cells
supplemented with identical volumes of buffer. The average of the two
control groups was used as 100%. Each sample was tested in three inde-
pendent analyses, each carried out in triplicates.

2.9. Statistical analysis

The standard deviation was calculated using Microsoft Office Excel
2007 software and all results were expressed as mean values + SD.
Statistical analysis of the results was performed by one-way analysis
of variance (ANOVA) using the OriginPro8 software package (OriginLab,
Northampton, Massachusetts, USA) for Windows. The statistical signifi-
cance was set at p < 0.05.

3. Results

3.1. Phytochemical results

We analysed the total phenolic comp ds by spectroph Ty
and HPLC-PDA to identify major phenolic components in the A. vulgaris
extracts. Our results of the analysis of phenolic compounds in methanolic
extracts of aerial parts and roots of A. vulgaris revealed a high content in

;::I: plheno]i( compounds in methanolic extracts of aerial parts and roots of A. vulgaris.
mg GAEs/g d.w. mg RUEs/g mg CAEs/g mg C3Gsfg
Plant extracts Total phenolics Condensed tannins Gallotannins Total flavonoids Phenolic acids Total anthocyanins Monomeric anthocyanins
AVA 558.19 + 4.83% 386.70 + 6.82° 97.98 + 0.01¢ 1330 + 1.69% 3343 + 115" 8.41 + 0174 8.00 + 0.18"
AVR 44232 £ 2231° 360.88 +2.17¢ nd. 19.80 + 0.35% 57.36 +5.18' 1.36 + 0.06/ 095 + 007
Results are expressed as mean values + SD from three : GAEs - gallic add RUEs - rutin CAEs - caffeic acid equivalents, and C3Gs - cyanidine-3-

glycoside equivalents per gram of dry weight of extract; n.d. - not detected; means with different symbol in superscript are significantly different at p < 0.05.
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Fig. 1. HPLC-PDA chromatogram of A. vuigaris methanolic extract of aerial parts (A) and roots (B) recorded at 280 nm with tentatively identified ellagic acid (1) and (+)-catechin (2).

both extracts. As can be seen from Table 1, spectrophotometrical deter-
mination demonstrated significantly higher (p < 0.05) amount of total
phenolics in AVA (558.27 mg GAEs/g) in comparison with AVR
(442.32 mg GAEs/g). The most dominant phenolics in AVA were con-
densed tannins (proanthocyanidins) and gallotannins (386.70 and
97.80 mg GAEs/g), while AVR contained a slightly lower amount of con-
densed tannins (360.88 mg GAEs/g) and no detectable amount of
gallotanins. On the contrary, the concentration of hydroxycinnamic
acids derivatives was found to be significantly higher in the roots of
A. vulgaris, while no significant difference in the content of flavonoids
was observed. Anthocyanins content in the root extract was significantly
lower (p < 0.05) when compared to all other examined classes of pheno-
lic compounds. Fig. 1 presents HPLC-PDA chromatograms of AVA and
AVR. Two of the peaks were tentatively identified as ellagic acid in the
above ground parts and (+)-catechin in the roots extract by matching
their retention times and comparing their UV-spectra at 260, 280, 325
and 330 nm. The identified compounds in the extracts were also con-
firmed by spiking the extracts with reference compounds.

Table 2

3.2. Antioxidant activity

Because of the drawbacks of the individual use of any in vitro method
for evaluation of antioxidant activity, several methods for screening the
antioxidant potential of AVA and AVR have been employed and the re-
sults are reported in Table 2. The absorbance of green phosphate/Mo
(V) complex formed at acidic pH was measured to evaluate the total an-
tioxidant activity of the extracts. The obtained results showed that AVR
exerts a higher total antioxidant activity than AVA (316.5 and 265.6 mg
ascorbic acid/g, respectively). The potential ability of the extracts to
neutralise free radicals was investigated using DPPH", ABTS ™, and
'OH assays. In these assays, AVA showed better antiradical activity
with significantly lower (p < 0.05) ICsq values than AVR. Considering
the reference antioxidants, AVA and AVR could scavenge DPPH’,
ABTS' ", and 'OH radicals at significantly lower (p < 0.05) concentra-
tions than the synthetic antioxidant butylated hydroxytoluene (BHT).
Furthermore, there was no statistically significant difference in DPPH
radical scavenging activities between AVA and the well-known phenolic

Antioxidant capacity of the A. vulgaris aerial parts and roots methanolic extracts and standards: BHT, catechin, and ellagic acid.

Plant extracts and standards 1Csp value (pg/mL)

Total antioxidant Reducing capacity

. . o i TR T activity (mg Trolox/g of extract)
Radical scavenging activity Inhibition of lipid peroxidation (mg AA/g of extract)
DPPHe ABTS' *OH Oil-in-water system

AVA 14.80 = 2.15° 13.06 + 0.97* 26562 = 1210 63299 = 10.26
AVR 3249 = 195" 1844+ 1.11° 31647 = 18.71 607.52 = 1001
BHT 2625 £ 1.9° 44,67 = 3.00° 2193 £ 047° nt nt
Catechin + 5.97 + 0.16 6.32 £ 033" nt nt.
Ellagic acid 8.14 +0.18¢ 7.18 = 0.89° nt nt

AA - ascorbic acid; means in the same column with different symbol in superscript are significantly different at p < 0.05.

Table 3

Antibacterial activity of methanolic extracts of aerial parts and roots of A. vulgaris.
Bacterial species MIC values

AVA AVR Ellagic acid Catechin Erythromycin

Micrococcus lysodeikticus (ATCC 4698) 0.156 0.156 05 >1 20
Salmonella typhimurium (ATCC 14028) 0625 0.625 0.5 .5 20
Bacillus subtilis (ATCC 6633) 25 1.25 025 05 10
Enterococcus faecalis (ATCC 29212) 0.625 0.156 0.031 =1 125
Escherichia coli (ATCC 25922) 125 125 >1 >1 5
Klebsiella pneumoniae (ATCC 70063) 5 10 >1 >1 =20
Pseudomonas aeruginosa (ATCC 10145) 25 5 1 1 20
Bacillus mycoides (FSB 1) 0.625 0.156 0.016 =1 125
Azotobacter chroococcum (FSB 14) 5 25 0.031 =1 20

# MIC values, minimum inhibitory concentrations given as mg/mlL for plant extracts, ellagic acid, and catechin, and as ug/mL for antibiotic erythromycn.
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antioxidant catechin. The significant difference (p < 0.05) in antioxidant
activity between the two extracts was also observed in an oil-in-water
system, where AVR showed almost fifty times higher ICsy value than
AVA (475.1 and 31.9 pg/mL, respectively). Quite similar results for
AVA and AVR were obtained in the reducing power assay (633.0 and
607.5 mg Trolox/g, respectively).

The ferrous ion chelating test was employed to estimate the ability of
the extracts to chelate transition metals and to avoid the iron-overload
and generation of free radicals. All tested samples failed to chelate Fe*
at concentration 1 mg/mL.

3.3. Antimicrobial activity

The results obtained for antimicrobial activity are shown in Tables 3
and 4. Enterococcus faecalis, Salmonella typhimurium, Micrococcus
lysodeikticus, and Bacilus mycoides were the most sensitive examined
bacterial species to the tested A. vulgaris extracts, with MICs between
0.156 and 0.625 mg/mL On the contrary, Klebsiella pneumoniae was
the most resistant bacteria in our study (MIC = 5 mg/mL for AVA and
10 mg/mL for AVR). MICs values above 1 mg/mL for AVA and AVR
were also observed for Pseudomonas aeruginosa, Bacillus subtilis,
Azotobacter chroococcum, and Escherichia coli. Ellagic acid and catechin
were used as reference compounds. Catechin failed to inhibit the
growth of all tested bacteria at concentrations lower than 0.5 mg/mL.
We observed that ellagic acid has antibacterial potential against the
same bacteria as the extracts, but MICs obtained for it were lower
than those for the extracts for the majority of bacteria. The commer-
cially available antibiotic erythromycin was more active against all
tested bacteria than the investigated extracts, ellagic acid, and catechin,
with MICs ranging from 1.25 to 20 ug/mL.

The investigated extracts showed similar activity against most of the
tested fungi, with MICs from 2.5 to above 20 mg/mL (Table 4). AVA and
AVR exhibited negligible antifungal activity against Doratomyces
stemonitis (2.5 and 5 mg/mL, respectively) and Aspergillus glaucus (5
and 10 mg/mL, respectively). On the contrary, AVA failed to inhibit
both Trichoderma species, while AVR did not show any antifungal effect
against Aspergillus brasiliensis and Alternaria alternata at a concentration
of 20 mg/mL. Moreover, both extracts did not inhibit the growth of Can-
dida albicans at the highest tested concentration. Ellagic acid failed to in-
hibit the growth of the majority of the employed fungi at a
concentration lower than 1 mg/mL, except for P. canescens (MIC =
0.25 mg/mL), while catechin did not exhibit any antifungal activity at
the same concentration. Our results showed the lower activity of AVA,
AVR, and reference compounds against all tested fungi in comparison
with the antimycotic nystatin, which has demonstrated antifungal
activity at concentrations from 0.078 up to 5 pg/mL.

Table 4
Antifungal activity of the methanlic extracts of aerial parts and roots of A. vulgaris.
Fungal species MIC* values
AVA  AVR  Ellagic  Catechin  Nystatin
acid
Phialophora fastigiata (FSB 81) 10 20 =1 >1 1.25
Penicillium canescens (FSB 24) 20 20 0.25 =1 25
Trichoderma viride (FSB 11) =20 20 1 >1 0.078
Trichoderma longibrachiatum =20 20 =1 =1 0.078
(FSB 13)
Aspergillus brasiliensis 20 =20 =1 =1 5
(ATCC 16404)
Aspergillus glaucus (FSB 32) 5 0 1 1 5
Fusarium oxysporum (FSB 91) 10 20 1 >1 25
Alternaria alternata (FSB 51) 20 =20 =1 =1 0.625
Doratomyces stemonitis (FSB 41) 25 5 =1 =1 25
Candida albicans (ATCC 10259) =20 =20 =1 =1 0.625

* MIC values, minimum inhibitory concentrations given as mg/ml for plant extracts,
ellagic acid, and catechin, and as pg/mL for antimycotic nystatin.

34. Anti-inflammatory activity

Fig. 2. represents results of COX-1 and COX-2 inhibition assays as
well as COX-2 gene expression. Our results revealed that at a concentra-
tion of 50 pg/mL, AVA was capable of inhibiting the activity of COX-1
enzyme by 44.4%, whereas the inhibition of COX-2 was higher
(63.6%). Similar results were observed for AVR (44.1% for COX-1 and
40.4% for COX-2). The tested extracts at a concentration of 25 pg/mL
did not inhibit COX-2 gene expression.

3.5. Biocompatibility results

Finally, we analysed the biocompatibility of the extracts by performing
a cell survival assay. The extracts were tested on immortalised murine
BalbC-3 T3 fibroblasts and human normal HaCaT keratinocytes in a
dose- and time-response test. As shown in Fig. 3, no significant differences
in cell survival between control group and groups treated with extracts
were observed. Indeed, both extracts showed total biocompatibility
with the two cell lines after 48 and 72 h.

4. Discussion

Notwithstanding that species from genus Alchemilla have been used
for many years in traditional medicine and are widely spread across
Europe, only a few reports have focused on their chemical composition
analysis. We tentatively identified ellagic acid in AVA and (+)-catechin
in AVR by HPLC-PDA analysis. Our results supported previously
published research, which indicated that ellagic acid is the major
phenolic component in the aerial parts of A. vulgaris (Meller et al.,
2009; Neagu et al., 2015; lli¢-Stojanovic et al., 2017). To the best of
our knowledge, phytochemical screening of A. vulgaris underground
parts was performed only by Geiger et al. (1994). They found condensed
tannins as major components (50% of the total tannins) of the 80%
methanolic extract of A. vulgaris roots and confirmed the presence of
ellagitannins (agrimoniin, pedunculagin, and laevigatin F) in the fresh
aerial and underground parts as well. By spectrophotometric determi-
nation, we observed a high amount of phenolic compounds in both ex-
tracts; the extracts were especially rich in condensed tannins. Maier
etal. (2017) found that the Lady's mantle herb extract contains about
30% w/w of tannins, which is in agreement with our findings. Ellagic
acid manifests a broad spectrum of biological activity (Khanduja et al.,
1999; Beserra et al., 2011). With regard to the high amount of phenolic
compounds with proven health benefits, A vulgaris can be considered as
a promising medicinal plant.

Free radicals and other oxidants are responsible for the emergence
of a large number of diseases, such as Parkinson's disease, cancer,
cardiovascular, and obesity-related diseases (Lobo et al., 2010). There
is increasing evidence that phenolics and other natural antioxidants
from plants in the human diet may prevent, postpone and control the
development of degenerative diseases (Consolini and Sarubbio, 2002;
Dastmalchi et al., 2012; Costa et al., 2013; Batista et al., 2014).
The results we obtained for antioxidant activity of examined extracts
through seven methods undoubtedly demonstrated the strong
antioxidant potential of extracts, comparable with reference compound
catechin and even better than synthetic preservative (BHT) in certain
antioxidant assays. AVA showed significantly better (p < 0.05)
antioxidant activities in all employed methods in our study, except for
total antioxidant activity. Furthermore, AVA demonstrated particularly
better antioxidant activity in the inhibition of lipid peroxidation than
AVR. The lowest ICs values for the extracts were recorded in DPPH
assay. ICsp values for the extracts were lower in comparison with
those for BHT and they are in common with the results reported by
1lié-Stojanovic et al. (2017), while no statistically significant difference
(p < 0.05) was observed between AVA and catechin. Since numerous
plant phenolics have been found to be responsible for biological proper-
ties, it can be assumed that antioxidant activities of these extracts are
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Fig.2.COX-1and COX-2 inhibitory activities and COX-2 gene expression on THP-1 of A. vulgaris extracts (50 and 25 pig/mlL, respectively).

in,NS-398 and

(DEX)

were used as positive controls, according to Katani¢ et al. (2016). The graph represents compiled data (% inhibition) of two independent experiments {mean = SD).

related to their phenolic profile. With respect to the high amount of
polyphenols, strong antioxidant activity under in vitro and in vivo condi-
tions was reported for other species from the Rosaceae family (Katani¢
et al,, 2015; Jiménez-Aspee et al,, 2016).

One of the main reasons to find novel natural sources of antioxidants
is the fact that a large number of reactive oxygen species is produced
during the inflammatory process (Conner and Grisham, 1996). Serious

side effects of existing anti-inflammatory drugs are burning pharma-
ceutical concern worldwide. Therefore, research goes on to find new
highly effective and harmless anti-inflammatory remedies of natural
origin which can be alternatives to NSAID's. The undertaken study
demonstrates, for the first time, the effects of A. vulgaris methanolic
extracts on COX-1 and COX-2 enzymes inhibition, with the preferential
COX-2 inhibitory activity of AVA with AVR approximately the same
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Fig. 3. Effects of A. vulgaris aboveground parts (A) and roots (B) methanol extracts on the viability of mouse immortalised BalbC-3 T3 fibroblasts and human normal HaCaT keratinocytes.

Dose- and time-response curves of cells after 48 h (black bars) and 72 h (grey bars) incubation in tt

ofincreasing

the extracts. Cell viability was assessed by the

MIT assay; the cell survival percentage was defined as described in Materials and Methods section. Values are given as means -+ S.D. (n2 3).

inhibitory activity on both COX isoforms. Notwithstanding that AVR is
not COX-2 specific, the relatively high percentage of the inhibition of
COX enzymes is confirming the presence of anti-inflammatory com-
pounds in this extract. Therefore, these results can be of great impor-
tance for further testing of Lady's mantle as a potential anti-
inflammatory remedy. NF-+B is a nuclear transcription factor regulating
the expression of various genes, including IL-13, IL-6, TNF-c, and iNOS,
which play critical roles in inflammation, apoptosis, and tumour genesis
(Lawrence et al,, 2001). Negative results obtained for NF-+B production
in our study indicate that neither AVA nor AVR exert their anti-
inflammatory activity through the inhibition of NF-kB. Anti-
inflammatory activity of A. vulgaris has already been tested for the in-
hibition of 15-lipoxygenase activity (Trouillas et al., 2003), and the re-
sults provided a presumption that anti-inflammatory action of
A. vulgaris may be related to the inhibitory activity of phenolic com-
pounds on arachidonic acid metabolism through the lipoxygenase path-
way. According to Seker-Karatoprak et al. (2017), methanolic and water
extracts of A. mollis decreased the nitrite as well as inhibited TNF-c pro-
duction in LPS-induced macrophages. In support of the traditional use of
Alchemilla species in wound treatment, Shrivastava et al. {2007)
displayed acceleration in wound healing and a significant reduction in
the size of dorsal skin lesions in rats by the second day of the treatment
with 3% A. vulgaris in glycerine. Also, A. vulgaris enhanced proliferation
of epithelial, liver and myofibroblasts cells as well. It is worth noting
that no cytotoxic effect or any morphological changes were observed in
the cells exposed to A. vulgaris extract in the above mentioned study.
We obtained the same results in our study through biocompatibility as-
says on immortalised fibroblasts BalbC-3 T3 and normal epidermal
HaCaT cells during 48 and 72 h. Fibroblasts and keratinocytes facilitate
the protective role of normal skin and play a crucial role in cutaneous rep-
aration process. When a wound occurs, then natural skin barrier is
disrupted, which promotes the proliferation as well as the maturation

of fibroblasts and keratinocytes. They migrate into the wound site and
communicate via certain signalling loops, which support the restoration
and regeneration of tissue homeostasis after wounding (Wojtowicz
et al,, 2014). Biocompatibility of plant extracts may prevent differentia-
tion, proliferation, and attaching of these skin cells. The results of our
study indicate that the application of AVA and AVR at doses ranging
from 10 to 50 ug/mL provides good biocompatibility, with no toxic
or injurious effects on the healthy cells.

According to Kuete (2010), an extract can be considered as a potent
antibacterial agent with significant antibacterial activity with MICs
below 0.1 mg/mL, while MICs between 0.1 and 0.625 pointed to moder-
ate activity against bacterial growth, MICs above 0.625 mg/mL referred
to weak activity. The results in Table 3 revealed that Gram-positive
bacteria are more susceptible in comparison with Gram (—) ones.
These findings are not surprising, considering the fact that Gram (—)
bacteria are more resistant than Gram (+) ones to plant extract treat-
ment, because of the porins and lipopolysaccharides present in their
outer membrane, which provides a protective barrier and prevents in-
tracellular penetration of antibiotics, especially lipophilic ones
(Apetrei et al., 2011). To the extent of our knowledge, this is the first
study covering antimicrobial activity of Alchemilla roots. Additionally,
there are no literature data related to the antifungal activity of
Alchemilla species, while only a few scientific reports provide informa-
tion about activities of the aboveground parts of Alchemilla species
against bacteria and C. albicans. Our results displayed negligible antifun-
gal activity of A. vulgaris with MICs from 2.5 to above 20 mg/mL. Our re-
sults are in accordance with the results published by Keskin et al.
(2010), indicated that ethanol extract of A. vulgaris at a concentration
of 4 mg/mL exhibited moderate antibacterial activity against ten bacte-
rial species, whereby the most sensitive ones were Gram-positive bacte-
ria, including E. faecalis. Krivokuca et al. (2015) reported that extracts of
four Alchemilla species exerted anti-Helicobacter pylori effect with MICs
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ranging from 4 to 256 pg/mL. The same pattern of antibacterial activity
as for AVR and AVA has been observed for ellagic acid, where the most
sensitive strains were Gram positive bacteria M. lysodeikticus,
E. faecalis, and B. mycoides and Gram negative - A. chrococcum. Our re-
sults showed low susceptibility of tested bacteria to catechin. Antibacte-
rial effects of A. vulgaris may be attributed to the high content of tannins
presented in the extracts (Djipa et al., 2000). With respect to the results
of antibacterial activity of phenolic standards, our findings indicate that
use of A, vulgaris extracts may be more beneficial than the application of
individual compounds, due to the possible synergistic effects of the
other components of the extracts.

5. Conclusion

Our results have demonstrated that methanolic extracts of aerlal
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parts and roots of A. vulgaris are rich in phenoli

Through the evaluation of antioxidant, antibacterial, annfungal and
anti-inflammatory activities, we observed the remarkable biological ac-
tivity of the tested extracts, as well as their full biocompatibility with fi-
broblasts and keratinocytes. Taking into account promising biological
activity and safety of A. vulgaris, our further research will be aimed to
investigate its biological activities under in vivo conditions. We hope
to discover the potential mechanism of biological action and to eluci-
date whether the specific biological activity is a result of the activity of
individual components or synergistic action of several constituents.
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ABSTRACT

Staphylococcus epidermidis, a harmless human skin colonizer, is a significant nosocomial
pathogen in predisposed hosts because of its capability to form a biofilm on indwelling medical
devices. In a recent paper, the purification and identification of the pentadecanal produced by
the Antarctic bacterium Pseudoalteromonas haloplanktis TAC125, able to impair S. epidermidis bio-
film formation, were reported. Here the authors report on the chemical synthesis of pentadecanal
derivatives, their anti-biofilm activity on S. epidermidis, and their action in combination with
antibiotics. The results clearly indicate that the pentadecanal derivatives were able to prevent, to
a different extent, biofilm formation and that pentadecanoic acid positively modulated the
antimicrobial activity of the vancomycin. The cytotoxicity of these new anti-biofilm molecules was
tested on two different immortalized eukaryotic cell lines in view of their potential applications.

Introduction

Although Staphylococcus epidermidis is a harmless
human skin colonizer, it has emerged as an important
opportunistic pathogen in infections associated
with medical devices (such as urinary and intra-
vascular catheters, orthopaedic implants), causing
approximately 30-43% of joint prosthesis infections
(Valour et al. 2013) and fracture fixation infections
(Morgenstern et al. 2016). The capability of S. epider-
midis to adhere on both eukaryotic cells and abiotic
surfaces and to form biofilm is an essential virulence
factor (Otto 2012) that contributes to the chroniciza-
tion of infections caused by this bacterium as particu-
larly difficult to eradicate. S. epidermidis can migrate
from the skin along the surface of the device into the
body, forming a highly organized bacterial community
known as biofilm. A biofilm is a microbially derived
sessile community, characterized by cells attached
either to a substratum, or to an interface, or to each
other, embedded in a self-produced matrix of extra-
cellular polymeric substance, which exhibit an altered
phenotype with regard to growth, gene expression and
protein production (Donlan and Costerton 2002).
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In a biofilm, cells are embedded and protected
from external assaults and in this condition bacteria
have been found to be more resistant to conventional
antibiotic treatments, thus resulting in recalcitrant
biofilm-associated infections (Koo et al. 2017).
Biofilm resistance to antimicrobials is a complex phe-
nomenon, not only correlated merely with the genetic
resistance that arises from mutations, although the
increased microbial cell density may help the transfer
of resistance genes. Indeed, other mechanisms are
involved, such as: (1) the low penetration of the
antimicrobial agent due to the barrier function
performed by the biofilm matrix; (2) the presence of
persister cells exhibiting a high multidrug tolerance;
and (3) a reduced susceptibility to antibiotics as
a consequence of stress adaptive responses or changes
in the chemical biofilm microenvironment (Satpathy
et al. 2016). Accordingly, the strategies adopted to
treat these challenging infections are rapidly changing,
according to the increasing understanding of the
structure and functions of the biofilm. Nonetheless,
the prevention of biofilm formation and the treatment
of existing biofilms is currently a difficult challenge
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and therefore the discovery of new multi-targeted or
combinatorial therapies is increasingly urgent (Koo
et al. 2017).

In recent years, several authors working in this
field have focused their studies on the search for
anti-biofilm molecules in extreme environments, such
as Antarctica, since it has been reported that cold-
adapted bacteria represent an unexploited source of
chemical biodiversity, able to produce a wide range of
high added-value compounds (Papaleo et al. 2013;
De Santi et al. 2016, Sannino et al. 2017; Sannino
et al. 2018), including anti-biofilm molecules (Papa
et al. 2015).

In a recent paper, it was demonstrated that
Antarctic bacterium Pseudoal haloplankti
TACI125 produces a long-chain fatty aldehyde, the
pentadecanal (Casillo et al. 2017), endowed with a
strong anti-biofilm activity against S. epidermidis
(Papa et al. 2013, Parrilli et al. 2015). The pentadeca-
nal interferes with the quorum sensing system of S.
epidermidis and reduces biofilm formation without
affecting bacterial viability (Casillo et al. 2017). It is
interesting to note that the pentadecanal is also found
in the essential oils of different plant species (Gao
et al. 2017). This mechanism of action should prevent
the development of escape mutants, making the
pentadecanal a good candidate for combined therapies
with conventional antibiotics. Moreover, the pentade-
canal’s capability of preventing biofilm formation
could be exploited for the development of new
materials, or surface coatings, which avoid the adhe-
sion of viable bacteria. In the literature, the incorpor-
ation of an antibiotic or biocide within a ’reservoir’
coating is being studied as a possible approach
to inhibit bacterial adhesion and biofilm formation
(Busscher et al. 2012). An ideal anti-biofilm molecule
must be endowed with several characteristics
described by Batoni et al. (2016); amongst the other
things it should interfere with the bacterial cell com-
munication machinery, penetrate the extracellular
matrix and/or interfere with its production, and
synergize with other conventional and unconventional
antimicrobial compounds. Moreover, an anti-biofilm
molecule, to have a concrete therapeutic application,
should be active following its incorporation within
a ’reservoir’ coating and, in any case, the coating
should not alter the biocompatibility of devices or
delivery systems. However, as the pentadecanal is an
aldehyde (a chemically reactive agent), it could easily
undergo oxidation reactions, therefore it may not be
suitable for all possible anti-biofilm strategies. One of
the aims of this work was the design of some
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pentadecanal derivatives to enrich the arsenal of
weapons to fight biofilm development. With the pur-
pose of obtaining new anti-biofilm molecules
endowed with different physico-chemical properties,
the dimethyl acetal of the pentadecanal, the pentade-
canoic acid, and its methyl ester, were synthesized.
The capability of the pentadecanal derivatives to
prevent biofilm formation by S. epidermidis and their
possible use in combination with antibiotics was
investigated. Finally, to explore the possible clinical
applications, their biocompatibility on eukaryotic cells
was analysed on two different immortalized cell lines.

Materials and methods
Bacterial strains and culture conditions

The bacterial strains used in this work were: S. epider-
midis RP62A, a reference strain isolated from an
infected catheter (ATCC collection no. 35984); and S.
epidermidis O-47, a strong biofilm producer (Figure
S1 in Supplemental material) agr-mutant, isolated
from clinical septic arthritis and kindly provided by
Prof. Gotz (Heilmann et al. 1996). Bacteria were
grown in brain heart infusion broth (BHI, Oxoid
Ltd./Thermo Fisher Scientific, Cambridge, United
Kingdom). Biofilm formation was assessed in static
conditions at 37 °C, whereas planktonic cultures were
performed under vigorous agitation (180rpm) at
37°C. All strains were maintained at -80°C in cryo-
vials with 15% glycerol.

Derivatives design and synthesis and purification

To generate new anti-biofilm molecules endowed with
physico-chemical properties different from those of
pentadecanal, pentadecanoic acid (carboxylic acid),
pentadecanoic acid methyl ester (ester), and 1,1-dime-
thoxypentadecane (acetal) were synthesized. The
choice of these derivatives was mainly suggested by
the well-known reactivity of an aldehyde, which is
able to be oxidized by oxygen in the air, even in the
presence of a catalytic amount of Fe*' (Carey and
Sundberg 2000; Farquhar 1961; Jiang et al. 2018).

Pentadecanoic acid was purchased from Sigma
(Sigma-Aldrich, Inc.,, St. Louis, MO @« 2018 Merck
KGaA, Darmstadt, Germany).

The acetal was obtained by treating the pentadeca-
nal (50mg) by reaction with 6ml of 1.25M HCI/
CH30H at 80°C for 16h. After overnight reaction,
the reaction was quenched with anionic exchange
resin (HCO;™ form), and the product recovered with
a yield of 98%.
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To obtain the methyl ester, 50 mg of pentadecanoic
acid were treated with 5ml of 1.25M HCl/CH;OH
at 80°C for 16h. The methanol layer was extracted
three times with hexane to recover the methyl ester
with a yield of 99%. The mixture was then treated
with Dowex 1X8 resin (Sigma, HCO;  form) and
dried under argon flow. As for the methyl ester, the
recovery of the acetal was 98%.

All the synthesized compounds were characterized
by '"H-NMR spectroscopy and gas chromatography-
mass spectrometry (GC-MS). Furthermore, the purity
of the synthesized derivatives was confirmed by
GC-MS analysis (Figure S2). All the compounds were
analysed on an Agilent 7820A GC System-5977B
MSD  spectrometer equipped with the automatic
injector 7693Aand a Zebron ZB-5 capillary column
(Phenomenex, Toornace, CA, USA; flow rate
Iml min!; He as carrier gas), using the following
temperature program: 150°C for 3min, 150°C—
300°C at 15°C/min, 300°C for 5min. As for the 'H
NMR experiments, each sample was dissolved in
0.55ml of dimethyl sulfoxide-d6 (DMSO-d6), and the
spectra were recorded at 298 K using a Bruker Avance
600 MHz spectrometer equipped with a cryoprobe
(Bruker Italia, Milano, Italy).

Biofilm formation by staphylococci

Static biofilm assay

The quantification of in vitro biofilm production was
based on the method described by Christensen with
slight modifications (Papa et al. 2013).

Briefly, the wells of a sterile 96-well flat-bottomed
polystyrene plate (tissue culture treated by vacuum
gas plasma, Falcon ® Corning, Corning, NY) were
filled with S. epidermidis RP62A or S. epidermidis O-
47 cultures in exponential growth phase diluted in
BHI with a final concentration of about 0.1 and 0.001
ODgoonm respectively. The derivatives were added at
different concentrations and the final
was 200 pl.

The first row contained the untreated bacterial
cells, while each of the remaining rows contained dif-
ferent concentrations (from 12.5pg ml ' to 100pg
ml™") of the derivatives samples. Dried derivatives
were first re-solubilized in DMSO and a working
solution of each derivative to be tested was diluted in
BHI (0.8% DMSO final concentration at the maximal
concentration used). From this stock solution,
serial two-fold dilutions in BHI broth were carried
out in 96-well plates over the concentration range
100-12.5ug ml". A control using BHI broth with

volume

0.8% DMSO was also included in each experiment.
The plates were incubated aerobically for 24h at
37°C. After the incubation, planktonic cells were gen-
tly removed; each well was washed three times with
double-distilled water and patted dry with a piece of
paper towel in an inverted position. To quantify the
biofilm formation, each well was stained with 0.1%
(w v') crystal violet and incubated for 15min at
room temperature, rinsed twice with double-distilled
water, and thoroughly dried. The dye bound to
adherent cells was solubilized with 20% (v v') glacial
acetic acid and 80% (v v'') ethanol. After incubation
at room temperature for 30min, the OD was
measured at 590nm to quantify the total biomass
of biofilm formed in each well. Each data point is
composed of three independent experiments, each
performed in six replicates. The data reported were
statistically validated using the Student’s f-test com-
paring the mean absorbance of treated and untreated
samples. The significance of differences between the
mean absorbance values was calculated using a two-
tailed Student’s t-test. A p-value of <0.05 was consid-
ered significant.

CLSM analysis and COMSTAT

For confocal microscope analysis, biofilms were
formed on Nunc™ Lab-Tek™ 8-well Chamber Slides
(n® 177445; Thermo Scientific, Ottawa, Canada).
Briefly, the wells of the chamber slide were filled with
S. epidermidis RP62A or S. epidermidis O-47 cultures
in exponential growth phase diluted in BHI at a final
concentration of ~0.1 and 0.001 ODggonm respectively
and incubated in the presence of derivatives (100 ug
ml~' - 0.8% DMSO). The final volume was 300 pl.
The bacterial cultures were incubated at 37°C for
20h in the presence and absence of derivatives in
order to assess their anti-biofilm activity and their
influence on cell viability. The biofilm cell viability
was determined by the FilmTracer'™ LIVE/DEAD®
Biofilm Viability Kit (Molecular Probes, Invitrogen,
Carlsbad, CA, USA) following the manufacturer’s
instructions. After rinsing with filter-sterilized PBS,
each well of the chamber slide was filled with 300 pl
of a working solution of fluorescent stains, containing
the SYTO® 9 green fluorescent nucleic acid stain
(10 uM) and propidium iodide, and the red-fluores-
cent nucleic acid stain (60 uM), and incubated for
20-30min at room temperature, protected from light.
Excess stain was removed by gently rinsing with fil-
ter-sterilized PBS. All microscopic observations and
image acquisitions were performed with a confocal
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laser scanning microscope (CLSM; LSM700-Zeiss,
Jena, Germany) equipped with an Ar laser (488 nm),
and a He-Ne laser (555nm). Images were obtained
using a 20x/0.8 objective. The excitation/emission
maxima for these dyes are ~480/500 nm for SYTO® 9
stain and 490/635nm for propidium iodide. Z-stacks
were obtained by driving the microscope to a point
just out of focus on both the top and bottom of the
biofilms. Images were recorded as a series of .tif files
with a file-depth of 16bits. A COMSTAT software
package was used to determine biomasses (um®
pm @y average thicknesses (um) and roughness coef-
ficient (Ra*). For each condition, two independent
biofilm samples were used.

MIC and MBC of vancomycin determination

The conventional MIC of vancomycin was deter-
mined for S. epidermidis RP62A in duplicate, by two-
fold serial dilution (Clinical & Laboratory Standards
Institute (CLSI) 2017). Briefly, an overnight culture
was diluted at 0.5 McFarland and 90 pl of this dilu-
tion were added to each well of a 96-well microtitre
dish. Tenpl vancomycin previously diluted to the
desired final concentration were added to the wells.
Tenpl water were added for the control lane. The
microtitre plate was incubated at 37°C for 24 h. After
the incubation the MIC was determined.
Furthermore, the minimal bactericidal concentration
(MBC) of vancomycin was determined as reported.
Using the replica plater for 96-well plate (Sigma
Aldrich) ~3pl of planktonic culture from each well
of the microtitre plate were transferred to the surface
of a BHI agar plate. Plates were incubated for 16 h at
37°C. The MBC was determined by identifying the
cut off for bacterial growth.

MBIC and MBEC of vancomycin determinations

The minimum biofilm inhibitory concentration
(MBIC) and the minimum biofilm eradication concen-
tration (MBEC) of vancomycin for S. epidermidis
RP62A were determined. Briefly, the wells of a sterile
96-well flat-bottomed polystyrene plate (Falcon) were
filled with 100 ul of BHI with an appropriate dilution
of overnight cultures of S. epidermidis RP62A (0.1
ODgponm) and incubated overnight at 37°C without
shaking, to allow bacterial attachment. Non-adherent
cells were removed by gentle washing three times with
sterile PBS. The plates were left to air dry for 15min.
Serial twofold dilutions of vancomycin (initial concen-
tration 240pg ml') in cation-adjusted Mueller—
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Hinton broth (CAMHB) were added to the microplates
followed by incubation at 37°C for 24h. The MBIC
was defined as the minimal antimicrobial concentra-
tion at which there was no observable bacterial growth
in wells containing adherent microcolonies, ie the
minimal concentration that inhibited the release of
planktonic bacteria from the biofilm (Reiter et al. 2013).

After MBIC measurement, the content of each well
was spotted on an agar plate using a replica plater for
96-well plate (Sigma-Aldrich). The agar plate was
incubated for 24h at 37°C. The MBEC was defined
as the minimal antimicrobial concentration at which
bacteria fail to regrow after antimicrobial exposure, ie
the minimal concentration required for eradicating
the biofilm (Reiter et al. 2013). All the determinations
were performed in duplicate.

Synergy testing by checkerboard assay

Synergism between the pentadecanoic acid or the
pentadecanal and vancomycin was assessed by the
so-called ‘checkerboard’ assay against S. epidermidis
RP62A. Twofold serial dilutions of pentadecanoic
acid or the pentadecanal and vancomycin were tested
in combination. To do this, the pentadecanoic acid
and the pentadecanal were tested at concentrations
ranging from 250 to 31.25pg ml ' and vancomycin
at concentrations ranging from 240 to 7.5pug ml™’,
respectively. All the determinations were performed
in duplicate.

MBIC and MBEC experiments were performed as
previously described.

Synergy testing by CLSM analysis

For synergy evaluation between the anti-biofilm mole-
cules and vancomycin by confocal microscopy, bio-
film formation was assessed as previously described.
Briefly, an overnight culture of S. epidermidis RP62A
grown in BHI was diluted and inoculated into each
well of an eight-well chamber slide at an appropriate
cell concentration, ~0.1 ODgggnm. The bacterial cul-
tures were incubated at 37°C for 2h in presence of
120 pg ml™" of vancomycin, with or without the anti-
biofilm molecules, pentadecanal and pentadecanoic
acid (250 pg ml™Y), in order to assess whether the
anti-biofilm molecules were able to improve the anti-
microbial activity of vancomycin. The biofilm cell viabil-
ity was determined by the FilmTracer"™ LIVE/DEAD”
Biofilm Viability Kit (Molecular Probes, Invitrogen) as
previously described (Casillo et al. 2017).
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Cytotoxicity assay

Immortalized human keratinocyte cells (HaCaT), and
mouse fibroblasts (BALB/c3T3) were from ATCC.
These cell lines are commonly used for biocompatibil-
ity and cytotoxicity assay, as reported by Wiegand
and Hipler (2009), and are particularly appropriate
cell lines for use in cytotoxicity and tolerance tests
concerning the skin because they represent dermal
fibroblasts and epidermal keratinocytes, both targets
of S. epidermidis. Cells were cultured in Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich), supple-
mented with 10% foetal bovine serum (HyClone,
Logan, UT, USA), 2mM L-glutamine and antibiotics.
Cells were grown in a 5% CO, humidified atmos-
phere at 37°C. To test the biocompatibility of the
molecules, cells were seeded in 96-well plates at a
density of 2.5 x 10° well ™. Twenty-four hours after
seeding, cells were incubated with increasing amounts
of the molecule under test (from 10 to 100 ug ml )
for 24, 48 and 72h. At the end of incubation, cell via-
bility was assessed by the MTT assay as previously
described (Arciello et al. 2011). Cell survival was
expressed as a percentage of viable cells in the pres-
ence of the analysed molecule, with respect to the
control cells. Control cells were represented by cells
grown in the absence of the molecule and by cells
supplemented with identical volumes of DMSO. Two-
way ANOVA was performed as a statistical analysis.

Results
Anti-biofilm activity of derivatives

To evaluate the anti-biofilm activity of pentadecanal
derivatives, molecules were tested at different concen-
trations against the reference strain S. epidermidis
RP62A and against S. epidermidis O-47, a strong bio-
film producer agr-mutant (Heilmann et al. 1996). As
shown in Figure 1, all the molecules reduced biofilm
formation by the reference strain S. epidermidis
RP62A and, surprisingly, the carboxylic acid, at low
concentrations (25pg ml ' and 12.5pg ml '), was
more active than the pentadecanal. Besides the penta-
decanal, the most effective derivatives on S. epidermi-
dis O-47 biofilm was the ester and then the acetal.
It is interesting to note that the acid was not able
to induce a significant reduction in the S. epidermidis
0-47 biofilm, contrary to what found on §. epidermidis
RP62A. The anti-biofilm activity of pentadecanal
derivatives was further confirmed by CLSM. CLSM
analysis of S. epidermidis O-47 and RP62A biofilms
were performed after 24h incubation in the presence

S. epidermidis RP62A
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Figure 1. The anti-biofilm activity of pentadecanal and its
derivatives on S. epidermidis biofilm formation. The anti-biofilm
effect was evaluated on biofilm formation of S. epidermidis
0-47 and S. epidermidis RP62A using different concentrations
of the tested molecules. The data are reported as percentages
of residual biofilm. Each data point represents the mean + the
SD of three independent samples; the mean values were com-
pared to the untreated control and considered significant
when p <005 (*p < 0.05, **p < 0.01, ***p < 0.001) according
to the Student t-test.

and absence of the derivatives, respectively. The
LIVE/DEAD staining was used to analyse the biofilm
structure and cell viability. As shown in Figure 2A,
cells exposed to derivatives were alive (green indicates
viable cells and red indicates dead cells), confirming
that the new molecules, exactly like the pentadecanal
(Casillo et al. 2017), had no bactericidal activity on
either of the S. epidermidis bacterial strains living in
the biofilm. To obtain more detailed information on
the biofilm structure, the collected three-dimensional
files were analysed using the COMSTAT image
analysis software package (Heydorn et al. 2000).
The results demonstrated that biofilms formed in the
presence of the derivatives were characterized by
a lower biomass (Figure 2B) and this effect was
clearly evident in both the S. epidermidis strains using
all the derivatives. It is interesting to note that the
carboxylic acid by CLSM and COMSTAT analysis
was active, contrary to what was demonstrated when
its anti-biofilm activity was evaluated by crystal violet
assay (Figure 1). As shown in Figure 2C and D, the
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Figure 2. Analysis of the effect of pentadecanal derivatives on S. epidermidis 0-47 and S. epidermidis RP62A biofilm structure.
(A) CLSM analysis of S. epidermidis 0-47 and S. epidermidis RP62A biofilms were performed after 24 h incubation at 37°C in the
presence and in absence of the derivatives. Three-dimensional biofilm structures were obtained using the LIVE/DEAD™ Biofilm
Viability Kit. COMSTAT quantitative analysis of (B) biomass, (C) average thickness and (D) roughness coefficient of S. epidermidis O-47
and S. epidermidis RP62A biofilms were performed for all the tested conditions.

biofilms obtained in the presence of the derivatives
were quite similar in terms of thickness, but the rough-
ness coefficient indicated significant differences. In par-
ticular, an increase in the roughness coefficient was
observed. This dimensionless factor provides a measure
of how much the thickness of a biofilm varies, and it is
thus used as a direct indicator of biofilm heterogeneity.
The same reported trend was observed also for biofilm
obtained in presence of the pentadecanal (Figure S3).

The synergy of derivatives with vancomycin by
checkerboard assay

The pentadecanal or its synthetic derivatives were
tested in combination with an antibiotic on mature
biofilm in order to assess whether the anti-biofilm
activity could modulate the antibiotic activity by weak-
ening the S. epidermidis biofilm structure, making
it less compact and rougher, and thus allowing the
penetration of the antimicrobial agent. These experi-
ments were performed using vancomycin as antibiotic
and S. epidermidis RP62A as the target strain.

To exclude any interference between the anti-
biofilm molecules and the vancomycin, the MBC of
this antibiotic on S. epidermidis RP62A was calculated

in the presence and in the absence of anti-biofilm
compounds (up to 250 ug ml '). The MBC value was
evaluated for the vancomycin on S. epidermidis RP62A
planktonic cells according to CLSI (2017) (Table 1)
and, in all the tested conditions, the vancomycin
efficacy was not affected by the presence of the
anti-biofilm molecules (data not shown). Measurement
of the MBIC and of the MBEC was used to evaluate
the vancomycin antimicrobial activity against the
mature biofilms (Reiter et al. 2013). The S. epidermidis
RP62A 24h mature biofilm was subjected to anti-
microbial exposure and, as expected, the MBEC and
MBIC values were extremely high when compared to
the MBC value. The MBIC and MBEC were equivalent
and significantly higher than the value obtained for the
MBC on planktonic growth (Table 1). The possible
synergistic effect of anti-biofilm molecules and vanco-
mycin was evaluated on 24h mature biofilm using the
pentadecanoic acid or the pentadecanal as only these
two molecules showed a slight, but significant effect on
mature S. epidermidis RP62A biofilm (data not shown).
The synergy was evaluated by using the checkboard
method, as described in the Materials and methods
section. The results are reported in Table 1. The
addition of pentadecanal did not prompt a reduction
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Table 1. Antimicrobial activities of vancomycin and vancomycin in the presence of pentadecanoic acid and pentadecanal against

S. epidermidis RP62A in planktonic and biofilm growth.

Vancomycin +

Vancomycin + Vancomycin + Vancomycin +

pentadecanoic pentadecanoic pentadecanal pentadecanal
Vancomycin acid 250 ug ml ' acid 125 ug ml' 250 g ml ' 125 pg ml’
MBC (ug ml™) 75 75 75 75 75
MBIC (ug mlI™") 60 15 15 60 60
MBEC (uig mi™) 60 15 15 60 60
UNTREATED VANCOMYCIN

Figure 3. Analysis of the synergistic effect of derivatives with vancomycin on S. epidermidis RP62A biofilm structure. CLSM analysis
of S. epidermidis RP62A biofilms was performed on mature biofilms after 2h incubation at 37°C in the presence and absence
of derivatives and vancomycin. Three-dimensional biofilm structures were obtained using the LIVE/DEAD" Biofilm Viability Kit.

in the MBIC or MBEC values of vancomycin on
S. epidermidis RP62A. Conversely, the pentadecanoic
acid modulated the antimicrobial —activity —of
the vancomycin. In particular, the MBIC and MBEC
values, obtained after 24h incubation, were reduced
twofold in combination with 125pg ml™" and 250 ug
ml™" of pentadecanoic acid, respectively.

In order to collect information on the mechanism
of action of the pentadecanoic acid in combination
with the vancomycin and to understand the reasons
for the inefficiency of pentadecanal, a CLSM analysis
of S. epidermidis RP62A mature biofilm treated with
vancomycin in the absence or in the presence of either
pentadecanal or pentadecanoic acid was performed.

In detail, 24 h mature biofilm of S. epidermidis RP62A
was incubated for 2h in the presence of 120 ug ml™ ' of
vancomycin and in the presence or absence of 250 ug
ml™" of the pentadecanal or the pentadecanoic acid.

As shown in Figure 3, the vancomycin led to a
slight reduction in the biofilm biomass, but it was

not able to kill the cells embedded in the biofilm
matrix. Whereas, when the vancomycin was com-
bined with either the pentadecanal or the carboxylic
acid, it was able to penetrate the biofilm structure,
showing a substantial bactericidal activity even
against the deepest cells in the biofilm structure
(Figure 3, red signal).

Effect of pentadecanal derivatives on eukaryotic
cell viability

The biocompatibility of the pentadecanal and its
derivatives was investigated on keratinocytes and
fibroblasts. These two cell lines were chosen as they
represent the skin, in which keratinocytes are the
outer part of the skin and cover the fibroblasts layer
and are a target for S. epidermidis infections.
As shown in Figure 4, after 24h incubation, in
the case of keratinocytes, all the analysed molecules
were fully biocompatible, as no toxicity was

145



Appendix C

BIOFOULING (&) 1117

HaCaT BALB/c-3T3
B carboxylicacid M aldehyde [ ester [ acetal
= 150+ e c d
g 3
13 -
8
o 5 1004 b e 5 1004
;l" s =
= g
z 5] £ 50
8 8
> £
3 =
o ol ]
10 25 50 100 Q. of
ug mi-! pg mi
= 150 =
s s
£ £
o o
o Qo
= %5 5
= 2
< 2z 2
3 3
8 {
> >
3 3

pg mi!

72h
Cell viability (% of control)

10 25 50 100
ng mi-!

ngmit

Cell viability (% of control)

10 25 50 100
ngmi-!

Figure 4. Effect of pentadecanal and its derivatives on immortalized cell lines. Dose-response plot of cells after 24, 48 and 72h
incubation with increasing concentrations (10-100pug ml~') of molecules. Cell viability was assessed by the MTT assay
and expressed as described in the Materials and methods section. Values are given as means+SD (n > 3); a indicates p < 0.05,
b indicates p < 0.01, c indicates p < 0.005, d indicates p < 0.001, with respect to control cells.

observed, except for the pentadecanal, which was
biocompatible up to 50 pug ml™'. After 48-72h the
ester and acetal were safe for HaCaT cells up to
50 pg ml~!, whereas a toxicity was observed for
the acid (after 72h incubation). The pentadecanal
was fully biocompatible when used at concentra-
tions up to 50 ug ml~'. These results were similar
also in the case of BALB/c-3T3 cells.

Altogether, these data clearly indicate that the
ester derivative is fully biocompatible, followed
by acetal.

Discussion

Recently, the identification of the pentadecanal as
a new anti-biofilm molecule against S. epidermidis
was reported (Casillo et al. 2017). This molecule,
produced by the Antarctic bacterium P. haloplanktis
TACI25, is a very promising anti-biofilm molecule.
Nonetheless, the pentadecanal is a chemically
reactive agent which could easily undergo reactions
of oxidation, polymerization, and/or hydration, and
therefore it could be not chemically compatible with
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all anti-biofilm strategies. Therefore, the aim of this
work was to produce and characterize novel pentadeca-
nal derivatives to be used in anti-biofilm applications.

In a previous paper, the specificity of the pentade-
canal action on S. epidermidis biofilm was explored
by testing chemical analogues differing either in the
length of the aliphatic chain or in their functional
group properties (Casillo et al. 2017). In particular,
similar aldehydes and corresponding alcohols, charac-
terized by different lengths of the aliphatic chain (C-
14/C-20), were analysed, and the results demonstrated
that both the length of the aliphatic chain and the
functional group properties were important for the
pentadecanal activity against S. epidermidis biofilm
(Casillo et al. 2017). Since the hexadecanal and the
tetradecanal did not show anti-biofilm activity
(Casillo et al. 2017), whereas the pentadecanol showed
a slight but significant activity, the new anti-biofilm
molecules were designed preserving the length of the
aliphatic chain and modifying the functional group.

The pentadecanal derivatives synthesized were:
pentadecanoic acid, the pentadecanoic acid methyl
ester and 1,1-dimethoxypentadecane. In particular,
the acetal could offer the opportunity to generate the
aldehyde when treated with an electrophilic agent.
Therefore, the acetal could be a good choice in treat-
ing in vivo infections, especially those close to the
implant surface, where the bacterial metabolic activity
generates a local acidic pH (4-5) (Vroom et al. 1999;
Wang et al. 2014). The ester and the carboxylic acid
were selected since both are less reactive than alde-
hyde in oxidation and polymerization reactions.

All the synthesized molecules were tested for their
anti-biofilm activity and, unexpectedly, all of them
showed that they were able to prevent, to a different
extent, biofilm formation by S. epidermidis RP62A.
This result clearly demonstrates that the functional
group has a key role in the anti-biofilm activity, even
if they are not strictly related. Casillo et al. (2017)
demonstrated that the pentadecanal interfered in the
AI-2 quorum sensing system of S. epidermidis. It is
interesting to note that the AI-2 quorum sensing
molecular pathway in Gram-positive bacteria is not
completely clarified, and a putative receptor for Al-2
molecules has not yet been identified (Ma et al. 2017).
Thus, it is not clear how AI-2 signals are detected, or
which functions are regulated by them in many luxS-
containing bacteria. Moreover, in S. epidermidis, no
potential AI-2 receptors have been found. Therefore, it
is not possible to exclude the possibility that the penta-
decanal and its derivatives cross the bacterial cell wall

by diffusion since their physico-chemical properties are
compatible with this mechanism.

Moreover, the AI-2 mechanism of action in S. epider-
midis has not yet been thoroughly characterized, and
probably, this unexpected result will be clarified when
all the details of the AI-2 quorum sensing molecular
mechanism in S. epidermidis have been explained.

The efficacy of the pentadecanoic acid addition on
S. epidermidis RP62A and S. epidermidis O-47 biofilm
formation was different. Indeed, S. epidermidis O-47
biofilm formation was poorly affected by the carbox-
ylic acid addition, compared to the strong effect
shown on the reference strain.

S. epidermidis O-47 is a naturally occurring agr
mutant (Vuong et al. 2003). As previously reported
(Vuong et al. 2003; Kohler et al. 2014), the agr-nega-
tive genotype enhanced biofilm formation on polymer
surfaces by increasing expression of the surface pro-
tein AtlE, a bifunctional adhesin/autolysin abundant
in the cell wall of S. epidermidis. The amount of
AtlE present in the cell envelope is one of the
reported differences between the S. epidermidis
RP62A and S. epidermidis O-47 (Vuong et al. 2003).
It is possible to speculate that the overexpression of
AtE renders the S. epidermidis O-47 cell envelope
less permeable, compared to RP62A, to a hypothetical
diffusion of charged molecules, such as the pentadeca-
noic acid, the only charged molecule tested here.
Moreover, AtIE induces significant changes in the
hydrophobicity of the bacterial surface (Biittner et al.
2015); this effect could explain the inefficacy of the
pentadecanoic acid, that is less hydrophobic compared
to the pentadecanal. Nevertheless, the S. epidermidis
0-47 genome sequence is not available, and this
information will be instrumental in understanding the
observed difference.

Although the detailed molecular mechanism that
underpins the anti-biofilm activity of aldehyde deriva-
tives is far from being elucidated, their effect on the
S. epidermidis biofilm structure is quite evident, as the
biofilm formed in their presence is strongly reduced
and characterized by a porous structure containing
many channels and voids. These results suggested
exploring the use of the aldehyde and its derivatives
in combination with antibiotics to treat biofilm
infections. S. epidermidis RP62A is a strongly adher-
ent, slime-producing pathogenic strain isolated from
a patient with intravascular catheter-associated sepsis
and, for this reason, it represents the ideal candidate
for these experiments since it is a reference biofilm
positive/ica-positive strain and methicillin-resistant
(Qin et al. 2007). As for the antibiotic, the
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glycopeptide vancomycin was chosen since it is con-
sidered one of the most reliable therapeutic agents
against infections caused by multidrug-resistant staph-
ylococci (Qin et al. 2007). Moreover, it is the primary
antibiotic used to cure infections caused by coagulase-
negative staphylococci and is used to treat prosthetic
valve endocarditis caused by S. epidermidis (Nailor
and Sobel 2009). On the other hand, vancomycin dis-
plays a reduced penetration into the biofilm matrix
and a low microbicidal effect on S. epidermidis within
the biofilm (Zhang et al. 2015).

To investigate a possible synergy between the pen-
tadecanal or the pentadecanoic acid and vancomycin,
the MBEC and the MBIC in the presence of the anti-
biofilm molecules were evaluated, since these method-
ologies have been suggested as a laboratory assay to
evaluate antimicrobial activity against mature biofilm
(Reiter et al. 2013). The results demonstrated that the
pentadecanoic acid modulated the antimicrobial activ-
ity of vancomycin, with a twofold reduction in MBIC
and MBEC values at a concentration of anti-biofilm
molecules of 125ug ml™!, whereas no effect was
detected using the aldehyde. As the MBIC and MBEC
assays were usually performed on mature biofilm
treated with the anti-biofilm and antibiotic for 24h,
this condition could not be optimal for a chemically
reactive agent such as the pentadecanal. Therefore,
CLSM analyses of mature biofilm of S. epidermidis
RP62A treated with vancomycin and pentadecanal
were performed, selecting experimental conditions
which allowed the detection of a possible effect in
a short incubation time. The results obtained revealed
the capacity of the pentadecanal and the carboxylic acid
to weaken the S. epidermidis biofilm structure, making
it less compact and homogeneous, and thus allowing
the penetration of the vancomycin into the structure of
the biofilm, making cells deeply embedded into the
matrix easier to reach. This could be a great advantage
in the case of a possible therapeutic strategy providing
an antibiotic/anti-biofilm combination.

To explore the clinical potential of pentadecanal
and its derivatives, their biocompatibility was
investigated on fibroblasts and keratinocytes, eukaryotic
cell lines which represent the target of S. epidermidis
infections. The data clearly indicate that the pentadeca-
nal derivatives are biocompatible with all the cell lines
analysed at all the concentrations tested, while the
aldehyde is fully biocompatible when used at concen-
trations lower than 50pg ml .

In conclusion, this work endorses pentadecanal
and its derivatives as useful molecules for the devel-
opment of innovative approaches mainly aimed at the

BIOFOULING (&) 1119

prevention of biofilm formation. Nevertheless, these
molecules could also be useful to fight established
infections in combination with an opportune anti-
biotic therapy, thus suggesting that the use of penta-
decanoic acid in combination with vancomycin could
improve the efficacy of therapy for the treatment of
S. epidermidis biofilm-associated infections.
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Figure S1 S. epidermidis O-47 biofilm formation curve in BHL.
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Figure S2: GC-MS chromatograms of: a) pentadecanal, b) pentadecanoic acid, c) 1,1-
dimethoxypentadecane, d) pentadecanoic acid methyl ester.
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Figure S3: Analysis of S. epidermidis O-47 and S. epidermidis RP62A biofilm structure obtained
adding the pentadecanal (12.5pg/ml) during biofilm formation. COMSTAT quantitative analysis of
biomass, average thickness and roughness coefficient of S. epidermidis O-47 and S. epidermidis
RP62A biofilms were reported. Each data point represents the mean + the SD of two independent
samples. The mean values of the treated samples were compared to the untreated control and
considered significant when p <0.05 (* p <0.05, ** p <0.01, *** p <0.001) according to the Student

t-test.
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ARTICLE INFO ABSTRACT

Keywords: The ph; hemical in vitro ioxi and activities, and anti-
Opuntia dillenii genotoxicity of fruit extracts of Opuntia dillenii were studled The phylochemlcal composition was evaluated
Prickly pear usil ng HPLC, GC-MS and UV-Vis spectropt y. ical methods were used to estimate the
Pear bush idant potential. activity was using a di method. The cytotoxic effects
lleﬂyplj ;em“cs of the extracts were evaluated using the MTT assay. In vitro DNA-protective activity against hydroxyl radical-

induced DNA damage was also deu:rmmed The results showed that polar extracts of O. dillenii had a significant
amount of phenolic ids, whereas polar extracts had mostly terpenoids and
fatty acid derivatives. Morcover, several extracts showed good antioxidant and antimicrobial activities, with low

icity and signi! DNA-p tive effects. These results showed that the extracts of O. dillenii have
promising bioactivity and further studies on the potential application in different arcas of food and health might
be beneficial.

1. Introduction

Opuntia dillenii (Ker Gawl.) Haw., known as prickly pear or pear
bush, is a perennial plant belonging to the genus Opuntia (family
Cactaceae). It is able to grow in the desert and dry conditions in semi-
desert regions in the tropics and subtropics (Ahmed, El Tanbouly, Islam,
Sleem, & El Senousy, 2005). O. dillenii is reported to be native to
America and India, nevertheless, it can be found in Asia, Australia and
in the Mediterranean area (Betancourt, Cejudo-Bastante, Heredia, &
Hurtado, 2017). The species of the genus Opuntia, including O. dillenii,
have been used primarily as food (fruits), for their functional proper-
ties, for production of carminic acid, and other uses (Diaz Medina,
Rodriguez Rodriguez, & Dfaz Romero, 2007). The fruits of O. dillenii are
characterized by an intense red color, an acidic taste, cladode spines,
and a high content of seeds (Betancourt et al., 2017; Cejudo-Bastante,

Hurtado, & Heredia, 2015). Commonly, the fruits are consumed fresh or
as juice, sweets, etc. (Feugang, Konarski, Zou, Stintzing, & Zou, 2006;
Perez Mendez, Flores, Martin, Rodriguez Rodriguez, & Diaz Romero,
2015). O. dillenii fruits (prickly pears) are a good source of dietary fi-
bers, but besides their use as natural colorants and functional food with
a high nutritional value (Embaby, Gaballah, Hamed, & El-Samahy,
2016), they have been used in traditional medicine in the of
inflammatory conditions, ophthalmia, gastric ulcers, intestinal spasm,
hepatitis, diabetes, asthma, bronchial troubles, and whooping cough
(Loro, Del Rio, & Pérez-Santana, 1999; Siddiqui et al., 2016).

O. dillenii fruits have a wide range of bioactivities, such as anti-in-
flammatory, anti-nociceptive and analgesic effects (Loro et al., 1999;
Siddiqui et al., 2016), anti-diabetic activity (Gao et al., 2015; Zhao, Lan,
Huang, Ouyang, & Zeng, 2011), hypotensive (Saleem et al., 2005), anti-
fertility (Bajaj & Gupta, 2012), antioxidant (Chang, Hsich, & Yen, 2008;

Serbia.

“ Corresponding author. Department of Chemistry, Faculty of Science, U
E-mail address: jkatanic@kg.ac.rs (J. Katanié).

https://doi.org/10.1016/j.fbi0.2019.04.011

of jevac, Radoja D ica 12, 34000, K

Received 28 May 2018; Received in revised form 13 March 2019; Accepted 23 April 2019

Available online 26 April 2019
2212-4292/ © 2019 Elsevier Ltd. All rights reserved.

153



Appendix D

J. Katanic, et al.

Ghazi et al., 2015; Moussa-Ayoub et al., 2016), antiproliferative
(Pavithra, Sumanth, Manonmani, & Shashirekha, 2015), and anti-
microbial properties (Ratnaweera, de Silva, Williams, & Andersen,
2015). Also, Saleem et al. (2005) showed that O. dillenii fruits protect
neuronal cells in the treatment of Alzheimer’s disease, Parkinson's dis-
ease, and heart stroke.

Several studies on O. dillenii fruits reported a complex chemical

ition: phenoli pounds, mainly acids and flavo-
noids (e.g., gallic acid, catechin, epicatechin, quercetin and derivatives
of kaempferol, isorhamnetin and quercetin) in different extracts of
fruits and flowers, and a high content of ascorbic acid in peel and pulp
(Ahmed et al., 2005; Betancourt et al., 2017; Chang et al., 2008; Diaz
Medina et al., 2007; Embaby et al., 2016; Mata et al., 2016; Moussa-
Ayoub et al., 2016). Moreover, fruit and juice of Opuntia spp., with
special focus on the tested plant, are known for the presence of beta-
lains (betacyanins and betaxanthins) (Betancourt et al., 2017; Cejudo-
Bastante et al., 2015; Embaby et al., 2016; Ferndndez-Lépez & Almela,
2001; Melgar et al., 2017). They are rich in polysaccharides (Gao et al.,
2015; Han et al., 2016; Li, Yuan, Zhou, Zeng, & Lu, 2016), as well as
fiber, amino acids, macroelements, and minerals (Ghazi et al., 2015;
Stintzing, Schieber, & Carle, 2001).

The present study was done to evaluate the phytochemical com-
position of O. dillenii fruit extracts obtained using different solvents, i.e.,
ether, ethyl acetate, ethanol, and water. The extracts from skin, juice,
and seeds, ob d from two di localities in Morocco (Nador and
Essaouira), were analyzed using spectrophotometric methods, GC-MS
and HPLC analyses. In addition, the antioxidant, antibacterial and an-
tifungal activities, cytotoxicity and antigenotoxicity of the extracts were
evaluated.

2. Materials and methods
2.1. Chemicals and reagents

Diethyl ether, ethyl acetate, and ethanol were purchased from
Merck (Darmstadt, Germany). All other chemicals and solvents were of
the highest analytical grade and used as supplied by Merck KGaA and
Carl Roth GmbH (Karlsruhe, Germany).

All chemicals and reagents for determination of total phenolics and
antioxidant activity were of analytical grade and were purchased from
Sigma Chemical Co. (St. Louis, MO, USA), Aldrich Chemical Co.
(Steinheim, Germany), and Alfa Aesar (Karlsruhe, Germany). All spec-
trophotometric measurements were done using a UV-Vis double beam
spectrophotometer Halo DB-20S (Dynamica GmbH, Dietikon,
Switzerland). Broths for the antimicrobial activity tests (nutrient agar -
NA, Sabouraud dextrose agar - SDA, Miiller-Hinton broth - MHB and
Sabouraud dextrose broth - SDB) were purchased from Torlak Institute
of Virology, Vaccines and Sera (Belgrade, Serbia). Human breast cancer
cells (MCF-7), human colon cancer cells (LoVo) and human hepatocytes
(HepG2) were from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Dulbecco's modified Eagle's medium, antibiotics,
-glutamine, and fetal bovine serum (HyClone) were purchased from
Sigma-Aldrich. DNA from herring sperm was purchased from Carl Roth
GmbH.

2.2. Sample collection and preparation

Plants of O. dillenii sprawled out and reached a height of about
50-200 cm. They showed 6-8 cm wide flowers that were finally lemon
yellow in color. The purple-skinned fruits measured 4-7 cm in length
and about 3 cm in diameter. The matured purple fruits of prickly pear
(O. dillenii) were collected in February 2016 from Essaouira and Nador
in Morocco. The plant species was identified by Prof. M. Bnouham
(Faculty of Sciences, Mohammed First University, Oujda, Morocco).
The sampled fruits were transported to the laboratory, washed with tap
water, peeled, and mixed for 5 min using a Moulinex blender (Facilic
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glass LM310E, Groupe Seb, Mayerne, France) to separate seeds from the
juice by passing through a sieve with a 2mm screen. The juice was
dehydrated by heating at 40 °C in the oven for 15 days, yielding 4.12%
of juice powder. Seeds and skins were washed with distilled water,
dried at room temperature (25 * 1 °C), ground to a fine powder using a
Moulinex coffee grinder (DPA241, Groupe Seb, Lourdes, France) and
stored at —20 °C as well as the juice, for a maximum of 8 wk.

2.3. Preparation of O. dillenii fruit extracts

Ground seeds, skin, and juice of O. dillenii were macerated with
diethyl ether as a non-polar solvent for removal of fatty acids. Each
powder (50 g) was mixed with 110 ml of diethyl ether. The mixture was
stirred at room temperature (18 °C) for 24 h and filtered through a glass
filter crucible (50 ml, Porosity 4, Isolab, Wertheim, Germany) con-
nected to a water aspirator. The extracts were concentrated on a rotary
evaporator (Laborota 4000, Heidolph Instruments, Schwabach,
Germany) under reduced pressure at 40 °C to obtain the corresponding
powder. Then, three organic solvents were used successively: diethyl
ether, ethyl acetate, and ethanol, to obtain the corresponding extracts
by repeating the process of maceration, filtration and concentration
under reduced pressure. The aqueous extracts were prepared using the
recovered powder from the previous extraction (delipidation), which
was mixed with 110 ml of water, stirred, filtered, and concentrated as
described above. Aqueous extracts were dried by heating at 40 °C in the
oven for a wk and all extracts were stored at 4°C for a maximum of
8wk.

2.4. Determination of total phenolics in O. dillenii extracts

2.4.1. Total phenolic compounds content

The total phenolics were estimated using the Folin-Ciocalteu
method (Singleton, Orthofer, & Lamuela-Raventds, 1999). Plant ex-
tracts were diluted to 2 mg/ml, and aliquots of 0.5 ml were mixed with
2.5ml of Folin-Ciocalteu reagent (previously diluted 10-fold with dis-
tilled water) and 2 ml of NaHCO; (7.5%). After 15 min of incubation at
45°C, the absorbance was measured at 765nm on the spectro-
photometer versus a blank sample. Total phenolics were expressed as
gallic acid equivalents (mg GAE/g dry extract) and were done in tri-
plicate.

2.4.2. Total flavonoids content

The total flavonoid content was determined using AlCl; (Brighente,
Dias, Verdi, & Pizzolatti, 2007). Aluminum chloride (0.5ml, 2%) so-
lution in methanol was mixed with the same volume of a methanol
solution of plant extracts (1 mg/ml). After 1h of incubation at room
temperature (21 “C), the absorbances of the samples were measured at
415 nm. Total fl; ids were as rutin equi (mg RUE/
g dry extract) and were done in triplicate.

2.5. Flavonols analysis

Flavonols (quercetin, kaempferol, myricetin) were determined in
the ethanolic extracts using HPLC. The dry residue was dissolved in
methanol (10 mg/ml). The crude extract was filtered using a 0.22pm
RC membrane (Sartorius, Varedo MB, Italy) and injected into the HPLC
system. Moreover, to determine flavonol aglycones, acidic hydrolysis of
the extracts was done according to Caruso et al. (2015). Briefly, 200 ul
of crude ethanolic extract was mixed with 400 pl of water and 100 pl of
37% HCI. Hydrolysis was done in a water bath at 100°C for 30 min.
After cooling, 300 ul of methanol was added and the sample was then
filtered with a 0.22 um RC membrane. Crude or hydrolyzed ethanolic
extracts were analyzed using a Varian - Agilent (Milan, Italy) chroma-
tographic system comprising a 9012 pump and a 1260 Infinity diode
array detector at 360 nm. An aliquot of 20 ul of each extract was in-
jected in a Gemini NX 5pm C18 110A, 250 x 4.60mm column
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(Phenomenex, Bologna, Italy) equipped with a 4 x 3mm C18 pm car-
tridge pre-column (Phenomenex). During the entire analysis, the
column was maintained at a constant temperature of 40 °C. The mobile
phases used for the elution of the samples were: A) 90% water - 10%
formic acid, B) 50% acetonitrile - 40% water - 10% formic acid; using a

Food Bioscience 30 (2019) 100410

The results of O. dillenii antioxidant activity on DPPH radical were
expressed as the ICs, values, defined as the concentration of the tested
sample that reduces 50% of the free-radical concentration, were cal-
culated as pg/ml using nonlinear regression analysis from the sigmoidal
dose-response  inhibition curve wusing OriginPro8 (OriginLab,

flow rate of 0.5ml/min and with the foll elution prog
0-0.6 min, 88% A; 0.6-20.5min, 88-70% A; 20.5-22min, 70-0% A;
22-25 min, 0-88% A; 25-35 min, 88% A.

Quantification was carried out using the external standard tech-
nique by verifying the response linearity of the detector for con-
centrations from 3.35 to 56 ppm using pure standards of quercetin,
kaempferol, and myricetin (> 97%, Sigma Aldrich, Milan, Ttaly).
Analyses were done in triplicates.

2.6. Gas chr -aphy P y analysis

The analysis of diethyl ether and ethyl acetate extracts was carried
out on a GC/MS-QP2010 (Shimadzu, Kyoto, Japan). The volatile com-
pounds were separated on a BPX25 capillary column of
30m x 0.25mm i.d. and 0.25um film thick (Restek, Bell

North MA, USA) data analysis software.

2.7.3. ABTS radical cation scavenging activity

The ABTS radical cation scavenging activity of O. dillenii extracts
was estimated using the procedure of Re et al. (1999). Briefly, ABTS- *
was obtained by reacting 7 mM ABTS stock solution with 2.45mM
potassium persulfate and the mixture was left to stand in the dark at
room temperature for 16 h before use. The ABTS: * solution (stable for
2 days) was diluted with 5mM sodium phosphate-buffered saline (pH
7.4) to an absorbance at 734 nm of 0.70 * 0.02. After the addition of
100 pl of sample to 900 pl of the diluted ABTS-* solution, the absor-
bance was measured at 734 nm after 30 min in the dark. Ascorbic acid,
ellagic acid, and quercetin were used as reference antioxidants. A
control sample was prepared to comam the same volume without test

PA, USA). The carrier gas was helium, 3 ml/min, split ratio 70:0 and
injector temperature 250 "C. The temperature program used for the
column oven was 50 °C (held for 1 min), heated to 250 °C at 10 “C/min
and held for 1 min. The ion-source temperature and interface tem-
perature were set at 250 °C and the ionization of the sample compo-
nents was done in the El mode (70 eV). The mass range scanned was
40-300 m/z. All samples were analyzed in triplicate. The volatile
compounds were identified by comparison of the mass spectra frag-
mentation patterns with those found in databases or libraries (Adams,
2007; Cornu & Massot, 1975; McLafferty & Stauffer, 1989). Post-run

or anti All samples were measured in
triplicate. The ABTS-"* scavenging activity of the samples was ex-
pressed as:

% Inhibition = (Acantrol = Asample)/Acontrol X 100

where A ool is the absorbance of the blank control (ABTS- * solution
without a test sample) and Asamplc is the absorbance of the test sample.

The results of O. dillenii antioxidant activity on ABTS-*
pressed as ICso values (pg/ml).

were ex-

analysis software (Shimadzu, Kyoto, Japan) was used for pound
identification. The highest similarity of the unknown spectrum com-
pared to reference spectra registered in mass spectral libraries corre-
sponded to the first choice. So among the three choices given, the first
was accepted although there is no way to verify whether this is correct.

2.7. Antioxidant activity of O. dillenii extracts

2.7.1. Total antioxidant activity

The total antioxidant capacity of the O. dillenii extracts was mea-
sured using the phosphomolybdenum method described by Prieto,
Pineda, and Aguilar (1999). The method is based on the reduction of
Mo(VI) - Mo(V) by the antioxidant compounds and formation of a green
phosphate/Mo (V) complex in acidic conditions. Sample extracts
(0.3 ml) were combined with 3 ml of reagent solution (0.6 M sulfuric
acid, 28 mM sodium pk L and 4 mM molybdate). The
reaction mixtures were incubated at 95°C for 90 min. Thereafter, the
absorbance of the solution was measured at 695nm against a blank
after cooling to room temperature. Ascorbic acid (AA) was used as the
standard and the total antioxidant activity was expressed in ascorbic
acid equivalents (mg AAE/g dry extract).

2.7.2. DPPH radical scavenging activity

For the determination of DPPH radical scavenging activity of O.
dillenii extracts, the method of Kumarasamy et al. (2007) was adopted
with suitable modifications (Katani¢ et al., 2015). Briefly, serial dilu-
tions of the extracts in methanol (2 ml each) were mixed with 2ml of
purple DPPH- solution (80 pg/ml) and after 30 min the absorbance of
the yellow product was measured at 517 nm. Ascorbic acid, ellagic acid,
and quercetin were used as reference standards. The DPPH free-radical
scavenging activity (%) was calculated using the following equation:

% Inhibition = (Acontrol = Asample)/Aconcral X 100

where Aconwol i the absorbance of the blank control (DPPH solution
without a test sample) and Agmpic is the absorbance of the test sample.

2.8. Determination of antimicrobial prop

of O. dillenii extracts

2.8.1. Microorganisms and culture conditions

The antibacterial activity was tested using 6 bacterial species,
namely: Bacillus subtilis (ATCC 6633), Micrococcus lysodeikticus (ATCC
4698), Enterococcus faecalis (ATCC 92912), Klebsiella pneumoniae (ATCC
70063), Escherichia coli (ATCC 25922), and Pseudomonas fluorescens
(FSB 28). Antifungal activity of tested extracts was determined on the 6
fungal strains: Trichoderma harzi (FSB 12), Penicillir 1
(FSB 23), Aspergillus niger (FSB 31), Doratomyces stemonitis (FSB 41),
Phialophora fastigiata (FSB 81), Fusarium oxysporum (FSB 91); and a
yeast Candida albicans (ATCC 10259). The ATCC and FSB strains and
isolates of microorganisms were obtained from the Institute of Public
Health, Kragujevac, Serbia and Laboratory for Microbiology,
Department of Biology, Faculty of Science, University of Kragujevac
(Kragujevac, Serbia), respectively. The bacteria and fungi cultures were
stored at 4°C and subcultured once a month. Bacterial strains were
maintained on NA for 24 hat 37 °C, fungi were cultured on potato
glucose agar (PDA) for 48 h at 28 °C, and C. albicans was maintained on
SDA for 24 hat 35°C.

2. 8.2. Microdiluu'on lesl

ions (MIC) for antibacterial and
antifungal activities of 0 dillenii extracts were determined using the
microdilution method in 96 well microtiter plates (CLSI, 2012; Sarker,
Nahar, & Kumarasamy, 2007). MHB was used for all the tests with
bacterial strains and tests with fungal strains were done on SDB.
Chloramphenicol was used as a standard antibiotic for the bacteria;
clotrimazole was used as the control for the fungi and nystatin was used
as the control for C. albicans. Starting concentration of antibiotic and
antimycotics was 20 ug/ml. The microplates were incubated for 24 hat
37 °C for bacteria, 35°C for yeast, and 48 hat 28 °C for fungi. For an-
tibacterial activity, any color change of the indicator (resazurin) from
purple to pink or colorless was measured as a positive and the lowest
concentrations without visible growth of fungi were defined as MIC.
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2.9. Cell culture and MTT assay

Human breast cancer cells (MCF-7), human colon cancer cells
(LoVo) and human hepatocytes (HepG2) were cultured in DMEM, in the
presence of 10% fetal bovine serum, antibiotics (penicillin and strep-
tomycin, 1x) and 2mM L-gl i in a 5% CO, h idified atmo-
sphere at 37 °C. Cells were seeded in 96-well plates at a density of
2 x 10°/well. Approximately 24 h after seeding, increasing concentra-
tions of each extract (0.1, 0.25, and 0.5 mg/ml) were added to the cells.
To determine cell viability, the tetrazolium salt colorimetric assay
(MTT) was used, as described by Del Giudice et al. (2015). This reagent
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is con-
verted into formazan crystals by active mitochondria, therefore only in
living cells. Briefly, the MTT reagent was dissolved in DMEM without
phenol red and added to the cells to a final concentration of 0.5 mg/ml.
After 4hat 37 °C, the culture medium was removed and the resulting
formazan salts were dissolved using 2: 1 ining 0.01 N HCL
Absorbance of blue formazan was determined at 570 nm using an au-
tomatic plate reader (Microbeta Wallac 1420, PerkinElmer, Basel,
Switzerland). Cell survival was expressed as the percentage of viable
cells in the presence of the specific extract compared to control cells
(represented by the average obtained between untreated cells and cells
supplemented with the highest concentration of buffer). Each sample
was tested in three independent analyses, each carried out in triplicates.

e HTT
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- ]
“B8dn<l

+
+
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2:c ]
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olic compounds (mg
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370 + 10
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840 * 20
840 * 30

2.10. Hydroxyl radical-induced DNA damage

The protective effect of O. dillenii extracts against hydroxyl radical-
induced DNA damage was evaluated with herring sperm DNA (Lin,
Wang, Chang, & Wu, 2008). The extracts were dissolved in methanol at
1mg/ml and various concentrations (50, 100, 200, and 400 pg/ml)
were separately taken into Eppendorf tube. After evaporating to dry-
ness, 45ul of sodium phosphate buffer (0.2mol/l, pH 7.4), 5ul of
herring sperm DNA solution (10 mg/ml NaCl), 0.9 ul 180 umol/1 FeSO,
and 3.6pl 600pmol/l H,0, were added. After incubation at room
temperature for 15 min, the reaction was terminated by adding 10 pl of
1 pmol/l EDTA. The blank was the herring sperm DNA solution, while
quercetin (50 uM) was used as a standard drug (Poorna, Resmi, &
Soniya, 2013). Each mixture (5 ul) was loaded onto a 1% agarose gel in
1x TEA buffer containing ethidium bromide (10 mg/ml) and were run
at 100V in an electrophoresis system (BlueMarine™ 100, Serva Elec-
trophoresis GmbH, Heidelberg, Germany). The gels were visualized (UV
transilluminator, Vilber Lourmat, France) at 365 nm, photographed and
DNA bands intensity was estimated using ImagelJ software (version 1.48
for Windows, Softonic International, Barcelona, Spain).
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2.11. Statistical analysis

Total phenolic com

318 + 1
*
120 * 10
330 + 60
380 + 20
810 + 20
127 £ 2
160 + 10
160 * 1

88
150 + 4

The data are shown as the mean + standard deviation (SD). The
correlations between total phenolics and antioxidant activity were
calculated using Pearson’s test where, besides p < 0.05, values
of < 0.01 were considered statistically significant to indicate the
greater significance of the differences (* and ** indicate the significance
levels at 0.05, and 0.01, respectively). Data for cytotoxicity are ex-
pressed as means *+ SD of 3 separate experiments all carried out in
triplicate and differences between means were analyzed using Student's
t-test. Although a p < 0.05 was generally used, the authors have also
chosen to use 0.01, 0.001, and 0.0001 to indicate the greater sig-
nificance of the differences from untreated cells, with letters a, b, ¢, and
d indicating the significance levels at p < 0.05, 0.01, 0.001, and
0.0001, respectively. The data for genotoxicity are shown as
means * SD (n = 3). Differences between means were analyzed using
one-way analysis of variance (ANOVA) using the IBM Statistical
Package for the Social Sciences statistical software package (version 13
for Windows, IBM Corp., Armonk, NY, USA) (* and °* indicate sig-
nificant differences between defined groups (p < 0.05)).
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3. Results
3.1. Phytochemical analysis

3.1.1. Total phenolic content

The phenolic compounds contents of O. dillenii extracts are shown in
Table 1. The content of total phenolics varied considerably, from
17.6 % 10> mg GAE/g in ethanolic extract of seeds from the Essaouira
locality (E19) to the lowest amount of total phenolics in ethyl acetate
extract of the juice from the Nador locality (88 mg GAE/g, E11). The
ethanolic extracts of O. dillenii seeds (E7 and E19) had the highest
content of phenolic compounds among all investigated extracts from
both localities. Almost all extracts from Essaouira (except E13 and E17)
had a similar or significantly higher content of phenolic compounds
than the corresponding extract from Nador. Although the O. dillenii
juice extracts from Nador showed the presence of a significant amount
of phenolics (88-160 mg GAE/g), all of the homologous extracts from
the other locality had several folds higher content of total phenolic
compounds (from 450 to 840 mg GAE/g).

Total flavonoid contents in the O. dillenii extracts are shown in
Table 1. The lowest amount of flavonoids was in the ether extracts of
seeds from both localities (E5 and E17). Ether, ethyl acetate, and
ethanolic extracts of the skin of O. dillenii from both localities, with the
highest flavonoid content in E1 and E14 extracts, were the richest in
flavonoids. Generally, the sum of the total content of flavonoids in all
extracts from Essaouira was much higher than the extracts from Nador.

3.1.2. HPLC of some polar extracts of O. dillenii

Flavonols were analyzed using HPLC in crude and hydrolyzed
ethanolic extract of skin, seeds, and juice of O. dillenii fruits. As ex-
pected, hydrolyzed samples showed a higher flavonol concentration
(Table 2). However, for fruit extracts from both localities, flavonols,
particularly quercetin and kaempferol, were present in quantifiable
amounts only in skin extracts (Fig. 1). Free quercetin concentration in
the E15 crude extract was higher than in E3. However, when the ex-
tracts were hydrolyzed, total quercetin amounts were similar. Kaemp-
ferol was the dominant flavonol in the fruit skins. The E15 crude extract
had a higher content of kaempferol than E3 extract. However, after
hydrolyzation, a higher content of kaempferol was measured in the E3
extract, indicating a presence of this flavonol as a glycoside derivative
in this sample. In other tested extracts (seeds and juice), all monitored
flavonoids were present only in trace amounts. Myricetin was also
present in trace amounts in all extracts.

3.1.3. GC-MS analysis of diethyl ether and ethyl acetate extracts

The major compounds and yields of diethyl ether and ethyl acetate
extracts are shown in Table 3. The results showed that, besides the high
amount of fatty acid methyl esters in diethyl ether extracts of O. dillenii
seeds from both localities, the extracts had a high content of p-limonene
(1-methyl-4-(1-methylethenyl)cyclohexane). n-limonene was also

Table 2
‘The content of flavonols in O. dillenii ethanolic skin, seeds, and juice extracts
(mg/g dry extract).”

Sample Quercetin (mg/g) Kaempferol (mg/g)
Crude extract Hydrolyzed Crude extract  Hydrolyzed
extract extract
Skin  E3 036 = 001 08 = 001 24 01 45 + 0.2
E15 06 x 01 0.83 = 0.01 2.7 * 0.05 39 = 01
Seeds E7  tr tr tr tr
E19 tr tr tr tr
Juice  E12 tr tr tr r
E24 13 r r

* Data are represented as means * SD (n = 3). tr - trace amounts, myricetin
- only trace amounts in all tested samples.

Food Bioscience 30 (2019) 100410

found in the ethyl acetate extract of O. dillenii juice from Nador, as well
as in both tested extracts of O. dillenii skin from Essaouira. Further,
ethyl acetate extracts of O. dillenii seeds showed the presence of a low
quantity of piperidine and its derivative. Also, in diethyl ether and ethyl
acetate juice extracts of O. dillenii from Essaouira a dibutyl ester of
sebacic acid was detected.

3.2. Antioxidant activity

The results of total antioxidant activity of O. dillenii fruit extracts are
shown in Table 4. The aqueous juice extract of O. dillenii from Essaouira
(E21) had the highest total antioxidant capacity. Twofold lower values
‘were obtained for E19 and E24 extracts from the same locality. All the
other extracts had lower total antioxidant potential. The results of free
radicals (DPPH’ and ABTS ") scavenging are given in Table 4. Analysis
of DPPH’ scavenging activity showed that most of the extracts had ICsq
values ranging from 200 to 500 pug/ml, in some cases even higher than
1 mg/ml. The ethanolic seed extracts from both localities, E7 and E19,
showed the best DPPH’ scavenging potential. Compared to the reference
compounds, ascorbic acid, ellagic acid, and quercetin, E7 and E19 ex-
tracts had significantly lower antioxidant potential towards DPPH ra-
dical. Regarding scavenging effects of the extracts on ABTS radical
cation, extracts E7 and E19 again stood out. Also, similar ABTS
scavenging capacity showed ethyl acetate and ethanolic extracts of the
juice of O. dillenii from Essaouira (E23 and E24).

According to the Pearson's correlation between the content of total
phenolics and antioxidant activity of O. dillenii extracts (Table 5), the
highest correlation was found for DPPH and ABTS activity (p < 0.01).

3.3. Antimicrobial activity

The results of antimicrobial activity of O. dillenii fruit extracts (E1-
E24), obtained by microdilution tests, are reported in Tables 6 and 7.
‘The antibacterial activity of the tested extracts was evaluated on a panel
of 6 bacterial strains, three Gram-positive (B. subtilis, M. lysodeikticus,
and E. faecalis) and three Gram-negative (K. pneumoniae, E. coli, and P.
fluorescens) strains. The MIC results (Table 6) mostly varied between
0.63 and 2.5mg/ml. In the case of B. subtilis, the lowest MIC value of
0.31 mg/ml was measured for the aqueous seed extract of O. dillenii
from Nador (E8). The same level of antibacterial activity was shown for
the E19 extract in the treatment of K. pneumoniae and several extracts
(E7, E10, E11, E21, and E22) on P. fluorescens. Compared to the MIC
values of the antibacterial activity of O. dillenii extracts, standard an-
tibiotic chl henicol showed signifi ly higher p ial against
all tested bacteria, with MIC values from 1.3 to 20 pg/ml.

The extracts of O. dillenii seeds from the Nador locality showed the
lowest overall antifungal MIC values, in a range from 0.16 to 2.5 mg/ml
(Table 7). Considering the seeds of the plant material from Essaouira,
only ether and aqueous extracts were effective on 6 fungal species. The
most resistant species in the evaluation of antifungal activity was yeast
C. albicans, for which the antifungal effects for O. dillenii extracts were
not obtained (MIC > 10 mg/ml), except for E1 extract which had po-
sitive activity with MIC value of 10 mg/ml. Moreover, almost all skin
extracts, except aqueous extracts (E4 and E16), were inefficient at the
highest concentration used (MIC > 10 mg/ml).

3.4. Effects of Opuntia dillenii extracts on cell viability

To test the cytotoxic potential of Opuntia extracts three human
cancer cells derived from liver (HepG2), colon (LoVo), and breast
(MCF-7) were used. Cells were treated for 72h with increasing amount
of each extract (from 0.1 to 0.5mg/ml dry weight), and cell viability
was tested using the MTT reduction assay, as an indicator of metabo-
lically active cells (Fig. 2). The corresponding ICs; values, summarized
in Table 8, indicate that after 72h incubation none of the extracts
showed a significant toxicity against hepatic cancer cells (ICg, values
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Fig. 1. HPLC chromatograms of flavonols in skin extracts of O. dillenii. A, B - sample E3, crude and hydrolyzed extract; C, D — sample E15, crude and hydrolyzed

extract.

Table 3

GC-MS analysis of O. dillenii diethyl ether and ethyl acetate extracts (with percent of extracts yields and major compounds).

Locality  Plant Dicthyl ether extracts Fthyl acetate extracts
organ
Yield (%) Major compounds (%) Yield (%) Major compounds (%)
Nador Skin 0.3%; Nl 0.47% NI
Seeds 3.47% (40.2); 11,14-0 ic acid methyl ester 2.07% 1-Methylcaprolactam (8.3); Piperidine (6.23); n-Alanine
(36 6); Imidazole, 2-amino-5-[(2-carboxy)vinyl] (21.5) (5.45)
Juice 1.65% NI 1.05%  p-Limonene (42.7)
Essaouira  Skin 0.40% u-Limonene (24.5); Methyl 3-alpha,12-alpha-dihydroxy-5-beta- 0.86%  p-Limonene (30); 2H-Azepin-2-one, hexahydro-1-methyl-
cholan-24-oate (14.7) (9.8)
Seeds 3.44% 11,14-Octadecadienoic acid, methyl ester (62.9); v-Limonene 1.2% 1,2-Benzenedicarboxylic acid, butyl octyl ester (13.5); 3,3
(17.2); Hexadecanoic acid, methyl ester (9.17) Dimethylpiperidine (12.6)
Juice 0.9% Tetradecane (50.1); Dibutylsebacate (15.4) 0.62% Dibutylsebacate (56.3); 3-Methyl-3,5-(cyanoethyl)

tetrahydro-4-thiopyranone (7.65)

NI: Not identified.
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Table 4
Total antioxidant activity and ICs, values of antioxidant effects of O. dillenii
extracts on DPPH radical and ABTS radical cation.

Food Bioscience 30 (2019) 100410

(diethyl ether extraction), the ICso value showed significant cytotoxic
activity on all the cell lines analyzed, whereas E10 was active only on
breast cancer cells.

Extract Total antioxidant 1Csq (pg/ml)*
activity (mg AAE/g dry
extract) DPPH’ scavenging AB
activity scavenging
activity
El 190 = 10 190 * 550 = 10
E2 130 + 10 720 + 10 536 + 5
E3 150 = 10 530 £ 10 736 = 5
E4 82+5 =2x10° 970 = 10
E5 95 =1 119 + 0.4 (x 10%)  =2x10°
E6 130 + 10 220 + 20 920 + 10
E7 281 5 63 * 4 130 = 10
E8 71x2 >2x10* 700 = 10
E9 84 =2 690 *+ 20 750 + 20
E10 73+ 3 13.4 + 04 (x10%) >2x10°
E11 53 =1 >2x10° >2x10°
E12 64 x5 145 £ 03(x10%) 166 * 0.3
(x10%)
E13 140 = 10 >2x10° 570 = 10
E14 190 + 10 340 + 10 307 £ 5
E15 240 = 10 500 * 20 460 = 10
El6 77 = 880 + 10 820 = 10
E17 92 =1 =2x10° >2x10°
El8 120 £ 5 380 + 10 857 + 1
E19 410 £ 10 45 =3 88 2
E20 110 £ 20 >2x10° 380 = 10
E21 830 = 10 370 + 10 213 =5
E22 230 + 30 370 + 10 190 + 10
E23 220 £ 10 850 * 10 95 + 3
E24 420 £ 20 280 * 10 100 = 10
Reference compounds
Ascorbic acid - 28 + 02 16 + 1
Ellagic acid - 09 + 0.1 7.0 + 0.4
Quercetin - 24 £ 01 p i & 3 |

AAE - ascorbic acid equivalents. 1C5, values were determined by nonlinear
regression analysis.
@ Data are represented as means * SD (n = 3).

higher than 0.5mg/ml). However, in the case of extracts from seeds,
the ICs, value in LoVo and MCF-7 cells were determined only for E7 and
E19 extracts, whose extraction was done in ethanol. The data d

3.5. i ic properties of O. dillenii extracts

To evaluate the ability of O. dillenii ether, ethyl acetate, ethanol, and
water extracts to protect DNA from the harmful effect of hydroxyl ra-
dicals ('OH), herring sperm DNA was treated with different con-
centrations of each extract and the results are shown in Fig. 3. DNA-
protective activity among the O. dillenii skin extracts decreased in the
following order: water > ethanol > ether > ethyl acetate from the
Nador locality, and water > ethanol = ethyl acetate > ether from the
Essaouira locality. Aqueous extracts of skin from both localities had
good DNA protective activity in all tested concentrations. However,
these effects were lower than the protection provided by the reference
compound quercetin at a concentration of 50 uM. The decreasing order
in the reduction of DNA damage among the extracts of O. dillenii seeds
was found to be: ethanol > ethyl acetate > ether > water from
Nador, and ether > ethanol > water > ethyl acetate from Essaouira.
Even though all the extracts effectively protected the DNA from OH
radicals, the ethanolic extract of seeds from Nador (E7) was found to be
the most effective in the reduction of the DNA damage. Moreover, the
DNA-protective effects of diethyl ether extract of seeds from Essaouira
(E17) were equal to or greater than the protective effect of quercetin.
Among the 4 tested extracts of O. dillenii juice, the diethyl ether extracts
from both localities (E10 and E22) had the highest DNA protective
activity, but only ether and ethanol extracts from Essaouira showed
DNA protective activity in increasing order with the used concentration
of the extracts. Diethyl ether extracts of juice from both localities were
promising with the highest DNA-protective activity at 50 ug/ml for E10
and 400 pg/ml for E22, with relative density above the DNA control.

4. Discussion

The extracts from different parts of O. dillenii fruit, collected from
two localities in Morocco, contained several classes of bioactive che-
mical p mainly pt li p ds in polar extracts and
terpenoids with fatty acid derivatives in non-polar extracts. The etha-
nolic extracts of seeds from both localities had the highest content of

that Opuntia dillenii seeds extracts (E7, E19, and E18) showed a cyto-
toxic effect also on hepatic cells (about 60% cell survival when tested at
0.5 mg/ml), while E6, E8, and E20 showed a reduced viability of colon
cancer cells (about 30% cell death when tested at 0.5 mg/ml).

In the case of skin extracts, the ICs, value was obtained for E1 and
E13 (extracted in diethyl ether) in the case of MCF-7 and LoVo cells,
whereas in the case of HepG2 cells only 60% cell survival was obtained
after treating the cells with the highest concentration tested. As for E2-
E14 extracts, i.e., those obtained with ethyl acetate extraction, the ICs5q
suggested a strong cytotoxic activity only on breast cancer cells, even if
a 40% cell death (at 0.5 mg/ml) was observed for the other cell lines
analyzed. The E15 extract showed only a 20-30% of cell inhibition
when tested at the highest concentration.

In the case of extracts obtained from juice, only for E22 extract

Table 5

total pkh i P ds. The results are in accordance with pre-
viously published data by several research groups. Chang et al. (2008)
reported that, among all tested parts of O. dillenii fruits, seeds showed
the highest amount of total phenolic compounds (213 mg/100g fresh
sample), compared with pulp and peel extracts. Recently, Betancourt
et al. (2017) reported a high content of total phenolics in the crude
extract of O. dillenii fruits (312mg GAE/100g fresh fruit) from Co-
lombia, while Embaby et al. (2016) published a lower amount of phe-
nolics (180 mg/100g) in O. dillenii fruits from Egypt. The highest
content of flavonoids in this study was measured, besides the already
mentioned seed ethanolic extracts, in almost all skin extracts. HPLC
analysis also confirmed the obtained results, which reflected in the
contents of quercetin and kaempferol in crude ethanolic extracts of O.
dillenii skin. The increased levels of quercetin and kaempferol after
hydrolysis indicated the presence of derivatives of these two flavonoids

Pearson's correlation between total phenolics and antioxidant activity of O. dillenii extracts.

Total phenolic content

Total flavonoids content

Total antioxidant activity DPPH' activity ABTS " activity

Total phenolic content 1 0.29
Total flavonoids content 1
‘Total antioxidant activity

DPPH activity

ABTS" activity

053" —0.59"" -0.56"

0.19 -0.39 —0.44"

1 -0.52** -0.55"
1 0.56""

1

* and ** indicate the significance levels at 0.05 and 0.01, respectively.
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Table 6

Antibacterial activity of O. dillenii extracts.
Extract/Bacterial strain  MIC value *

Bacillus subtilis Jfaecalis Klebsiella ia coli fluorescens
(ATCC 6633) (ATCC 4698) (ATCC 92912) (ATCC 70063) (ATCC 25922) (FSB 28)

El 25 25 25 13 13 25
E2 25 13 25 13 13 13
E3 13 25 5.0 0.63 13 0.63
F4 1.3 1.3 25 0.31 25 0.63
ES 0.63 13 20 0.63 25 25
E6 0.63 25 20 0.63 25 0.63
E7 0.63 13 10 0.63 25 0.31
E8 0.31 1.3 10 0.63 5.0 0.63
F9 0.63 13 1.3 0.63 0.63 0.63
E10 0.63 0.63 0.63 0.63 0.63 0.31
Ell 0.63 13 1.3 13 13 0.31
E12 0.63 13 13 13 13 0.63
E13 5.0 5.0 10 5.0 5.0 2.5
El4 0.63 0.63 2.5 25 25 13
E15 0.63 13 1.3 0.63 13 0.63
El6 0.63 0.63 25 0.63 25 0.63
F17 0.63 13 10 0.63 10 10
E18 0.63 0.63 25 0.63 25 13
E19 0.63 0.63 0.63 0.31 0.63 0.63
E20 0.63 0.63 0.63 0.63 0.63 13
21 13 13 13 25 13 0.31
E22 25 25 10 25 25 0.31
E23 13 13 13 13 13 0.63
E24 13 13 13 13 13 0.63
Chloramphenicol 5.0 13 10 20 50 25

# MIC - minimum inhibitory concentration values given as mg/ml and for antibiotic as pg/ml.

in the tested extracts. The presence of quercetin, along with some other

henoli ds (e.g., hi i gallic and ellagic
acid), has been already reported in O. dillenii fruits, especially in seeds
(Chang et al., 2008). According to Ahmed et al. (2005), the presence of
k ferol in derivatives (k ol-3-O-a-arabino-
side, isorhamnetin-3-0-B-v-glucopyranoside, and isorhamnetin-3-0-3-n-

and isork

rutinoside) was detected in the O. dillenii, and confirmed by Moussa-
Ayoub et al. (2016). Sharma, Rani, Kumar, Kumar, and Raj (2015) re-
ported the identification by spectral analysis of quercetin, 3-O-methyl
quercetin, and kaempferol from the stems of O. dillenii. It should also be
noted that quercetin, isorhamnetin, kaempferol and their derivatives,
were chromatographically detected in juices and peels of other Opuntia

Table 7

Antifungal activity of O. dillenii extracts.
Extract/Fungal MIC value *
strain

Candida albicans ~ Trichoderma Penicillium Aspergillus niger  Doratomyces stemonitis  Phialophora fastigiata  Fusarium oxysporum
(ATCC 10259) harzianum (FSB 12)  cyclopium (FSB 23)  (FSB 31) (FSB 41) (FSB 81) (KSB 91)

El 10 =10 =10 =10 =10 =10 =10
E2 =10 =10 =10 =10 =10 =10 =10
E3 =10 =10 =10 10 =10 =10 =10
F4 =10 0.16 0.16 13 0.31 0.16 0.16
ES =10 0.16 0.16 0.16 0.63 0.16 0.16
E6 =10 0.16 0.16 0.16 0.31 0.16 016
E7 =10 0.16 0.31 25 =10 25 =10
E8 =10 0.16 0.16 13 0.16 0.16 0.16
F9 =10 0.16 0.16 25 =10 0.16 0.16
E10 =10 =10 =10 =10 =10 10 =10
Ell =10 =10 =10 =10 10 =10 =10
E12 =10 0.16 0.16 0.63 5.0 0.63 0.16
E13 =10 =10 =10 =10 =10 =10 =10
El4 =10 =10 =10 =10 =10 =10 =10
E15 =10 =10 0.16 =10 =10 =10 0.16
El6 =10 0.16 0.16 0.16 0.63 0.16 0.16
E17 =10 0.16 0.16 016 0.63 0.16 0.16
El8 =10 =10 =10 =10 =10 =10 =10
E19 =10 5.0 =10 =10 =10 =10 10
E20 =10 0.16 0.16 0.16 0.31 0.16 0.16
21 =10 0.16 0.16 13 10 0.16 016
E22 >10 =10 >10 =10 =10 0.16 >10
E23 =10 0.16 1.3 5.0 10 0.16 0.16
E24 =10 0.16 0.16 0.16 0.31 0.16 0.16
Antimycotics 50 0.63 0.31 <031 25 0.31 13

# MIC - minimum inhibitory concentration values given as mg/ml and for antimycotics as pg/ml (nystatin for C. albicans and clotrimazole for the others).
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Fig. 2. Effect of O. dillenii extracts on the viability of cancer cells. Dose-response bar blot of human cancer cells after 72 h incubation in the presence of increasing
concentrations of extracts (0.1-0.5mg/ml). Cell viability was assessed using the MTT assay and cell survival percentage was defined as reported in the Methods
section. Values are given as means = SD (n = 3). Differences between means with letters a, b, ¢, and d indicate p = 0.05, 0.01, 0.001, and 0.0001, respectively,

with respect to untreated cells.

A-C, different juice extracts; D-F, different seed extracts; G-I, different skin extracts.

Table 8
Cytotoxic activity of the extracts. Cytotoxicity is expressed as ICsq values in mg/
ml.

species (Astello-Garcfa et al., 2015; Mata et al., 2016; Melgar et al.,
2017). Moussa-Ayoub et al. (2016) detected only a flavonol identified

as isort in-3-O-rutinoside in the skin of O. dillenii fruit.

GC-MS analysis of non-polar extracts of O. dillenii showed the

Extract 1Cso value (mg/ml)

MCF-7 Lovo, HepG2
E1 0.49 + 0.01 0.48 + 012 =05
E2 0.11 * 0.04 =05 >05
E3 =05 =05 =05
E4 =05 =05 =05
ES =05 =05 =05
E6 =05 =05 =05
E7 0.39 + 0.03 0.27 =05
E8 =05 =05 >05
E9 =05 =05 =05
E10 4+ 01 =05 =05
El1 =05 =05 =05
E12 =05 =05 =05
El13 0.3 * 0.1 0.5 =05
E14 01 + 01 0.5 0.5
E15 =05 =05 =05
El6 =05 =05 =05
E17 =05 > 0.5 =05
E18 =05 =05 =05
E19 0.17 *+ 0.02 0.22 =05
E20 =05 =05 =05
E21 =05 >0.5 =05
E22 0.18 + 0.01 0.25 0.42
23 =05 =05 >05
E24 =05 =05 >05

P of p-l which was not reported so far. n-
Limonene, known as a major constituent of several citruses, is a natural
monoterpene with a lemon-like odor and can contribute to the aroma
and taste of food, which can additionally promote the use of O. dillenii
as a fi I food with p ising biol 1 activity (Zahi, Liang, &
Yuan, 2015).

The skin and seed extracts of O. dillenii had the similar total anti-
oxidant capacity, irrespective of the site from which they were sampled.

The differences were noticeable only in the case of ethanolic extracts of
skin and seed, where the extracts from Essaouira had much stronger
antioxidant capacity. This can be associated with total phenolics con-
tent in those extracts, as it is well known that phenolics compounds
have extraordinary antioxidant activity (Del Rio et al, 2013;
Leopoldini, Russo, & Toscano, 2011). Much higher total antioxidant
capacity was shown in all juice extracts of O. dillenii from Essaouira,
compared to those from Nador, which also corresponded to the total
phenolic content in juice extracts. Moreover, the results of DPPH and
ABTS scavenging capacity followed a similar trend. The antioxidant
activity against those free radicals showed the advantage of the etha-
nolic seed extracts from both localities (E7 and E19) and all juice ex-
tracts from Essaouira (E21-24). The infl of phenoli d
content was also confirmed using the Pearson's correlation between

total phenolics and antioxidant activity of O. dillenii extracts. R values
of the total phenolic and fl id and total i
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Fig. 3. Protecting effect of O. dillenii extracts against hydroxyl radical-induced DNA damage. O. dillenii extracts from two localities: Nador (A, skin; B, seeds; C, juice)
and Essaouira (D, skin; E, seeds; F, juice). 1: DNA control; 2: DNA damage control; 3: standard compound quercetin (50 yM); 4-7: extracts of O. dillenii at the
concentrations of 50, 100, 200, and 400 pg/ml. The data are shown as means = standard deviation (n = 3). Differences between means (* and **) indicate the
significance levels at 0.05, compared with the negative and positive control groups, respectively.

activity (R = 0.53 and 0.19, respectively) suggested that the amount of
flavonoids did not significantly increase the total antioxidant activity
level, as well as DPPH and ABTS scavenging activities, but other phe-
nolic compounds had much more influence on antioxidant activity of O.
dillenii extracts. Also, a similar correlation (p < 0.01) of tested extracts
was observed between the total antioxidant activity and their ability to
scavenge DPPH and ABTS free radicals. The observed negative corre-
lation between the content of phenolic compounds and free radicals
scavenging activity showed that phenolics in some of the O. dillenii fruit
extracts are not the major contributors to their antioxidant activity.
This indicates the presence of other nutrients with strong antioxidant
capacity, such as vitamins, carotenes, ascorbate or glutathione, as
shown for other Opuntia spp. by Astello-Garcia et al. (2015).

Chang et al. (2008) also showed a significant antioxidant activity of
O. dillenii fruit extracts in the term of LDL peroxidation inhibition,
where phenoli ds and betalains had a si; role. Beta-
lains are water-soluble indole-derived pigments, present in most of the
order of Caryophyllales, including the Cactaceae family and genus
Opuntia, and they are responsible for red (| y ) and yellow
(betaxanthins) color of the flowers and fruits of those plant species
(Betancourt et al., 2017; Melgar et al., 2017; Montes-Lora, Hurtado,
Mosquera, Heredia, & Cejudo-Bastante, 2016). It has been reported that
the main betacyanins in O. dillenii fruits are betanin and isobetanin,
while the principal d db di in (Bohm, 2008;
Montes-Lora et al., 2016). Also, some publications reported the absence
of betaxanthins in the fruits of O. dillenii (Chang et al., 2008; Moussa-
Ayoub et al., 2016) or much higher content of betacyanins (Betancourt
etal., 2017; Embaby et al., 2016). Furthermore, these betalain pigments
were detected in juices and peels of other Opuntia species (e.g., O. ficus-

hin is i

indica var gialla and var o. 1 ii, O. stricta, O. undul

O. robusta) (Bohm, 2008; Mata et al., 2016; Melgar et al., 2017). On the
other hand, the findings in this study suggest that, due to their sensi-
tivity to temperature, time, pH values, etc. (Cejudo-Bastante et al.,
2015), betalains were degraded during the preparation or storage of
samples before analysis, probably due to an oxidative process (data not
shown). Recently, a high antioxidant potential of O. dillenii fruit or its
juice was reported (Betancourt et al., 2017; Montes-Lora et al., 2016;
Moussa-Ayoub et al., 2016). Further, a high percentage of DPPH, per-
oxide, and hydroxyl free radicals scavenging activities of O. dillenii
flowers extract were confirmed by Kumar, Ganesh, Peng, and Hyun Tae
(2014).

The results of antimicrobial activity of O. dillenii extracts did not
show a clear dependence on the solvent used or on the growth locality.
The results are consistent with recently published data on the anti-
microbial activity of peel extracts of selected Opuntia spp. (Melgar et al.,
2017). Phenolic pound pecially fl ids, participate in the
antimicrobial potential of O. dillenii based on their various modes of
action (Cushnie & Lamb, 2011), but the presence of p-limonene, with
well-known antimicrobial properties, certainly increased activity of
non-polar extracts of O. dillenii (Gyawali & Ibrahim, 2014; Zahi et al.,
2015).

It was found that the high phenolic and flavonoid content well
correlated with cytotoxicity on some cancer cells, like skin and seed
extracts obtained in diethyl ether and skin extracts obtained in ethyl
acetate were more active on human breast cancer cells. Also, a parallel
can be drawn between the cytotoxicity of the extracts from the different
localities. This was reflected particularly in MCF-7 cytotoxicity results,
where non-polar skin extracts (E1, E2, E13, E14), ethanolic seed
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extracts (E7, E19), and diethyl ether juice extracts (E10, E22) are dis-
tinguished by their ICs, values, generally lower in the extracts from
Essaouira. From a general point of view, colon and hepatic cells were
able to grow faster in the presence of low doses of the extracts. Since it
is known that cancer cells are actively proliferating, the presence of
nutrients in combination with low levels of antioxidants may have a
positive effect on cell growth. Melgar et al. (2017) reported similar
cytotoxicity of some Opuntia spp. on HepG2 cell line, along with ben-
eficial antitumor activity on MCF-7 cells.

Hydroxyl radicals ('OH), as one of the most reactive oxygen species,
are generated as a result of the Fenton reaction, and have the capacity
to react with the purine and pyrimidine bases and the deoxyribose
backbone in the DNA molecule, causing severe biological damage such
as mutagenesis, cytotoxicity, and carcinogenesis (Ragu et al., 2007;
Valko, Izakovic, Mazur, Rhodes, & Telser, 2004). O. dillenii extracts
were able to protect DNA from OH radical-induced damage with pro-
mising antigenotoxic activity. This is particularly observed in the case
of aqueous and ethanolic extracts of skin, ethanolic seeds extracts, as
well as ether and polar juice extracts, compared with the activity of the
reference compound quercetin. So far, only the antigenotoxic effects of
the O. ficus-indica cactus juice and cladodes have been studied in vivo.
Madrigal-Santillan et al. (2013) reported that juice extract of O. ficus-
indica reduced the number of micronucleated polychromatic ery-
throcytes and in that sense had an anticlastogenic effect. Also, the an-
tigenotoxic potential of O. ficus-indica cladodes extracts was confirmed
in terms of effective protection from the clastogenic action and DNA
damages of zearalenone (Zorgui, Ayed-Boussema, Ayed, Bacha, &
Hassen, 2009). It is known that phenolic compounds, mainly fl id
and phenolic acids, showed significant antigenotoxic effects
(Mladenovic et al., 2013), which was also confirmed in this study in the
case of quercetin. This leads to the conclusion that most of the tested O.
dillenii extracts can be used as efficient antigenotoxic agents based on
their phytochemical composition and antioxidant potential.

5. Conclusion

Food Bioscience 30 (2019) 100410
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bacterial properties of i ional Journal of Antimicrobial Agents, 38,

99-107. http://doi.org/10.1016/j.ijantimicag.2011.02.014.

Del Giudice, R., Raiola, A., Tenore, G. C., Frusciante, L., Barone, A., Monti, D. M., et al.
(2015). Antioxidant bioactive compounds in tomato fruits at different ripening stages
and their effects on normal and cancer cells. Journal of Functional Foods, 18, 83-94.
hetp://doi.org/10.1016/1.jff.2015.06.060.

Del Rio, D., Rodriguez-Mateos, A., Spencer, J. P. E., Tognolini, M., Borges, G., & Crozier,
A. (2013). Dietary (poly)phenolics in human health: Structures, bicavailability, and
evidence of protective effects against chronic discases. Antioxidants and Redox
Signaling, 18, 1818-1892. http://doi.org/10.1089/ars.2012.4581,

Diaz Medina, E. M., Rodriguez Rodriguez, E. M., & Diaz Romero, C. (2007). Chemical

i of Opuntia dilleni and Opuntia ficus indica fruits. Food Chemistry, 103,

The in vitro antioxidant, antimicrobial, cytotoxic and anti; ic
potential of O. dillenii extracts were shown. They potentially have a very
diverse phytochemical composition with different bioactive com-
pounds, mainly phenolic compounds and terpenoids. The extracts of O.
dillenii fruit from Essaouira showed distinctly better potential, com-
pared to the corresponding extracts from Nador, Overall, the findings

d a possible tk ic p ial of O. dillenii extracts, espe-
cially juice extracts, as well as their potential use as functional food
ingredients. Of course, these results provide the basis for further re-
search with O. dillenii and other Opuntia spp., in terms of showing the
underlying mechanisms of action.
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Introduction

It is well known that anticancer agents, such as cisplatin’ and
its derivatives, often exhibit common undesired effects and
low selectivity towards tumoral cells.” Consequently, the
design of drugs with enhanced performance and low collateral
effects is urgent to open frontiers in the treatment of devastat-
ing diseases.”

New approaches have been proposed to overcome these pro-
blems, involving carrier systems, conjugation to bioactive
molecules,” or the use of saturated Pt(i) complexes as ‘pro-
drugs’ to improve stability in biological media.*”

1t is also known that the hypoxic environment in tumoral
cells causes a variation in their metabolic pathways, and, among
these, glucose metabolism is deeply altered.® Cancer cells
respond to this reprogramming by increasing carbohydrate
uptake and as a consequence, cells overexpress a family of glyco-
syl receptors, identified as GLUTs.” This condition, known as
the “Warburg effect”, has inspired the design of glycoconjugate
platinum complexes which exploit GLUT receptors as biological
targets'*"® and may preferentially accumulate in cancer cells.”®

In recent years, N-heterocyclic carbene (NHC) ligands also
captured the curiosity of the scientific community. The pro-
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the use of glycosylation in the design of carbene Pt-based anticancer agents.

perties of these robust neutral ligands are generously tunable
by appropriate modifications of the heterocyclic scaffold,
generally derived from imidazole and 1,2,4-triazole type-
structures.”’** NHC ligands have been successfully explored in
organometallic synthesis and catalysis,” and their unique fea-
tures also encouraged their introduction in the structure of
metal-based anticancer agents.”*™ This choice proved to be
convincing, as many compounds have attracted attention and
their study will certainly be deepened for applications in clini-
cal trials.

Recently, our laboratory reported the synthesis of five-coor-
dinate Pt(u) agents (A in Fig. 1) which combined the above-
mentioned key structural aspects, such as the steady coordina-
tive saturation, the biologically active oxidation state 1I, and
the presence of a sugar based ligand.***' The complexes
revealed to be active and fairly selective towards a number of
cell lines. Herein, this scaffold has been used to obtain new Pt
complexes bearing NHC carbene ligands incorporating a glu-
cosyl (Glu) or a galactosyl (Gal) moiety (1Pt-R in Fig. 1).f
Remarkably, the complexes exhibit high cytotoxic activity, with
1Pt-Glu which is 100-fold more active and 180-fold more selec-
tive than cisplatin considering the immortalized keratinocytes
and human adenocarcinoma cells (HaCaT/A431). Notably, the
structural analogue 1Pt-Et (Scheme 1), lacking the sugary
portion, fails in cellular recognition: this result is the clear-cut
validation of the glycosylation strategy in the rational design of
carbene-Pt-based anticancer agents.

1A glucose substituted carbene ligand in a platinum agent has been reported,
though its cytotoxic activity was not evaluated.*
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Fig. 1 Structure of the five-coordinate platinum(i) complexes.
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Scheme 1 Synthesis and labelling of the here synthesized Pt com-
plexes (Glu = glucose, Gal = galactose, dep = deprotected).

Results and discussion

The family of complexes 1Pt-R was obtained through transme-
talation between a cationic solvato species obtained from pre-
cursor 1Pt-Cl and the appropriate silver carbene Ag-R deriva-
tive in acetone or in methanol (Scheme 1). In the latter case,
the reaction led directly to the corresponding sugar depro-
tected complexes, probably through a silver-catalysed transes-
terification. The complexes were crystallised as white powders,
and their structures were confirmed through LC/MS-QTOF
analysis and NMR spectroscopy (Fig. $1-S5 in the ESIf). The
carbene atom resonates at ca. 170 ppm in the carbon spec-
trum, with '*°Pt satellites. As expected, the signals of the co-
ordinated ethylene were found at low frequencies, due to the
high n-backdonation contribution in the metal-olefin
b()nd..'\f(,JA

The structure of 1Pt-R, with R = Glu, was solved by X-ray
crystallography (Fig. 2 and Fig. $6+). Details of the structural
analysis and an additional figure describing crystal packing
are reported in the ESI (Fig. S7 and Table S1).1

The X-ray diffraction study confirmed the identity of the
compound as a cationic NHC carbene complex with CF;S0;~
as a counteranion. The compound crystallizes in the P2,2,2,
space group with one cation and one anion in the independent
unit. Both bond lengths and bond angles agree with the expec-
tations. The Pt atom adopts a fairly regular trigonal bipyrami-

View Article Online
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Fig. 2 ORTEP view of 1Pt-Glu with thermal ellipsoids drawn at the 30%
probability level. Selected bond lengths (A) and angles (°): Pt1-C1 =
2.101(7), Pt1-N3 = 2.213(8), Pt1-N4 = 2.232(8), Pt1-C33 = 2.079(10),
Pt1-C34 = 2.073(10), Pt-C35 = 2.070(9), C33-C34 = 1.444(16), Pt--O10
=4.94(1), C1-Pt1-C35 = 177.1(4).

dal geometry with 2,9-dimethyl-1,10-phenathroline (dmphen)
and olefin ligands in the equatorial plane. The axial positions
are occupied by the central carbon atom of the NHC ligand
and by one methyl group. The encumbered pendant glucosyl
group at N1 is in the usual chair conformation with all substi-
tuents in the equatorial positions. It assumes a flat shape and
places far away from dmphen to allow favorable intermolecular
interactions. A bowlike distortion of dmphen is observed, due
to steric interactions with the NHC ligand (dihedral angle
between the mean planes of outer rings is 16.1(3)°) (Fig. $8%).
The triflate anion places near Pt(u) in between the axial methyl
group and the equatorial ethene ligand with the shortest dis-
tance Pt--O-S of 4.94(1) A. The crystal packing is also stabil-
ized by normal van der Waals and C-H--O weak
interactions.*®

The stability of the compounds was evaluated collecting
UV-Vis absorption spectra in DMSO and mixed DMSO/
aqueous buffer solvents as a function of time. The spectra of
1Pt-R with R = Glu, Glu-dep or Et are reported in Fig. $9-S11.%
Data indicate that the compounds rapidly exchange a ligand
with a solvent molecule in 100% DMSO, but they are very
stable in mixed solvents, with a stability even higher than 7
days in 0.5% DMSO and 99.5% PBS at pH 7.4. '"H NMR studies
in DMSO-d,, disclose that both 2,9-dimethyl-1,10-phenanthro-
line and ethene are displaced by the solvent, affording a
square-planar species (Fig. S12t).

The selective cytotoxicity of 1Pt-Glu and its derivatives was
assessed by testing the drugs on two cancer cell lines, murine
BALB/c-3T3 transformed with SV40 virus (SVT2) and human
adenocarcinoma cells (A431), and two immortalized cell lines,
murine fibroblasts (BALB/c-3T3) and human keratinocytes
(HaCaT). Cells were incubated for 48 h with increasing concen-
trations of the Pt compounds, and then cell survival was evalu-
ated by the MTT assay.”® The ICs, values are reported in
Table 1. Interestingly, 1Pt-Glu is 100-times more cytotoxic than
cisplatin toward A431. Furthermore, it is more toxic on A431
cancer cells than on HaCaT immortalized cells, with a selecti-
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Table 1 ICsq values (uM) obtained for Pt-compounds on HaCaT, A431, BALB/c-3T3 and SVT2 cells after 48 h incubation

Cell line Cisplatin 1Pt-Glu 1Pt-Glu-dep 1Pt-Gal 1Pt-Gal-dep 1Pt-Et
HaCaT 6.6 = 0.3 1317 66 + 3 16 +3 92+8 32+0.7
A431 39+12 9418 9414 76 £ 16 1522
BALB/c-3T3 240 147 6214 3748 61.0 £ 0.9 5116
SVT2 195+ 7 4.8+0.8 1522 52+2 3x1.3

vity index (SI = 32) which is more than 180-fold higher than
that of cisplatin (SI = 0.17). It is noteworthy that the presence
of the sugar moiety makes the drug more selective, as 1Pt-Et is
not able to discriminate between the normal and cancer cell
lines and its toxicity is similar on all the analyzed cell lines.
1Pt-Glu is also more toxic than 1Pt-Glu-dep. It is not easy to
establish the specific reason for the different behavior of these
two molecules, since many factors contribute to the perform-
ance of these anticancer agents. A role could be played by the
different polarity of the two molecules, which certainly affects
their interaction with biological macromolecules (like proteins,
that could be involved in the drug internalization and trans-
port, or DNA, which is probably the final target of these poten-
tial drugs, see below).

We then studied the mechanism of action induced by 1Pt-
Glu on A431 cells, which are the most sensitive cells to the
newly synthesized drug.

To this purpose, we measured intracellular ROS levels, as
indicators of the redox state of the cells (Fig. 3A). When A431
cells were incubated with 1Pt-Glu, 0.4 pM, for different times

(from 5 min to 48 h) we found a significant increase in the
ROS levels after 6 h of incubation. The activation of the oxi-
dative pathway was confirmed by western blot analysis
(Fig. 3B). After 16 h incubation, a significant increase in the
phosphorylation level of p38 was observed. Generally, the
alteration in the redox state of the cell is translated in the
depolarization of mitochondrial membrane (Ay;,), with conse-
quent induction of apoptosis. As shown in Fig. 3C, a strong
and significant depolarization level was observed in cells incu-
bated with 1Pt-Glu for 48 h. The activation of apoptosis was
finally confirmed by the decrease in the levels of the survival
factor Bel-2 and of the inactivated forms of caspase-3, -7 and -9
(Fig. 3D and E).

We excluded that the increase in ROS could be associated
with the capability of the Pt complexes to act as a photosensiti-
zer, since preliminary results indicate that they are not able to
produce singlet oxygen in cell-free experiments (data not
shown).

To investigate the potential target of 1Pt-R, with R = Glu or
Glu-dep, DNA binding studies were carried out. In particular,
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Fig. 3 1Pt-Glu mechanism of action on A431 cells. Cells were incubated with 0.4 uM of 1Pt-Glu for different lengths of time. (A) Time-course
experiment (5 min-48 h) to determine intracellular ROS levels. The fluorescence intensity of the probe is related to the intracellular ROS level and is
reported as a percentage of untreated cells (%). (B) Analysis, by western blotting, of the phosphorylation level of p38 after 16 h of incubation with
1Pt-Glu. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal standard. (C) Changes in the mitochondrial membrane
potential (Ay,,) after 24 and 48 h incubation with 1Pt-Glu. The fluorescence intensity of the probe, related to Ay, is reported as a percentage of
the control (%). (D, E) Western blotting of cell extracts after 48 h incubation with 1Pt-Glu. Western blotting experiments were performed using anti
Bcl-2, pro-caspase-3, -7, -9; actin was used as the loading control. In B, D, E, the densitometric analysis is reported below each western blotting
Data shown are the means + S.D. of three independent experiments and * indicates p < 0.05; ** indicates p < 0.01 with respect to untreated cells.
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Fig. 4 CD spectra of ctDNA (200 uM in 0.01 M ammonium acetate
buffer, pH 7.5) in the absence and in the presence of 1Pt-Glu (A), and
1Pt-Et (B) in 1: 0.5 (green lines), 1:1 (orange lines) and 1: 2 (purple lines)
DNA to metal molar ratios. Spectra of ctDNA in the presence of 1Pt-
Glu-dep are reported in Fig. $12.1

the binding of the two compounds toward calf-thymus DNA
(ctDNA) was evaluated by fluorescence, through the ethidium
bromide displacement assay, and circular dichroism spectro-
scopy. Interestingly, the CD spectra of 1Pt-Glu, 1Pt-Glu-dep and
1Pt-Et suggest that the compounds could have a different effect
on the structure of DNA, since the deprotected molecule and
the sugar-free compound induce changes in the CD spectra of
ctDNA that are significantly different from that obtained when
the macromolecule is in the presence of 1Pt-Glu.

The CD spectra of ctDNA consist of a positive band at
275 nm due to base stacking and a negative band at 245 nm
due to helicity. These features are typical of DNA in the right-
handed B form. When the DNA is incubated in the presence of
1Pt-Glu the intensities of both positive and negative bands
shift to lower ellipticity values, while when ctDNA is treated
with 1Pt-Glu-dep or 1Pt-Et the intensity of negative bands
increases (i.e. it shifts toward higher ellipticity values) and that
of the positive band decreases without any changes in the
wavelength (Fig. 4 and Fig. S13f). Notably, the interaction
between the synthesized molecules and DNA is distinct when
compared to cisplatin and the dmphen ligand, since both 1Pt-
Glu and 1Pt-Glu-dep do not displace ethidium bromide from
the ctDNA major groove (Fig. $147). Similar results have been
obtained in the case of 1Pt-Et, thus indicating that the binding
to DNA is not affected by the presence of the sugar, but rather
by the NHC.

The different behaviour in DNA binding was further con-
firmed by the agarose gel mobility shift assay (Fig. S157).

Altogether these data suggest that 1Pt-Glu has a different
mechanism of action when compared to canonical Pt-based
drugs.

Experimental
Materials and general methods

All reagents and solvents were obtained from commercial
sources and were used without any further purification. The
'H and "C NMR spectra were recorded with a Bruker AVANCE
400. Referencing is relative to CD,HOD (*H) and *CD;0D
(**C). 1Pt-CI*” was described in the literature. Ag-Gal and Ag-Et
were synthesized as described in the literature for Ag-Glu.*®
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Ag-Gal: "H NMR (400 MHz, CDCl;) § 7.26 (d, 1H, H-4 Im), 7.01
(d, 1H, H-5 Tm), 5.95 (d, Jus w2 = 9.0 Hz, 1H, H-1), 5.53 (d,
Juzm = 3.3 Hz, 1H, H-4), 5.39 (t, Juz u3 = 9.0 Hz, 1H, H-2),
5.28 (dd, 1H, H-3), 4.35 (t, 1H, Jus ue = 6.5 Hz, H-5), 4.15 (m,
2H, H-6 and H-6'), 3.86 (s, 3H, Me Im), 2.18 (s, 3H, OAc), 2.03
(s, 3H, OAc), 1.97 (s, 6H, OAc). Ag-Et: "H NMR (400 MHz,
CDCl;) 6 7.00 (d, 1H, H-4 Im), 6.97 (d, 1H, H-5 Im), 4.15 (q,
2H, CH,Me Im), 3.83 (s, 3H, Me Im), 1.45 (t, 3H, CH,Me Im).

Synthesis of 1Pt-Glu, 1Pt-Gal and 1Pt-Et

A solution of thallium triflate (0.170 g, 0.477 mmol) in acetone
(2 mL) was added under stirring to a solution of the five-coor-
dinate chloro-precursor 1Pt-Cl (0.230 g, 0.477 mmol) in the
same solvent (6 mL). After 10 minutes, thallium chloride was
filtered off, and a solution of Ag-R (0.477 mmol) in acetone
(2 mL) was added to the clear filtrate. The mixture was stirred
at room temperature for 72 hours protected from light. The
solid was filtered off and the solvent was removed under
vacuum to obtain a yellow solid, which was recrystallized from
dichloromethane/diethyl ether as a white powder (yield:
70-80%). 1Pt-Glu: 'H NMR (400 MHz, CD,0D) 6 8.72 (d, 1H,
H-4 or H-7 dmphen), 8.69 (d, 1H, H-7 or H-4 dmphen), 8.19 (d,
1H, H-3 or H-8 dmphen), 8.08 (br, 2H, H-5 and H-6 dmphen),
8.05 (d, 1H, H-8 or H-3 dmphen, partially hidden), 7.26 (d, 1H,
H-4 Im), 6.93 (d, 1H, H-5 Im), 5.75 (d, Jus 4> = 9.6 Hz, 1H,
H-1), 5.44 (t, Jyo 3 = 9.7 Hz, 1H, H-2), 5.31 (t, Jus 114 = 9.6 Hz,
1H, H-3), 5.20 (t, Jys 15 = 9.5 Hz, 1H, H-4), 4.29-4.22 (m, 2H,
H-5 and H-6), 4.17 (m, 1 H, H-6"), 3.64 (s, 3H, Me Im), 3.53 (s,
3H, 2-Me or 9-Me dmphen), 3.47 (s, 3H, 9-Me or 2-Me
dmphen), 2.79 (m, 1H, Jp, = 70.7 Hz, ethene), 2.61-2.38 (m,
3H, ethene), 2.16 (s, 3H, OAc), 2.10 (s, 3H, OAc), 2.03 (s, 3H,
OAc), 1.16 (s, 3H, OAc), 0.27 (s, 3H, J = 50.6 Hz, Pt-Me). »*C
NMR (100 MHz, CD;0D) & 174.8 (/s = 703 Hz), 170.5, 169.8,
169.4, 168.2, 161.5, 159.5, 145.9, 139.3, 139.1, 138.7, 129.0,
127.2, 126.9, 126.4, 126.3, 125.0, 124.9, 120.8 (q, Jor = 328 Hz),
117.5, 84.4, 74.6, 71.9, 68.2, 68.1, 62.1, 37.8, 30.7 (Jp = 352
Hz), 29.6, 28.9, 28.8 (Jp = 340 Hz), 20.7, 20.6, 20.4, 19.9, —6.2
(Jex = 467 Hz). 1Pt-Gal: 'H NMR (400 MHz, CD;0D) & 8.71 (d,
1H, H-4 or H-7 dmphen), 8.69 (d, 1H, H-7 or H-4 dmphen),
8.13 (d, 1H, H-3 or H-8 dmphen), 8.09 (d, 1H, H-8 or H-3
dmphen, partially hidden), 8.07 (br, 2H, H-5 and H-6
dmphen), 7.13 (d, 1H, H-4 Im), 6.94 (d, 1H, H-5 Im), 5.72 (d,
Juraw = 9.4 Hz, 1H, H1), 5.62 (d, Jus-pa = 2.9 Hz, 1H, H-4),
5.4 (t, Juz us = 10.1 Hz, 1H, H-2), 5.24 (dd, 1H, H-3), 4.44 (t,
Juswe = 6.5 Hz, 1H, H-5), 4.09 (m, 2H, H-6 and H-6), 3.62 (s,
3H, Me Im), 3.54 (s, 3H, 2-Me or 9-Me dmphen), 3.49 (s, 3H,
9-Me or 2-Me dmphen), 2.80 (m, 1H, Jp, = 75.6 Hz, ethene),
2.60 (m, 1H, Jp, = 79.8 Hz, ethene), 2.56-2.43 (m, 2H, ethene),
2.19 (s, 3H, OAc), 2.13 (s, 3H, OAc), 2.00 (s, 3H, OAc), 1.25 (s,
3H, OAc), 0.25 (s, 3H, Jm = 49.8 Hz, Pt-Me). “C NMR
(100 MHz, CD;0D) § 174.4 (Jp = 691 Hz), 170.6, 170.3, 169.7,
168.4, 161.6, 160.7, 145.7, 139.1, 138.9, 138.5, 129.1, 128.9,
126.7, 126.4, 126.2, 126.1, 124.2, 120.4 (q, Jo_r = 329 Hz), 118.1,
84.7, 73.4, 70.5, 67.4, 66.6, 61.2, 36.9, 29.7 (Jp: = 352 Hz), 28.8
(Jee = 348 Hz), 28.3, 27.8, 19.3, 19.0 (x2), 18.7, =7.3 (Jux =
463 Hz). 1Pt-Et: 'H NMR (400 MHz, acetone-dg) & 8.75 (d, 2H,
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H-4 and H-7 dmphen, 1H), 8.14 (d, 2H, H-3 and H-8 dmphen,
partially hidden), 8.12 (s, 2H, H-5 and H-6 dmphen), 6.99 (d,
1H, H-4 Im), 6.92 (d, 1H, H-5 Im), 4.08 (q, 2H, CH,Me Im),
3.53 (s, 3H, Me Im), 3.36 (s, 6H, 2-Me and 9-Me dmphen), 2.47
(s, Jor = 76.8 Hz, 4H, ethene), 0.71 (t, 3H, CH,Me Im), 0.17 (s,
Jet = 49.2 Hz, 3H, Pt-Me). **C NMR (100 MHz, acetone-ds)
5169.5 (Jpr = 710 Hz), 161.7 (Jpr = 32 Hz), 145.7, 138.7, 128.7,
126.4, 124.6 (q, Jo ¢ = 321 Hz), 123.7, 119.8, 44.2, 36.6, 28.8
(Joe = 360 Hz), 27.9 (Jp; = 23 Hz), 15.1, 7.4 (Jp = 469 Hz).

Synthesis of 1Pt-Glu-dep and 1Pt-Gal-dep

The complexes were obtained according to the procedure
described above, but using methanol as the solvent. The com-
pounds were re-crystallized from methanol/diethyl ether (yield:
70-80%). 1Pt-Glu-dep: *H NMR (400 MHz, CD;0D) § 8.59 (d,
1H, H-4 or H-7 dmphen), 8.53 (d, 1H, H-7 or H-4 dmphen),
7.97 (d, 1H, H-3 or H-8 dmphen), 7.96 (s, 2H, H-5 and H-6
dmphen), 7.95 (d, 1H, H-8 or H-3 dmphen), 7.04 (d, 1H, H-4
Im), 6.83 (d, 1H, H-5 Tm), 5.35 (d, Jusa = 9.0 Hz, 1H, H-1),
3.64 (m, 2H), 3.48 (s, 3H, Me Im), 3.46 (s, 3H, 2-Me or 9-Me
dmphen), 3.45-3.26 (m, 4H), 3.41 (s, 3H, 9-Me or 2-Me
dmphen), 2.79 (m, 1H, Jp = 79.2 Hz, ethene), 2.68 (m, 1H, Jp, =
77.2 Hz, ethene), 2.40 (m, 2H, Jp = 76.5 Hz, ethene), 0.15 (s,
3H, Jp = 49.2 Hz, Pt-Me). '*C NMR (100 MHz, CD;0D) § 173.3
(Joe = 704 Hz), 161.0, 160.8, 145.9, 145.7, 138.6, 128.9, 128.6,
126.4, 126.3, 125.8 (x2), 123.3, 120.6 (q, Jo_¢ = 319 Hz), 117.9,
87.2, 78.8, 76.6, 72.5, 69.1, 59.9, 36.6, 29.8 (Jp, = 350 Hz), 28.9
(Joo = 352 Hz), 28.0, 27.7, =7.7 (Jp = 464 Hz). 1Pt-Gal-dep: 'H
NMR (400 MHz, CD;0D) & 8.64 (d,1H, H-4 or H-7 dmphen),
8.57 (d, 1H, H-7 or H-4 dmphen), 8.02 (d, 1H, H-3 or H-8
dmphen), 8.00 (s, 2H, H-5 and H-6 dmphen), 7.98 (d, 1H, H-8
or H-3 dmphen, partially hidden), 7.05 (d, 1H, H-4 Im), 6.86
(d, 2H, H-5 Im), 5.33 (d, Ju1-u2 = 8.9 Hz, 1H, H-1), 4.02 (m,
1H), 3.70-3.60 (m, 4H), 3.51 (s, 3H, Me Im), 3.50 (s, 3H, 2-Me
or 9-Me dmphen), 3.47 (m, 1H), 3.44 (s, 3H, 9-Me or 2-Me
dmphen), 2.85 (m, 1H, Jp: = 80.6 Hz, ethene), 2.72 (m, 1H,
ethene), 2.44 (m, 2H, Jp; = 75.8 Hz, ethene), 0.19 (s, 3H, Jp: =
49.1 Hz, Pt-Me). **C NMR (100 MHz, CD;0D) & 172.6 (Jp = 709
Hz), 161.0, 160.9, 145.9, 145.7, 138.6, 138.5, 129.0, 128.6,
126.3, 126.2, 125.7 (x2), 123.3, 120.4 (q, Jo_r = 316 Hz), 118.1,
87.5, 77.4, 73.6, 69.4, 68.4, 60.4, 36.6, 29.9 (Jp, = 352 Hz), 29.0
(Joe = 352 Hz), 27.9, 27.7, =7.6 (Ji = 468 Hz).

Cell culture and the MTT assay

The cytotoxicity of 1Pt-Glu and its derivatives was tested on
different cell lines, ie. human keratinocyte cells (HaCaT,
Innoprot), human epidermoid carcinoma (A431, ATCC),
murine BALB/c-3T3 and SVT2 fibroblasts (ATCC). All cell lines
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma-Aldrich, St Louis, MO, USA), supplemented
with 10% foetal bovine serum (HyClone), 2 mM i-glutamine
and antibiotics, all from Sigma-Aldrich, under a 5% CO,
humidified atmosphere at 37 °C. For the dose-response experi-
ments, cells were seeded in 96-well plates at a density of 2.5 x
10? cells per well. 24 h after seeding, increasing concentrations
of compounds were added to the cells (0.1-200 pM). Cell viabi-

Tris journal is © The Royal Society of Chernistry 2019
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lity was assessed by the MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide) assay after 48 h, as described by
Ferraro et al.*® Cell survival was expressed as the percentage of
viable cells in the presence of the compound under test com-
pared to the controls. Two groups of cells were used as the con-
trols, i.e. untreated cells and cells supplemented with identical
volumes of DMSO. Each sample was tested in three indepen-
dent analyses, each carried out in triplicate.

o
P P

TiC

The ethidium bromide (EtBr) displacement assay has been
used to evaluate the DNA intercalation ability of the studied Pt
compounds, following the variation of the fluorescence emis-
sion of EtBr upon excitation at 540 nm as a function of Pt con-
centration. This assay was performed using a HORIBA
Fluoromax 4 spectrofluorometer equipped with a thermostat
bath. Calf thymus DNA was incubated with EtBr in 0.05 M
ammonium acetate at pH 7.5 at a DNA: EtBr molar ratio of
1:50 for 30 min in the dark at room temperature. Then, the
fluorescence quenching of this complex was evaluated by
adding to it increasing amounts of Pt compounds dissolved in
DMSO (15 x 10~* M, Fig. S14A and B#). Samples were equili-
brated for 5 min before collecting each spectrum. Other experi-
mental settings: 1.0 em quartz cell, excitation/emission slit
5.0 nm, 560-750 nm range, 50 nm min~"' scanning speed. Data
have been obtained as the average of three independent
measurements. Emission spectra of ethidium bromide bound
to DNA in the presence of 1Pt-Et, dmphen ligand and cisplatin
are also reported as an internal control (Fig. $14C-E¥).

The far-UV CD spectra of ctDNA in the presence of different
amounts of 1Pt-Glu (Fig. 4A), 1Pt-Et (Fig. 4A and B) and 1Pt-
Glu-dep (Fig. S13%) have been collected in the 220-320 nm
wavelength range. 200 pM DNA in pH 7.5 0.01 M ammonium
acetate buffer was incubated for 24 h in different molar ratios
with platinum (1:05, 1:1, 1:2 DNA to Pt). Then, the spectra
were recorded using a Jasco J-810 spectropolarimeter equipped
with a Peltier block arrangement and a quartz cuvette of a
path length of 0.1 cm (25 °C temperature setting). Each spec-
trum was obtained averaging three scans and subtracting con-
tributions from the corresponding references. Other experi-
mental settings were: scanning speed 50 nm min~', band-
width 2.0 nm, resolution 1.0 nm, sensitivity 50 mdeg, response
4s.

UV-Vis spectra have been collected using a Varian Cary
5000 UV-vis-NIR spectrophotometer and the following para-
meters: wavelength range 240-450 nm, data pitch 1 nm, scan-
ning speed 600 nm min~', quartz cuvette with 1 cm path
length.

Analysis of the mechanism of action

To determine ROS levels a fluorescent probe 2',7"-dichlorodihy-
drofluorescein diacetate (DCFDA, Sigma-Aldrich) was used.
The experiment was performed as reported by Petruk et al.>”
Briefly, after treatment with 0.4 pM of 1Pt-Glu for different
times (from 5 min to 48 h), cells were incubated with a cell-
permeable DCFDA probe, whose fluorescence, upon oxidation
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by ROS, was measured using a PerkinElmer LS50 spectrofluo-
rometer (525 nm emission wavelength, 488 nm excitation
wavelength, 300 nm min™" scanning speed and 5 nm slit
width for both excitation and emission). ROS production was
expressed as a percentage of DCF fluorescence intensity of the
sample under test, with respect to the untreated sample. Each
value was assessed by three independent experiments, each
with three determinations. Significance was determined by the
Student’s ¢-test. The mitochondrial membrane potential (Ayy,)
was measured as described by Monti et al.** Cells were plated
at a density of 2 x 10* cells per well and after 24 h, they were
treated as described above. At the end of the treatment, the
cells were incubated with 200 nM of the cationic lipophilic dye
tetramethylrhodamine ethyl ester (TMRE) for 20 min at 37 °C.
Then, the cells were gently washed with 0.2% BSA in PBS three
times and the fluorescence was measured in a microplate
reader with a peak of A(ex)/A(em) = 549/575 nm. Each value is
the mean of three independent experiments, each with three
determinations. Significance was determined by the Student’s
t-test. For western blotting analyses, cells were treated with
0.4 pM of 1Pt-Glu and then incubated at 37 °C. Then, western
blotting, performed as reported by Galano et al.,"" was used to
determine the intracellular levels of phospho-p38 (after 16 h of
incubation), pro-caspase-3, -7, -9 and Bel-2 (after 48 h of incu-
bation. All antibodies were purchased from Cell Signal
Technology (Danvers, MA, USA). To normalize the protein
intensity levels, a specific antibody against the internal stan-
dards was used, 7.e. anti-GAPDH (Thermo Fisher, Rockford, IL,
USA) or anti-actin (Sigma-Aldrich). The chemiluminescence
detection system (SuperSignal® West Pico) was purchased
from Thermo Fischer.

X-ray crystallography

Single crystals of 1Pt-Glu suitable for X-ray diffraction studies
were obtained under slow diffusion of diethyl ether into a
methanol solution at room temperature. Data were obtained at
room temperature using a Bruker-Nonius KappaCCD four-
circle diffractometer equipped with a graphite monochromator
(radiation Mo Ka« = 0.71073 A). Reduction of data and semiem-
pirical absorption correction were done using the SADABS
program.'* Structures were solved by direct methods (SIR97
program™) and refined by the full-matrix least-squares method
on F* using the SHELXL-2018/3 program"’ with the aid of the
program WinGX."® Anisotropic parameters were used for non-
H atoms. Ethylene hydrogen atoms were located in difference
Fourier maps and refined as a riding model with the isotropic
thermal parameter Uiso(H) equal to 1.2U,q of the carrier atom.
All the other H atoms were generated stereochemically and
refined accordingly to the riding model with C-H distances in
the range 0.93-0.98 A and Usso(H) equal to 1.2U of the carrier
atom (1.5U.q for Cemy). Details on the crystal and refinement
data are reported in Table S1.f The figures were generated
using ORTEP-3*° and Mercury CSD 3.9" programs.
Crystallographic data for 1Pt-Glu were deposited in the
Cambridge Crystallographic Data Centre with the deposition
number CCDC 1904738.t

View Article Online
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Conclusion

In conclusion, here a new class of Pt complexes bearing a gly-
cosylated carbene as the ligand has been synthesized and
characterized. The crystal structure, solution behaviour, cyto-
toxicity and interaction with DNA model systems of the most
promising member of this class, 1Pt-Glu, were investigated.
This molecule is 100-fold more cytotoxic than cisplatin on
A431 and highly selective for cancer cells. It induces cancer
cell death via ROS-mediated apoptosis and binds DNA with a
different mode of binding when compared to cisplatin and
other Pt-based drugs. The structural analogue lacking the
sugar is not selective. These findings support the use of glyco-
sylation as a strategy to improve the anticancer properties of
metal carbene-based drugs.
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Abstract: The wax apple (Syzygium samarangense) is traditionally employed as an antibacterial and
immunostimulant drug in traditional medicine. This plant is rich in different flavonoids and tannins.
In this study, we isolated two compounds from S. samarangense leaves: myricitrin and 3,5-di-O-methyl
gossypetin. Then, we investigated the mechanisms of action of the two compounds against oxidative
stress (induced by sodium arsenite) and inflammation (induced by UV light) on human keratinocytes.
We could clearly demonstrate that the pre-treatment of cells with both compounds was able to
mitigate the negative effects induced by oxidative stress, as no alteration in reactive oxygen species
(ROS) production, glutathione (GSH) level, or protein oxidation was observed. Additionally, both
compounds were able to modulate mitogen-activated protein kinase (MAPK) signaling pathways to
counteract oxidative stress activation. Finally, we showed that 3,5-di-O-methyl gossypetin exerted
its antioxidant activity through the nuclear transcription factor-2 (Nrf-2) pathway, stimulating the
expression of antioxidant proteins, such as HO-1 and Mn-SOD-3.

Keywords: Syzygium samarangense; antioxidants; myricitrin; 3,5-di-O-methyl gossypetin; eukaryotic
cells; sodium arsenite

1. Introduction

In the last 30 years, several lines of evidence demonstrate that oxidants play a crucial role in
the etiology of aging. Reactive oxygen species (ROS) are considered responsible for the insurgence
of many pathologies, such as malignancies, diabetes, inflammation, hypertension, atherosclerosis,
cardiovascular diseases, liver diseases, and several types of bacterial and viral infections [1,2]. ROS

Molecules 2019, 24, 1839; doi:10.339%0/molecules24091839 www.mdpi.com/journal/molecules
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can oxidize the nuclear base guanosine to 8-oxoguanosine, which could lead to point mutations and,
as a consequence, to genetically mediated health conditions (as mentioned before).

The respiratory burst, cytochrome P450, lipid metabolism, and mitochondria represent the main
sites for the generation of ROS [2,3]; however, numerous environmental stimuli, such as hyperthermia,
chemotherapy, ultraviolet radiation, and intense exercise are considered as external sources of ROS [3,4].

To neutralize the deleterious effects of ROS, most organisms including humans are endowed with
an innate antioxidant defense system. The latter includes endogenous enzymes, alpha lipoic acid,
glutathione, vitamins A, C and E, and minerals such as Se, Mn, Cu and Zn that help to maintain redox
homeostasis. When the intracellular redox equilibrium is disrupted, the oxidative stress pathway is
activated and additional exogenous antioxidants, such as natural ones in food, may help to inactivate
ROS. Indeed, it is now well established that natural antioxidants of dietary origin, for instance
flavonoids and other polyphenols, ascorbic acid, and carotenoids, scavenge ROS and can effectively
slow ageing or delay the progression of age-related diseases [3,4].

Originating from the Greater Sunda Islands, Malay Peninsula, and Andaman and Nicobar Islands,
the wax apple, Syzygium samarangense, has gained a reputation as an antibacterial and immunostimulant
medicinal plant. We recently identified 92 compounds from the leaf extract, mainly flavonoids and
condensed tannins [5]. The extract exhibited robust antioxidant activity in vitro on immortalized
human keratinocytes (HaCaT cells), and in rats, in which a substantial hepatoprotective activity against
CCly-intoxication was observed [5]. Recent research described five new triterpenoids, sysamarins A-D
and sysamarin E (oleanane triterpenoid), in the leaf extract from plants grown in China [6].

In this study, we isolated two flavonoids, namely myricitrin and 3,5-di-O-methyl gossypetin
(7,8,3' 4'-tetrahydroxy-3,5-dimethoxyflavone), from Syzygium samarangense leaves. Then, we evaluated
the antioxidant activity in vitro and in HaCaT cells stressed with sodium arsenite. Moreover,
we analyzed their antioxidant and anti-inflammatory properties at the molecular level, including in
the mitogen-activated protein kinase (MAPK) and nuclear transcription factor-2 (Nrf-2) pathways.

2. Results and Discussion
2.1. Compound Isolation

2.1.1. Myricitrin (Myricetin-3-O-a-rhamnoside) (Compound 1)

The pure yellow amorphous material of compound 1 exhibited chromatographic characteristics
(a dark purple spot on paper chromatography (PC) under UV light, turning to reddish orange
when fumed with ammonia vapor or sprayed with Naturstoff specific for flavonoids) and UV
absorption maxima in MeOH at 252 and 360 nm, which were identical to those reported for
flavonol-3-O-glycosides [7]. Compound 1 exhibited [M — H|~ at m/z = 463 (ESI), and a main
daughter ion at m/z 317 which corresponded for myricetin aglycone, suggesting the structure to be
myricetin rhamnoside.

TH-NMR spectroscopic analysis was carried out to confirm the structure. The spectrum (MeOD-dy)
revealed, in the aromatic region, the characteristic pattern of myricetin proton resonances [8], and also
revealed an anomeric proton resonance at dppm 5.23 (] = 1.5 Hz), assignable to the «- L-rhamnoside
proton H-1". Final confirmation of compound 1 was achieved through '>C-NMR spectroscopic analysis
in (MeOD-dy) and the data were consistent with those published before [9]. Therefore, the structure
was assigned to myricitrin (myricetin-3-O-o-rhamnopyranoside, Figure 1) (*H- and *C-NMR data,
Table 1).
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Table 1. 'H- (500 MHz) and 1*C-NMR (125 MHz) data in (MeOD-dy) for myricetin-3-O-a-rhamnoside
(compound 1) and 7,8,3' 4’-tetrahydroxy-3,5-dimethoxyflavone (compound 2).

Position Compound 1 Compound 2
Su 8¢ Sy S¢
2 159.56 155.61
3 136.44 141.29
4 179.80 176.64
5 163.36 154.64
6 6.20(d, ] =2.1Hz) 100.02 6.45 (s) 97.24
7 166.27 152.93
8 6.36 (d, ] =2.1Hz) 94.88 127.47
8a 158.68 146.94
4a 105.95 108.79
3-OCH3 3.76 (s) 60.36
5-OCH3 3.83(s) 56.56
1 122.07 123.42
2’ 6.95 (s) 109.70 7.70 (d, ] = 2.0 Hz) 116.76
3 147.01 146.39
Y 138.05 149.58
ol 147.01 6.89(d, ] =84) 116.42
6 6.95 (s) 109.70 7.61(dd, ] =84 & 2.0 Hz) 122.45
1 523(d,J=15Hz) 103.78
9L 422(dd,J=1.5& 34 Hz) 72.04
3 3.79 (dd, ] = 9.5 & 3. 4 Hz) 72.19
4 3.35(t, ] =9.5Hz) 73.51
5" 3.52(dd, | =9.8 & 6.2 Hz) 72.28
CH3-rh 098 (d,J=62Hz) 17.82

2.1.2. 7,8,3' 4'-Tetrahydroxy-3,5-dimethoxyflavone (3,5-di-O-Methyl Gossypetin) (Compound 2)

Compound (2) was obtained as a yellow amorphous powder. It showed a blue color under UV
light (UV Amax: 256, 270, and 353). The NaOAc shift reagent test showed a 19 nm bathochromic
shift (free 7-OH), suggesting that the structure of compound (2) is a flavonol substituted at positions
3 and 5 [8]. In negative ESI/MS, it showed a molecular ion [M — H]" at m/z 345. 'H-NMR showed
two methoxyl groups resonating at 5ppm 3.76 and 3.83 and one singlet at Sppm 6.45, suggesting
the hydroxylation of one A-ring proton. Tt was also observed that there was an absence of signals
from 11 to 14 ppm, suggesting that OH-5 is occupied. In addition, characteristic proton patterns of
3,4-dihydroxy substituted B-ring [10]. For the precise determination of the site of hydroxylation and
methoxylation, APT, HSQC, HMBC, and 2D NOESY analyses were performed.

on

(a)

oM

HO.

(b)

Figure 1. (a) Structure of compound 1. (b) HMBC correlations of compound 7,8,3’ 4'-tetrahydroxy-3,5-
dimethoxyflavone (2).

In the HSQC spectrum of compound 2, Sppm 3.76 correlated to dppm 60.36 and in the HMBC
spectrum correlated to 141.29 (C-3); this proved the attachment of the methoxy group to C-3. The other
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methoxy signal at 5ppm 3.83 will be then assigned to be 5-OCHj3 due to the absence of a 5-OH signal.
Also, 3.83 correlated to Sppm 56.56 (HSQC), so it is not at 8-OH which resonates at about 60 ppm [11].
Resonance at dSppm 3.83 is also correlated to 154.64 (HMBC) and correlated to dSppm 6.45 (H-6) through
the 2D-NOESY experiment. Therefore, OCHj3 group (Sppm 3.83) was assigned to be at C-5.

The APT experiment showed a signal at 127.47 assigned to C8-OH (about 133, if C6-OH) [11],
thus, the site of hydroxylation was proved to be at C-8. Also, from the HMBC spectrum, dppm
6.45 resonance showed cross-peaks with signals at dppm 108.79 (C-4a), 154.64 (C-5), 152.93 (C-7)
and 127.47 (C-8), which strongly supports that the signal is at H-6, rather than at H-7 or H-8.
The signal at Sppm 6.45 showed a cross-peak with the resonance at Sppm 97.24 (HSQC) which
is consistent with data published before [12], Figure 1. Therefore, the structure was identified as
7,8,3' 4'-tetrahydroxy-3,5-dimethoxyflavone (3,5-di-O-methyl gossypetin) (1H- and 3C-NMR data,
Table 1).

2.2. In Vitro Antioxidant Activity

We first evaluated the in vitro antioxidant activity of the two isolated compounds using DPPH
(2,2-diphenyl-1-picryl-hydrazyl-hydrate) and FRAP (radical scavenging and ferric reducing antioxidant
power) assays. Both compounds exhibited substantial activities, as reported in Table 2. Similar activities
were obtained from the total extract and positive controls [5].

Table 2. Antioxidant activities of myricetin-3-O-a-rhamnoside (compound 1) and 3,5-di-O-methyl
gossypetin (compound 2). The ECs values for total extract, ascorbic acid and quercetin are reported
for comparison.

DPPH FRAP
Sample (ECso pug/mL) (mM FeSO4 Equivalent/mg Sample)
Compound 1 3.21 229
Compound 2 3.89 21.08
Total extract [5] 5.80 10
Ascorbic acid 2.94 -
Quercetin - 23.18

2.3. Antioxidant Activity in a Cell-Based Model

2.3.1. Biocompatibility in Human Keratinocytes

To verify that the isolated compounds were as nontoxic as the total extract [5], HaCaT cells were
exposed to increasing amounts of compounds 1 and 2 (from 5 to 50 pg/mL) for different lengths
of time. At the end of incubation, the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay was performed and the results are reported in Figure 2A. We found that cell viability
was not affected by compounds 1 and 2 up to 25 pg/mL, independent of the length of the incubation
(24 or 48 h). However, at a higher concentration (50 ug/mL), both compounds became cytotoxic for
keratinocytes, more evidently in the case of compound 2 after 48 h of incubation. This finding is in
line with our previous result obtained for the whole extract [5]. Indeed, we found that the extract
from S. samarangense was cytotoxic when tested at concentrations higher than 100 ug/mL (after 48 h of
incubation).
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Figure 2. Effect of compounds 1 and 2 on human keratinocyte (HaCaT) cells. A: Dose-response curves
of HaCaT cells after 24 h (black circles) and 48 h (empty squares) incubation in the presence of different
concentrations of each compound. Cell survival rate was defined as in the Materials and Methods
section. B-D: cells were pre-incubated in the presence of pure compounds (10 and 25 ug/mlL.) for
2 h and then exposed to 300 uM NaAsO; for 60 min. B: intracellular reactive oxygen species (ROS)
levels; C: intracellular glutathione (GSH) levels; D: protein carbonylation levels. Black bars refer to
untreated cells, white bars to NaAsO,-treated cells, light grey bars to 10 ug/mL-treated cells and dark
grey bars to 25 ug/mL-treated cells. Results are expressed as the means + S.D. of three independent
experiments, each carried out in triplicate. * indicates p < 0.05, ** indicates p < 0.01, *** indicates
p < 0.001, **** indicates p < 0.0001, with respect to control cells; # indicates p<0.05, #* indicates p <0.01,
## indicates p < 0.001, ### indicates p < 0.0001, with respect to NaAsO,-treated cells; $ indicates
p < 0.05; % indicates p < 0.001, %% indicates p < 0.0001 with respect to 10 pg/mL-treated cells.

2.3.2. Antioxidative Effect of Compounds 1 and 2 in HaCaT Cells

To investigate whether the pure compounds were able to prevent ROS generation in stressed
keratinocytes, the fluorescent probe 2’,7’-Dichlorofluorescin diacetate (H>-DCFDA) was used. Sodium
arsenite (NaAsO;) was used as a stress agent. Trivalent arsenic is one of the major contaminants
of drinking water and air [13]. It acts as a prooxidant as it binds to critical thiol groups, which can
inhibit important biochemical events thus leading to toxicity [14]. As shown in Figure 2B, ROS levels
were significantly increased in cells after exposure to 300 uM NaAsO, for 1 h (Figure 2B, white bars),
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whereas, when cells were pre-treated with 25 pig/mL of each pure compound, no significant alteration
in ROS production was observed in both cases (Figure 2B, dark grey bars), with compound 1 being the
most active. No protective effect was observed at 10 pg/mL (Figure 2B, light grey bars).

Subsequently, we analyzed the ability of the pure compounds to protect cells from NaAsO,-induced
glutathione (GSH) depletion. GSH depletion is a direct consequence of ROS increase. We found
that NaAsO, caused a 50% GSH reduction (Figure 2C, white bars). Interestingly, when cells were
pre-treated with pure compounds and then stressed, a dose-dependent inhibition of GSH depletion
was observed in both cases (Figure 2C, light and dark grey bars).

It is well documented that proteins are among ROS targets [15]. In particular, during protein
oxidation, a stable carbonyl group is produced. Thus, carbonylation can be used as a marker of protein
damage from prooxidants. Keratinocytes were treated as described above, and then carbonyl content
was determined using 2,4-dinitrophenylhydrazine (DNPH). DNPH leads to the formation of stable
dinitrophenyl (DNP) hydrazone adducts, which can be detected spectrophotometrically at 375 nm.
The results obtained are reported in Figure 2D. As expected, exposure to NaAsQO» induced a high
production of carbonyls (Figure 2D, white bars), whereas both compounds were able to maintain
unaltered carbonyl levels already at 10 ug/mL. Interestingly, compound 2, when tested at the highest
concentration, significantly decreased carbonyl content with respect to untreated cells (Figure 2D,
on the right, dark grey bar). These results agree with the data of Buichter et al. [16], who investigated
the protective activities of the flavonoid myricetin in Het116 human colon carcinoma cells against a
lethal dose of HyOs.

The protective effect exerted by both isolated compounds was further confirmed by analyzing the
MAPK cascade pathway. The phosphorylation levels of p38 and of its direct target MAPKAPK-2 were
analyzed in the presence of an increasing amount of each compound, and in the presence of oxidative
stress [17]. As shown in Figure 3, both compounds protected human keratinocytes against NaAsO,,
with compound 1 being the most active.

C°""°"""-‘ Cosipotnd | W untreated [ 10 ugimL Compound 1 [l 25 ngimL Compound 1
= = = + + 4+ reaso,
? i
= | pavaprapic2, 49 x0a I
e [mscm 15 |
ic
— — — —— o |coni (|
o o s e W untreated [ 10 ugimL Compound 2 [l 25 ugimL Compound 2
& - - 4+ + 4 o -
[ R LR
‘g e —— TN § gi
= —_— i

T Makso, 300 A0, (300 1)

Figure 3. Effect of pure compounds on NaAsO;-induced mitogen-activated protein kinase (MAPK)
cascade in HaCaT cells. Cells were pre-treated with compounds 1 (A) and 2 (B), as described in Materials
and Methods, and Western blots were performed. The phosphorylation levels of MAPKAPK-2 (A, B,
upper panel) and p38 (A, B, middle panel) are reported. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as an internal standard. The relative densitometric analysis is reported. Black
bars refer to control cells in the absence (-) or in the presence (+) of NaAsO,; light grey bars refer
to 10 pg/mL-treated cells; and dark grey bars refer to 25 pg/mL-treated cells. Data shown are the
means + S.D. of three independent experiments. * indicates p < 0.05, ** indicates p < 0.01, *** indicates
p < 0.001, with respect to control cells; # indicates p < 005, # indicates p < 0.01 with respect to
NaAsO,-treated cells.
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Compound 2 Stimulates Nrf-2 Nuclear Translocation and Nrf2-ARE Transcriptional Activity

Flavonoids have been shown to exert their antioxidant activity by modulating one or more
redox-sensitive transcription factors, such as nuclear factor (erythroid-derived 2)-like 2 (Nrf-2),
fork-head box O (FoxOs) and/or peroxisome proliferator-activated receptor gamma (PPARYy) [18].
Therefore, in order to analyze the mechanism of action of compounds 1 and 2, the role of the Nrf-2
pathway was evaluated. Nrf-2 is a leucine zipper transcription factor which, under physiological
conditions, is negatively regulated by its repressor, Kelch-like ECH-associated protein 1 (Keap-1),
which directs Nrf-2 to proteasomal degradation [19]. Upon stimulation by prooxidants or small
amounts of antioxidants [19,20], Nrf-2 dissociates from Keap-1 and translocates into the nucleus where
it binds to antioxidant response elements (AREs), with the consequent transcription of many genes
coding for antioxidant proteins, such as heme oxygenase-1 (HO-1), superoxide dismutase (SOD),
NAD(P)H quinone oxidoreductase 1 (NQO1), and y-glutamate-cysteine ligase (y-GCLC) [21,22]. Thus,
nuclear Nrf-2 levels were analyzed by Western blot after 5 and 15 min incubation with 25 pg/mL
of each compound, as these incubation times have been previously used to verify Nrf-2 nuclear
translocation [23,24].

As shown in Figure 4A, no effect of compound 1 was observed on the nuclear translocation of
Nrf-2, whereas compound 2 (Figure 4B) clearly induced the nuclear translocation of this transcription
factor. This result is very interesting for compound 2 as this is the first report on the mechanism of
action for this molecule. Moreover, the failure of compound 1 to activate the Nrf-2 pathway is not so
surprising, as there is controversy in the literature regarding the pathways activated by flavonols [25,26].
In particular, the most studied flavonol, i.e., quercetin, has been reported to activate Nrf-2 and/or the
cytosolic aryl hydrocarbon receptor (AhR). Indeed, recent studies have indicated that Nrf-2 can be
activated either directly by flavonols, or downstream activated after AhR activation [26,27]. Moreover,
longer exposure (1-48 h) to flavonols may be required to witness Nrf-2 activation [27,28]. Thus, it is
conceivable that in our experimental system, the incubation time used was not long enough to activate
Nrf-2 nuclear translocation. The effective activation of AREs by compounds 1 and 2 was next confirmed
by analyzing the intracellular levels of HO-1 (Figure 4C,D, respectively) and Mn-SOD (Figure 4E, only
for compound 2). As expected, compound 2 was able to activate the expression of phase II detoxifying
enzymes, whereas compound 1 failed.
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Figure 4. Mechanisms of action of isolated compounds. A,B: Nuclear transcription factor-2 (Nrf-2)
levels were analyzed by Western blot. Keratinocytes were incubated with increasing concentrations
of compound 1 (A) or compound 2 (B) for 5 min or 15 min and then lysed. The relative changes in
Nirf-2 levels were quantified densitometrically; B-23 was used as a loading control. C,D: Western blot
analysis for HO-1. E: Western blot analysis for Mn-SOD-3 of cells incubated with compound 1. HO-1
and Mn-50D-3 levels were quantified by densitometric analysis and normalized to GAPDH. Data
shown are the means + S.D. of three independent experiments. * indicates p < 0.05, ** indicates p < 0.01,
*** indicates p < 0.001, **** indicates p < 0.0001, with respect to control cells.

2.4. Pure Compounds as a Shield against UVA-Mediated Inflammation

Finally, the ability of the two compounds to inhibit inflammation was analyzed. To this purpose,
inflammation was induced on HaCaT cells by UVA irradiation, as it has been reported that UVA is
able to activate the inflammation pathway [29]. Cells were treated with UVA in the presence or in
the absence of each compound. Western blotting analyses, using a specific antibody against IkB-«,
were performed. TkB-« is one of the key regulatory elements which plays a central role in NF-«B
regulation. Under physiological conditions, IkB-x acts as a physical inhibitor of NF-kB, whereas, upon
inflammation stimuli, the two proteins dissociate, [kB-« is degraded and NF-kB translocates to the
nucleus. As shown in Figure 5, a drastic decrease in 1kB-« level was observed only after UVA treatment,
whereas the pre-treatment of cells with the pure compounds was able to inhibit IkB-x degradation
and consequent inflammation. These results are in agreement with the those reported in literature,
in which different flavonols have been shown to inhibit inflammation [30].
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Figure 5. Effects of isolated compounds on inflammation. Cells were pre-treated with each compound
(25 pg/mL) for 2 h. Then, cells were exposed to UVA (100 J/em?) for 10 min and incubated at 37 °C
for 30 min. Total lysates were resolved by 15% SDS-PAGE and the level of IkB-a was determined by
Western blot analyses. All the values were normalized by using GAPDH as a loading control. The
relative densitometric analysis, in the absence (black bars) or in the presence of each compound (dotted
bars for compound 1 and diagonal lines bars for compound 2) is reported. Data shown are the means +
S.D. of three independent experiments. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001,
with respect to control cells; * indicates p < 0.05, with respect to UVA-treated cells. In the graph, (=),
is referred to not irradiated cells, whereas (+) is refereed to cells irradiated by UVA.

3. Materials and Methods

3.1. Extraction and Isolation of Compounds

S. samarangense (Blume) Merr. & L. M. Perry (syn. Eugenia javanica L.) leaves were collected
during the spring season in 2014. A plant sample is kept at the Pharmacognosy Department, Faculty of
Pharmacy, Ain Shams University (Cairo, Eygpt) under PHG-P-S5-182 [31]. Air-dried leaves (300 g) were
ground and extracted using methanol (3x1 L). The combined extracts were filtered and consequently
evaporated under a vacuum at 40 °C until dryness, yielding a semisolid extract. The latter was then
subjected to lyophilization, yielding 40 g. The lyophilized extract was then defatted with n-hexane and
finally subjected to sequential fractionation using ethyl acetate, yielding 4 g, and butanol, yielding 3 g.

A portion of the ethyl acetate fraction (900 mg) was applied to a medium-chromatography
system (Puriflash 4100, Interchim, 03100 Montlugon, France) equipped with silica flash columns
(PuriFlash column 30 Silica HP - 25.0 g, 22 bar). Elution was performed using a gradient of
dichloromethane (A) and methanol (B). At 0 min, the ratio of B was 30% and reached 100% at
90 min. The flow rate was 15 mL/min and the UV detection was conducted at 254 and 365 nm.
Three major fractions were obtained, which were further subjected to TLC screening, followed by
purification on several Sephadex LH20 columns using methanol as eluent. Finally, two pure isolated
compounds, namely myricetin-3-O-a-rhamnoside (myricitrin) (1) and 3,5-di-O-methyl gossypetin
(7,8,3' 4'-tetrahydroxy-3,5-dimethoxyflavone) (2) were obtained.
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3.2. In Vitro Antioxidant Activity

2,2-Diphenyl-1-picryl-hydrazyl-hydrate (DPPH) radical scavenging and ferric reducing
antioxidant power (FRAP) assays were used to determine the antioxidant properties of the isolated
compounds, and were carried out as described earlier [32].

3.3. Cell Culture

The immortalized human skin keratinocyte cell line (HaCaT) was obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA) and was cultured in complete growth medium in a 5%
CO, humidified atmosphere at 37 °C, as described before [17]. Subculture was carried out in a ratio of
1:4-1:5 every 48-72 h.

The biocompatibility of the compounds towards the cells was assessed by the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, as described before [17]. In brief,
HaCaT cells were plated at a density of 2 x 10 cells/em?. The next day, the medium from each well
was aspirated and 100 uL of fresh growth medium containing increasing amounts of pure compounds
(from 5 to 50 pg/mL) was added and left for 24 and 48 h. Two groups of cells were used as a control, i.e.,
untreated cells and cells supplemented with identical volumes of methanol. The biocompatibility of
each compound was expressed as the percentage of viable cells in the presence of the compound under
testing, compared to the average of the control cells. Each sample was tested in three independent
analyses, each carried out in triplicate.

3.4. Induction of Oxidative Stress with Sodium Arsenite

To evaluate the protective effect of the pure compounds against oxidative stress, HaCaT cells were
pre-treated with 10 and 25 ug/mL of the respective compound for 2 h. At the end of incubation, cells
were exposed to 300 uM sodium arsenite (NaAsO,) for 1 h. Immediately after oxidative stress induction,
ROS production, GSH levels, protein carbonylation levels, and activation of mitogen-activated protein
kinase (MAPK) cascade were determined by DCFDA assay, DTNB (5,5’-dithiobis-2-nitrobenzoic acid)
assay, DNPH assay and Western blotting, respectively, as described below.

3.5. DCFDA Assay

To examine whether the pure compounds may interfere with free radical propagation,
the accumulation of intracellular ROS levels was measured by DCFDA assay. In brief, 24 h after
seeding, 10 and 25 ug/mL of each compound (dissolved in Dulbecco’s Modified Eagle’s Medium
(DMEM) without phenol red) were added to the culture medium. After 2 h of incubation, cells were
incubated with 25 uM 2’,7’-dichlorodihydrofluorescein diacetate (H>-DCFDA, Sigma-Aldrich) for
45 min at 37 °C in complete medium without phenol red. At the end of incubation, cells were incubated
with 300 uM NaAsO; as described above. Cells were washed with warm PBS (phosphate buffer
saline) supplemented with 1 mM CaCl,, 0.5 mM MgCl,, and 30 mM glucose (PBS plus) between each
step. Then, the fluorescence intensity of the DCF probe was measured by using a Synergy™ HTX
Multi-Mode Microplate Reader (excitation = 485 nm, emission = 535 nm, scanning speed = 300 nm/min
and 5 slit widths for excitation and emission, BioTek Instruments, Inc., Winooski, VT, USA). ROS
production was expressed as the DCF fluorescence intensity of the samples under testing. The results
are given as the average of three independent experiments, each carried out in triplicate.

3.6. DTNB Assay

Total glutathione (GSH) content was determined by 5,5 -dithiobis-2-nitrobenzoic acid (DTNB) assay
as described before [17]. The GSH content was expressed as the percentage of thio-2-nitrobenzoicacid
(TNB) of the sample under testing, with respect to the untreated sample. The GSH content was
extrapolated from absorbance values, obtained at 412 nm, based on the standard curve obtained by
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incubating the DTNB reagent with GSH (1-500 uM). The results are given as the average of three
independent experiments, each carried out in triplicate.

3.7. DNPH Assay

To analyze protein carbonyl content, cells were treated as described above and then
2,4-dinitrophenylhydrazine (DNPH) assay was performed by using the protocol of the protein
carbonyl content assay kit (Sigma-Aldrich, St Louis, MO, USA).

The carbonyl content was calculated using the equations below:

nmolecarbonyl
Carbonyl content = ————— ()
mgprotein
Abs375nm
nmole carbonyl = 63 X 100 (2)

where: 100 = total volume in well (1L); 6.364 = millimolar coefficient of extinction (€™ = 22 mM!
em™) x0.2893 cm pathlength in a well; Abs 375 nm = absorption at 375 nm of DNPH, which is related to
carbonyl content. Three independent experiments were carried out, each one with three determinations.

3.8. Induction of Inflammation by UVA Light Treatment

To evaluate the ability of each compound to counteract inflammation, HaCaT cells were plated as
described above. After seeding, cells were pre-treated with 25 ug/mL of the compounds for 2 h. At the
end of incubation, the cells were washed with phosphate buffer saline (PBS) and then covered with a
thin layer of PBS and exposed to UVA light (365 nm) for 10 min (100 J/em?2). Then, cells were washed
twice with PBS and incubated in complete medium for 30 min at 37 °C. Inflammation was evaluated
by Western blotting, as described below.

3.9. Western Blotting Analysis

To analyse MAPK cascade and inflammatory markers, cells were detached at the end of the
treatment, and then lysed by re-suspending cell pellets in 50 uL of lysis buffer (300 mM NaCl, 0.5%
NP40 in 100 mM Tris-HC], at pH 7.4) supplemented with proteases and phosphatase inhibitors.
To analyze nuclear transcription factor-2 (Nrf-2) activation, nuclear lysates were used. In the first step,
cytosolic proteins were extracted by using PBS buffer containing 0.1% Triton and protease inhibitors.
Then, the pellets, containing nuclear proteins, were resuspended in Radioimmunoprecipitation
(RIPA) buffer (150 mM NaCl, 1% NP-40, 0.1% SDS, protease inhibitors in 50 mM Tris-HCI, at pH
8.0). For each condition, lysates (100 ug proteins) were analyzed by Western blotting performed
as described before [33]. Specific antibodies against phosphorylated p38 and MAPKAPK-2, total
Mn-SOD and Nrf-2 were purchased from Cell Signal Technology (Danvers, MA, USA). HO-1 antibody
was from Bethyl (Montgomery, TX, USA). IkB-« antibody was from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). To normalize protein intensity levels, a specific antibody was used for total
(anti-GAPDH, Thermo-Fisher, Rockford, IL,, USA) and nuclear (anti B23, Thermo-Fisher) extracts. The
chemiluminescence detection system (Super Signal® West Pico) was from Thermo-Fisher, Rockford,
IL, USA

3.10. Statistical Analyses

The results were expressed as the mean + standard deviation of the mean (SD) when data were
combined. For statistical analyses, GraphPad Prism 6.01 software for Windows (GraphPad Software
Inc., San Diego, CA, USA) was used: one-way analysis of variance (ANOVA) followed by Bonferroni’s
post-hoc test was used for all the experiments. Differences supported by p < 0.05 were considered
statistically significant.
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4. Conclusions

In this study, myricetin-3-O-a-thamnoside and 7,8,3’ 4'-tetrahydroxy-3,5-dimethoxyflavone
(3,5-di-O-methyl gossypetin) were isolated and identified from S. samarangense leaves. Both compounds
show substantial antioxidant activities in vitro. In HaCaT cells, both compounds strongly reduced
intracellular ROS accumulation and carbonyl content, and also protected the intercellular GSH levels
in keratinocytes after exposure to the toxic agent sodium arsenite (NaAsO,). Furthermore, we found
that compound 2 exerts its antioxidant activity by stimulating translocation of the transcription factor
Nrf-2 to the nucleus. Once in the nucleus, the transcription factor binds to ARE sequences and induces
the expression of phase II detoxifying enzymes, i.e., HO-1 and Mn-SOD-3. Finally, we demonstrated
that both compounds were able to inhibit [kB-« degradation, thus protecting cells from UVA-induced
inflammation. Both compounds may be useful to explore the antioxidant and anti-inflammatory
potential of S. samarangense.
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Abstract

The setup of an economic and sustainable method to increase the production and commercialization of products from microalgae,
beyond niche markets, is a challenge. Here, a cascade approach has been designed to optimize the recovery of high valuable
bioproducts starting from the wet biomass of Galdieria phlegrea. This unicellular thermo-acidophilic red alga can accumulate high-
value compounds and can live under conditions considered hostile to most other species. Extractions were performed in two
sequential steps: a conventional high-pressure procedure to recover phycocyanins and a solvent extraction to obtain fatty acids.
Phycocyanins were purified to the highest purification grade reported so far and were active as antioxidants on a cell-based model.
Fatty acids isolated from the residual biomass contained high amount of PUFAs, more than those recovered from the raw biomass.
Thus, a simple, economic, and high effective procedure was set up to isolate phycocyanin at high purity levels and PUFAs.

Keywords Galdieria phlegrea - Phycocyanin - Lipids - Biorefinery approach

Introduction

Microalgae can be rich suppliers of proteins and carbohy-
drates and, under stress conditions, they can accumulate large
quantities of lipids. Therefore, microalgae have been claimed
to be potential feedstock for a number of different industrial
applications, such as food commodities, biofuels, bio-based
chemicals, fine organics, bioplastics, pigments, cosmetics,
and pharmaceuticals (Moody et al. 2014; Posada et al. 2016;

Electronic supplementary material The online version of this article
(https: .org/10.1007/500253-019-10154-0) contains supplementary
material, which is available to authorized users.

Giuseppe Olivieri
giuseppe.olivieri@wur.nl
54 Daria Maria Monti
mdmonti@unina.it

Department of Chemical Sciences, University of Naples Federico II,
via Cinthia 4, 80126 Naples, Italy

= Department of Biology, University of Naples Federico II, via Cinthia
4. 80126 Naples, Italy

Bioprocess Engineering Group, Wageningen University and
R h daaly 1, 6700AA, W i the

Netherlands

Published online: 07 November 2019

Quinn and Davis 2015; Ruiz et al. 2016; Tredici et al. 2016).
With respect to plants, microalgae possess several advantages:
they do not need arable lands, they can grow on seawater and
on residual nutrients from wastewater, and they possess higher
areal productivity (Chauton et al. 2015).

However, the analysis of the large-scale production pointed
out that the technologies proposed to obtain only one product
are still not self-sustainable from an economic point of view
(Leu and Boussiba 2014; Moody et al. 2014; Quinn and Davis
2015; Ruiz et al. 2016; Tredici et al. 2016). The reasons rely on
the following: (1) high cultivation costs, especially for cooling
in case of adopting close photobioreactor technology, and (2)
low profit per unit of biomass coming from a single specific
product, especially in case of bulk commodities (food, feed, or
fuel), which are characterized by low prices that can hardly
compensate the production cost. An intermediate step is first
required to promote investments and foster the commercializa-
tion of algae-based products: the exploitation of some high-
value products at production scale smaller than the large one
needed for fuel and food (Gonzalez-Delgado and Kafarov
2011). In that respect, among the cell components, hydrophilic
antioxidants such as phycocyanins (PCs) (> 100 €/kg and > 100
Mé/year) and lipids rich in polyunsatured fatty acids (PUFAs)
(> 10 €/kg and > 100 Mé€/year) are good candidates due to their
high selling price (Ankush 2019; Ruiz et al. 2016). Moreover,
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customers are frequently willing to pay a higher price for bio-
based products than for chemical-based products.

Here, a cascade approach has been designed to get two
classes of high-value molecules, starting from the same culti-
vation: phycocyanins and polyunsaturated fatty acids. PC is
an antenna pigment which increases the photosynthetic effi-
ciency by collecting light energy at wavelengths which chlo-
rophylls do not absorb. PC is water soluble, very stable over-
time at its physiological pH, and contains a chromophore
prosthetic group. The latter is very fluorescent and is currently
used in flow cytometry, immunological analysis, and in detec-
tion of reactive oxygen species. In addition, PC is a protein
endowed with a strong antioxidant, hepato-protective, anti-
inflammatory. neuro-protective, and anti-proliferative activity
(Carfagna et al. 2015; Ferndndez-Rojas et al. 2014; Patel et al.
2018; Romay et al. 2003; Sonani et al. 2017). However, it has
to be considered that the use of PC in industry is still limited
because of its sensitivity to high temperature and extreme pH,
which reduce PC yields or may cause dissociation phenome-
na, leading to the bleach of the blue color (Manirafasha et al.
2016; Mehta et al. 2018).

PUFAs are essential for human function, as they have anti-
inflammatory, antioxidant, neuro-protective, and cardioprotective
activities, but many of them (such as omega-3 and omega-6)
have to be taken up through the diet (Cuellar-Bermudez et al.
2015; Zarate et al. 2017). Actually, they are obtained from fish oil
(Salmonidae, Scombridae, and Clupeidae families), which is an
unsustainable source both from an economic and environmental
point of view (Patel et al. 2019). Moreover, pollution of marine
ecosystems, and the possibility that fishes accumulate mercury,
led to an increased interest in alternative sustainable sources
(Spolaore et al. 2006). Marine microalgae are a source of com-
mercial omega-3 PUFAs and they are the primary producers of
basic fatty acids in marine food webs (Bergé and Bamathan
2005). PUFAs from algae also have the advantage of being suit-
able for vegetarian and vegan nutrition.

Tn this context, the microalga Galdieria phlegrea, a unicel-
lular thermo-acidophilic red alga, has gained our attention
since it is rich in pigments and PUFAs. Additionally, its opti-
mal growth condition is at pH 1.5 and at temperatures in the
range 35-45 °C (Carfagna et al. 2015). This represents a great
advantage as it will dramatically reduce the risk of contami-
nations in open ponds systems as well as the cooling cost in
case of closed photobioreactors (Sakurai et al. 2016).

Here, we set up the optimal autotrophic growth condition
for G. phlegrea (strain 009) and extracted and purified active
PC. Then, by using a cascade approach, we extracted and
purified lipids from the residual biomass. Finally, PC antiox-
idant activity was validated in an applicative environment,
with a cell-based model, using human immortalized
keratinocytes. This contribution provides a clear validation
of the feasibility of a multiproduct biorefinery applied to
G. phlegrea at lab-scale.

&) Springer

Material and methods
Microalgal strain and culture conditions

Galdieria phlegrea (strain 009) was provided from the Algal
Collection of the University Federico TT (ACUF, http://www.
acufinet). Pre-cultures of 50 mL were inoculated in Allen medi-
um (Allen 1968) with pH 1.5 in bubble column
photobioreactors, with a starting concentration of 8 O.D./mL
for autotrophic condition and 14 O.D./mL for the mixotrophic
condition. Cultures were performed at 37 + 1 °C under constant
fluorescent light with an intensity of 200 PAR [umol/im?s). A
gas mixing device provided the desired carbon dioxide (CO,)
concentration to the photobioreactors, by mixing air and pure
carbon dioxide from a pressurized vessel at the final flow rate of
3 vvm. In autotrophy conditions, no organic carbon source was
supplemented to the medium, whereas organic carbon with 3%
glycerol (final concentration) was supplemented during
mixotrophy conditions. The algal growth was monitored daily
by measuring the absorbance at 730 nm, which is related to the
biomass concentration and is indicated by optical density (O.D.).

Cell concentration

The biomass of G. phlegrea was measured as O.D.. Analysis
of the dry cell weight was carried out by weighing aliquots of
culture. The O.D. values were converted into biomass concen-
tration via an appropriate calibration between O.D. and dry
cell weight. The conversion factor was 1 O.D./mL = 0.2 mg-
biomass' ML for G. phlegrea.

Protein extraction and quantification

The biomass was harvested by centrifugation at 1200g for
30 min at room temperature and resuspendend in 50 mM so-
dium acetate pH 5.5 (Wu et al. 2016). Cells were disrupted by
two consecutive cycles of French Press (each at 2 kbar). After
centrifugation at 5000g at 4 °C for 30 min, proteins were
recovered in the supernatant, whereas the residual biomass
was used to extract lipids (as described below). Proteins were
assayed by BCA Protein Assay Kit (Thermo Scientific).

Phycocyanin quantification and purification

The absorbance of crude extracts was measured at 615 and
652 nm to obtain phycocyanin concentration, according to the
Bennett and Bogorad equation (Bennett and Bogorad 1973):

¢ (mg [ AbSg150m—(0.474 X AbSgsr0m)]
e ﬁ) - 534

These wavelengths correspond to the maximum of absorp-
tion of phycocyanin (PC, 615 nm) and allophycocyanin
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(APC, 652 nm), respectively. The grade of purity of phycocy-
anin was calculated by measuring the ratio Ag>onm/A280nm-

A single step purification was performed to recovery phy-
cocyanin. A size-exclusion chromatography was performed
by using a Sephadex G-75 fine equilibrated in 50 mM sodium
acetate pH 5.5. Fractions were collected and the absorbance at
280 and 620 nm was measured.

Lipid extraction, purification, and analysis

The residual biomass (i.c., after protein extraction) was dried at
60 °C for 24 h. Lipids were selectively extracted by mixing
CHCl3-MeOH (2:1 v/v) with a Soxhlet extractor for 8 h. Then,
the solution was dried under nitrogen flux to recover and weigh
lipids. One milligram was placed into a 16 % 125 mm screw-cap
Pyrex tube and 1.0 mL of hexane and 1.0 mL of BF; in MeOH
(14%. wt/vol) were added. The tube was incubated in a 50 °C
water bath for 1 h with vigorous handshaking for 20 s every 30
min. Then, 1.0 mL of a saturated solution of NaHCO; and 2.0
mL of hexane were added and the tube was vortex-mixed. After
centrifugation, the hexane layer containing the fatty acid methyl
ester (FAME) was placed into a gas chromatography vial,
capped, and stored at — 20 °C until GC analysis.

The organic layer containing FAMEs was collected, dried,
dissolved in an appropriate volume of hexane (100 uL), and
analyzed using a Shimadzu 2010 series GC FID (Shimadzu,
Milano, Italy). The gas chromatograph was equipped with an
SP52-60 capillary column (100 m x 0.25 mm i.d. x 0.20 um
film thickness) with a non-bonded, poly(bis-cyanopropyl si-
loxane) phase (Sigma-Aldrich, St Louis, MO, USA) and ni-
trogen as the carrier gas. Samples (1.0 pL) were introduced
into the injector using an AOC-20i auto sampler (Shimadzu,
Milano, Ttaly) heated to 250 °C with a split ratio of 10:1. The
initial temperature was 160 °C with a 2 min hold, followed by
a 6 °C/min ramp to 200 °C with a 2 min hold and finally
followed by a 6 °C/min ramp to 220 °C with a 25 min hold.
The following parameters were set during the experiments:
detector temperature, 275 °C; carrier gas: helium for chroma-
tography at a pressure of 1.8 psi, auxiliary gas: hydrogen for
chromatography at a pressure of 18 psi, air chromatography at
a pressure of 22 psi: and sensitivity of the instrument, 4 to 16
times the minimum attenuation.

In situ digestion and mass spectrometry analyses

Sample aliquots (30 pg) were submitted to electrophoresis on
a 10% polyacrylamide gel (0.1% SDS, 25 mM Tris-HC1,
192 mM glycine, pH 8.3). Gel was stained with Coomassie
Brilliant blue, and the main gel lanes excised from the gel and
destained prior to further processing. Briefly, gel slices were
washed with three cycles of 0.1 M NH4sHCO; pH 8.0 and
acetonitrile, followed by reduction (10 mM DTT; 100 mM
NH4HCO; 45 min, 56 °C) and alkylation (55 mM IAM;

100 mM NH,HCO;, 30 min, RT). Gel slices were washed
with three further cycles of 100 mM NH,HCO; pH 8.0 and
acetonitrile. Finally, gel plugs were rehydrated in 40 mL se-
quencing grade modified trypsin (10 ng/uL trypsin; 10 mM
NH,HCO;) and incubated overnight at 37 °C. Peptides mix-
ture was eluted, vacuum-dried, and resuspended in 0.1%
formic acid for LC-MS/MS. Peptide samples were loaded
onto a Michrom C18 Captrap to initially desalt samples and
from there were introduced directly into a LTQ-Orbitrap MS
(Thermo Fisher Scientific, Surrey, UK) via a fused silica C18
capillary column (Nikkyo Technos CO, Tokyo, Japan) and a
nanoclectrospray ion source. The mobile phase comprised
H,0 with 0.1% formic acid (buffer A) and 100% acetonitrile
with 0.1% formic acid (buffer B). The gradient ranged from 5
to 30% butter B in 95 min followed by 30 to 60% B in 15 min
and a step gradient to 85% B for 5 min with a flow 0f 0.42 pL/
min, finally a retumn to the initial conditions of 5% B. The
FTMS full scan mass spectra (from 450 to 1600 m/z) were
acquired with a resolution of 7= 60 000. This was followed by
data-dependent MS/MS fragmentation in centroid mode of the
most intense ion from the survey scan using collision-induced
dissociation in the linear ion trap: normalized collision energy
35%: activation Q 0.25; electrospray voltage 1.5 kV; capillary
temperature 200 °C; and isolation width 2.00. Singly charged
ions were excluded from the MS/MS analysis and Xcalibur
software version 2.1.0 SP1 build 1160 (Thermo Fisher
Scientific, U.K.) was used for data acquisition.

Raw data files were processed using MaxQuant. MS/MS
spectra were searched against human protein in Uniprot data-
base. Proteins identified by in-gel digestion proteomics,
carbamydomethylation on cysteine and oxidation of methio-
nine with acetylation of protein N-terminal were considered as
dynamic and static post-translational modifications,
respectively.

Biological activity
Cell culture and MTT assay

Human immortalized keratinocytes (HaCaT) were from
Innoprot and were cultured in 10% fetal bovine serum in
Dulbecco’s modified Eagle’s medium, in the presence of 1%
antibiotics and 2 mM L-glutamine, in a 5% CO, humidified
atmosphere at 37 °C. Cells were seeded in 96-well plates at a
density of 2 x 10%/well. Approximately 24 h after seeding,
increasing concentrations of the crude extract or pure PC
(0.1-1 mg/mL) were added to the cells for different length
of time. At the end of each experimental point, cell viability
was measured by the tetrazolium salt colorimetric assay
(MTT), as described by Arciello et al. (Arciello et al. 2011).
Cell survival was expressed as the percentage of viable cells in
the presence of the specific molecule compared with control
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cells (represented by the average obtained between untreated
cells and cells supplemented with the highest concentration of
buffer). Each sample was tested in three independent analyses,
each carried out in triplicates.

Determination of intracellular ROS levels

The protective effect of crude extract and of pure PC (0.1 or
0.25 mg/mL), against oxidative stress, was measured by deter-
mining the intracellular reactive oxygen species (ROS) levels.
The protocol used by Del Giudice et al. was followed (Del
Giudice et al. 2017), with some modifications. Briefly. cells
were exposed for 2 h to the molecules under test and then
irradiated by UVA light for 10 min (100 J/em?). Fluorescence
intensity of the fluorescent probe (2',7-dichlorofluorescein,
DCF) was measured at an emission wavelength of 525 nm
and an excitation wavelength of 488 nm using a Perkin-Elmer
LS50 spectrofluorimeter. Emission spectra were acquired at a
scanning speed of 300 nm/min, with 5 slit width both for exci-
tation and emission. ROS production was expressed as

percentage of DCF fluorescence intensity of the sample under
test, compared with the untreated sample. Three independent
experiments were carried out, each one with three
determinations.

Statistical analyses

In all the experiments, samples were analyzed in triplicate.
The results are presented as mean of results obtained after
three independent experiments (mean + SD) and compared
by one-way ANOVA according to the Bonferroni's method
(post hoc) using Graphpad Prism for Windows, version 6.01.

Results

Effect of carbon dioxide

To establish G. phlegrea optimal growth conditions, different
concentrations of carbon dioxide were tested: 2, 5, and 20%

a ] b " )
Autotrophy with CO, Mixotrophy with CO,
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2 - 2% ) - 2%
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Fig. 1 Growth of Galdieria phlegrea in photobioreactors. Cells were
grown in the presence on increasing amount of CO,, and O.D. was
measured every day. Growth is expressed as a function of time. a, ¢
Cells grown in autotrophy. b, d Cells grown in mixotrophy. a, b Black

@ Springer

circles, cells grown in the presence of 2% CO,, empty circles, cells grown
in the presence of 5% CO,: black triangles, cells grown in the presence of
20% CO,. ¢, d G. phlegrea grown in the absence of CO,, reported as
biomass concentration
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Fig. 2 A schematic
representation of the biorefinery
strategy designed
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(viv). As Galdieria is the only alga, among Cyanidiales, that
can grow autotrophically as well as mixotrophically and het-
crotrophically, using over 27 kinds of sugars and sugar alco-
hols (Gross and Schnarrenberger 1995), we compared autot-
rophy and mixotrophy conditions overtime. Figure | a shows
algal growth in autotrophic conditions, whereas Fig. 1 b is
referred to mixotrophic conditions. CO- negatively affected

a Autotrophy  Mixotrophy b
k0a 1 2 3 4 5 a1 2
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Fig. 3 PC extraction from Galdieria phlegrea grown in autotrophic and
mixotrophic conditions. SDS-PAGE analysis of samples after French
Press extraction. Lane 1: molecular weight markers: lanes 2-3: soluble
proteins after the 1st and 2nd cycle of extraction by French Press of
biomass grown in autotrophy: lanes 4-5: soluble proteins after the 1st

Autotrophy  Mixotrophy c

algal growth in both the experimental conditions analyzed,
as an increase of the pH value was observed (pH 3) and a
concomitant decrease in the total biomass concentration was
found. Accordingly, in the absence of CO,, a significant in-
crease in the algal growth (up to 3.4 g/L for autotrophic
growth and 6 g/L for mixotrophic growth) was observed
(Fig. lc, d). Thus, during mixotrophy (Fig. 1d), the reached

Autotrophy Mixotrophy

3 4 5 2 3 4 5

and 2nd cycle of extraction by French Press of biomass grown in
mixotrophy. In all lanes, 30 ug of total proteins was analyzed. a SDS-
PAGE stained by Blue Coomassie. b Unstained gel. ¢ Gel exposed to UV
light
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Table 1 Extraction yicld of

Galdieria phlegrea grown in Total protein (mg)  Total PC (mg)  Protein yield (%)  PCyield (%)  PClproteins (%)
autotrophic and mixotrophic
conditions Autotrophy 45£5 284 15+3 9+3 63

Mixotrophy 48 +4 31+7 162 10+3 64

biomass concentration is almost two-fold higher than during
autotrophy (Fig. 1c), suggesting mixotrophy as the best
growth condition.

Biorefinery process design

In the context of using microalgae in a biorefinery approach,
an efficient model for the recovery and isolation of high-value
products was designed. The strategy (Fig. 2) was focused on
the subsequent extraction of two class of molecules, phycocy-
anin and lipids, starting from phycocyanin, which has the
highest market value.

Pigments extraction and purification

The harvested biomass was extracted by two cycles of French
Press. Supernatants were analyzed by SDS-PAGE followed
by Coomassic staining (Fig. 3a) and revealed the presence of
two major protein species, whose molecular weight
corresponded to those of o- and -subunits of PC. As PC is
a blue colored protein, it is visible also in the absence of any
coloration (Fig. 3b), or after exposure to UV light (Fig. 3c),
taking advantage of its fluorescent nature. These results sug-
gested that the two major protein species were PC. As shown
in Table 1, total proteins and PC extracted by the French Press
were very similar in both the analyzed conditions.
Interestingly, even though the protein yield was not high, the
ratio between PCs and total proteins was higher than 60%,
with a relative purity grade of 3. It has been reported that
different purity grades indicate different applications of phy-
cocyanin: (i) food grade if purity is < 0.7, (ii) reagent grade

Table2  Concentration and purity grade of PC afier purification
PC concentration Purity grade
(mg/mL) (Absgag /AbS275)
Autotrophy
Crude extract 1.940.1 3
Fraction 2 0.119 +0.003 5.02
Fraction 3 0.224 = 0.04 528
Fraction 4 0.216 =0.09 5.01
Mixotrophy
Crude extract 1.7£0.8 19
Fraction 2 0.126 =0.03 28
Fraction 3 0.243 =0.02 297
Fraction 4 0.272 = 0.08 2.76

when the ratio is between 0.7 and 3.9, and (iii) analytical grade
if the ratio is > 4.0 (Fernandez-Rojas et al. 2014).

The isolation of phycocyanin was performed by a single
step of purification, using a size-exclusion chromatography.
SDS-PAGE analysis (Figure S1) showed the presence of few
protein bands identified as phycocyanin by in situ digestion
and mass spectrometry analyses, thus confirming the high
purity level of the sample. Moreover, the purity grade reached
was higher than 5 for autotrophy and higher than 2 for
mixotrophy (Table 2). Thus, we decided to use the residual
biomass from autotrophic growth to extract lipids.

The PC was recovered with a rate of 179 mg/g cell mass of
G. phlegrea through this protocol.

Lipid extraction and purification

According to the circular economy strategy, we extracted
lipids as the second class of molecules. The lipid extraction
was performed on residual algal biomass after a drying step. In
order to verify if lipids extraction could be affected by the
previous French Press extraction, in a parallel experiment,
lipids were extracted also from the raw dried biomass. As
shown in Table 3, the yield of total lipids was 79% for the
raw biomass and 21% for the disrupted biomass. The isolation
of three different lipid classes was carried out by performing a
solid phase extraction (SPE), and results are reported in
Table 3. Then, a gas chromatography analysis was performed
and the results are reported in Table 4. It is interesting to notice
that polyunsaturated, monounsaturated, and saturated fatty
acids were present, but a significant increase in PUFAs con-
tent was observed in the disrupted biomass, in comparison
with the raw one, as reported in Fig. 4. In particular, in the
raw material, oleic (MUFA) and linoleic (PUFA) acids (3.72
and 2.00%, respectively) were mainly present, whereas, in the
disrupted biomass, w-3 eicosapentaenoic acid (EPA, 6.81%),
the two w-6 linoleic (LA, 9.61%) and arachidonic acids (AA,
9.00%), and the monounsaturated oleic acid (OA, 4.00%)

Table 3 Yields of total lipids. Mean yields are expressed as a
percentage of the algal sample dry weight

Lipid Neutral  Fatty Phospholipids
yield (%) lipids (%) acids (%) (%)
Before French press 79 26 68 +23 162 56=28
Post-French press 2143 33+2 17+1 41 +3
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Table 4 Gas chromatography

analysis on samples before and PUFA Before French press (%) Post-French press (%)
after French Press.
Polyunsaturated, Fatty acids
monounsaturated, and saturated 18:3 (n-3) a-Linoleic acid (ALA) - 1.31 +0.30
fatty acids are reported as velative 5.5 (,.3)  Ejcosapentaenoic acid (EPA) . 6.81+1.50
percentages 2 :
22:5 (n-3) Docosapentanoic-n3 acid (DPA) 0.17 £ 0.04 041 +0.10
18:2 (n-6) Linoleic acid (LA) 200=024 9.61 +1.11
18:3 (n-6) +-Linolei id (GLA) - 3.30 £ 0.40
20:3 (n-6) Dihomo-y-linoleic acid (DGLA) 0.23=0.05 24010
20:4 (n-6) Arachidonic acid (AA) 0.16=0.01 9.00 +0.30
22:4 (n-6) Docosatetracnoic acid (DTA) = 0.20 +£0.01
MUFA
16:1 Palmitoleic acid (POA) 0.42=0.01 1.20+0.20
18:1 Oleic acid (OA) 3.72=080 4.00+0.70
SFA
16:0 Palmitic acid (PA) 69.0 33 45.1 £3.0
18:0 Stearic acid (SA) 220=2.1 13015

were present, along with lower percentages of «-linoleic
(ALA), y-linoleic (GLA), dihomo-+-linoleic (DGLA), and
palmitoleic (POA) acids.

As for the saturated fatty acids, about 90% were present in
the raw material and only 60% in the disrupted biomass, with
palmitic and stearic acids as the main species, in the ratio of 3
to 1 in both materials.

Phycocyanin characterization

Tt is known that PC is endowed with many biological func-
tions, among which the antioxidant activity. In order to verify
that the extraction procedures did not affect PC biological
activity, we analyzed its ability as an antioxidant agent. First,
we analyzed its biocompatibility on immortalized human
keratinocytes (HaCaT). Thus, cells were incubated in the

40 - *kkk

301
2 204

104

0 .

Before French press

PostFrench press

Fig. 4 F of total pol d fatty acids. The black bar
refers to PUFA extracted from the raw biomass and the grey bar to
PUFA extracted from the residual biomass after PC extraction. ***%p <
0.00005 between the samples

presence of increasing amount of PC (from 0.1 to 1 mg/mL)
for different length of time (24-72 h). In a parallel experiment,
the crude extract was analyzed as it is widely used to produce
functional food or food additives (Chentir et al. 2018). At the
end of each incubation, cell viability was assessed by the MTT
assay, and cell survival was expressed as the percentage of
viable cells in the presence of PC or of the crude extract com-
pared with that of untreated cells. Interestingly, no cytotoxic
effect was observed when cells were incubated with pure phy-
cocyanin (Fig. 5a) under all the experimental conditions ana-
lyzed. On the other hand, when cells were incubated with the
crude extract, a 50% reduction in cell viability was observed at
the highest concentration after 72 h of incubation (Fig. 5b).
Once established the complete biocompatibility of purified
PC, the protective effect on UVA-stressed HaCaT cells was
evaluated. Keratinocytes were chosen as antioxidants should
be able to protect the skin from UV-induced oxidative stress,
as they are normally present in the outermost layer of the skin.
As a source of stress, we used a UVA lamp, commonly used in
the nail products industry. Cells were treated with 0.1 mg/mL
and 0.25 mg/mL of PC or the crude extract for 2 h, and then
oxidative stress was induced by UVA irradiation (100 Jiem?)
for 10 min. At the end of the irradiation, H,-DCFDA was added
to measure intracellular ROS level. As shown in Fig. 5¢, UVA
induced a significant increase in intracellular ROS levels
(200%) with respect to untreated cells. Interestingly, cells treat-
ed with 0.25 mg/mL of the crude extract showed an increase of
intracellular ROS levels in the absence of any treatment, and no
protection after UVA treatment, thus suggesting that the crude
extract acts as a source of stress per se. Noteworthy, cells treated
with 0.25 mg/mL of pure phycocyanin did not show any alter-
ation in ROS level (Fig. 5d), and a significant protection against
UVA-induced oxidative stress was observed when cells were
treated with either 0.1 or 0.25 mg/mL of the purified PC.
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Fig.5 Effect of crude extract and pure phycocyanin on HaCaT cells. a, b
Dose-response curves of HaCaT cells after 24-h, 48-h, and 72-h incuba-
tion with increasing concentrations of crude extract (a) or pure PC (b)
(0.1-1 mg/mL). Cell viability was assessed by the MTT assay and report-
ed as a function of extract concentration. Data shown are means = S.D. of
three independent experiments. ¢, d Cells were pre-incubated in the

Discussion

In this study, we have shown a feasible design to obtain dif-
ferent high-value molecules starting from the wet biomass of
Galdieria phlegrea. We first extracted proteins and phycocy-
anin, with a ratio between total phycocyanin and total proteins
higher than 60%. This ratio is much higher than that previous-
ly reported by Carfagna and colleagues, who found that PC
content was about 10 % (Carfagna ct al. 2018). Morcover, the
purity grade of PC in the raw extract was already 3, and be-
came higher than 5 at the end of the single purification step. To
the best of our knowledge, this is the first report on the puri-
fication of PC from G. phlegrea by a single step procedure and
with such a high purity grade (Sonani 2016). It must be
stressed out that the proposed procedure to isolate PC from
G. phlegrea is an economical process, as it is obtained from
wet biomass, in aqueous buffer and by using a size exclusion
chromatography, which could be easily substituted by ultrafil-
tration in a scaling-up process. Thus, our procedure is eco-
nomically sustainable and much “greener” than others, which
usually use dried biomass or detergents and at least two

&) Springer

EZ2 0.25 mg/mL

0
UVA =

DCFDA fluorescence (% of control)

+

presence of 0.1 mg/mL and 0.25 mg/mL crude extract (c) or pure PC
(d) for 2 h and then irradiated by UVA (100 Jiem?). Intracellular ROS
levels were evaluated by DCFDA assay. Values arc expressed as fold
increase with respect to control (i.e., untreated) cells. Data shown are
means = S.D. of three independent experiments. *¥p < 0.005, **%p <
0.0005 with respect to UVA-treated cells

purification steps (Sonani 2016). Moreover, PC isolated by
this procedure is active as antioxidant molecule when tested
on a cell-based model. UV radiations were used to test the
antioxidant potential of the purified PC. Indeed, it is well
known that UV radiations are considered one of the most
harmful exogenous factors for the human skin, as, in addition
to the development of erythema, ROS are produced.
Particularly, in the last few years, UVA radiations have been
used in the nail industry more and more often. A recent paper
reported that two healthy women, middle-aged, with no per-
sonal or family history of skin cancer, developed squamous
cell carcinoma on the dorsum of their hands. Both women
reported previous exposure to UVA radiation for cosmetic nail
treatment (Diffey 2012). This has prompted some concerns
about the safety of this procedure (Diffey 2012).
Interestingly, PC was able to counteract the negative effects
induced by UVA radiation. PC antioxidant activity at 0.1 mg/
mL is in agreement with that one reported in vivo by Sonani
and coworkers (Sonani et al. 2017) who purified PC from
Synechococcus, but with a lower purity grade, 4. Even though
PC is widely considered as an antioxidant protein, nothing is

193



Appendix G

Appl Microbiol Biotechnol

reported in literature on its activity on stressed eukaryotic
cells, but its activity is rather demonstrated only by in vitro
assays, with some concerns from the scientific community
(Charalampopoulos et al. 2018).

Moreover, starting from the residual biomass, we isolated
polyunsaturated fatty acids. Interestingly, we found that the
amount of isolated PUFAs from the broken biomass (34%)
was higher than that obtained from the raw biomass (2.5%),
suggesting that the biorefinery procedure here described could
be a good alternative to obtain PUFAs without using fish oil
(about 25% PUFAs) (Miyaguti et al. 2018). Among the sev-
cral advantages of using PUFAs from microalgae, there is the
absence of fishy taste, fishy smell, no risk of carcinogens
accumulation, and the possibility to use “vegetarian,” “veg-
an,” or “organic” labels. Morcover, the world demand of
PUFAs is increasing, as it is used for infants, nutritional sup-
plements, and pharmaceuticals (Deschamps 2016). To date,
microalgae are considered significant sources of PUFAs, as
up to 30-70% of lipids in their cell dry weight is found
(Breuer et al. 2013; Chisti 2007; Sun et al. 2018). It is well
established that several factors can influence lipid accumula-
tion, such as nitrogen and phosphorus starvation, pH, temper-
ature, and light intensity (Hindersin et al. 2014), leading to a
20% increase (Ramesh Kumar et al. 2019). However, stress
conditions imply extremely controlled systems and the possi-
bility to obtain only lipids. In addition, stress conditions en-
hance the accumulation of intracellular triacylglycerol lipids
which contain lower amount of PUFAs with respect to polar
lipids, mainly located on the cell membrane (Breuer et al.
2013). By using our procedure, PC and lipids can be easily
and economically obtained in a cascade approach.
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Figure S1. PC purification from Galdieria phlegrea extracts grown in autotrophic and
mixotrophic conditions. SDS-PAGE analysis of samples after purification. Lane 1:
molecular weight markers; lane 2: soluble proteins extracted by French Press grown in
autotrophy (30 pg); lanes 3-5: samples eluted by the size-exclusion chromatography (5 ug);
lane 6: soluble proteins extracted by French Press grown in mixotrophy (30 pg). lanes 7-9:

samples eluted by the size-exclusion chromatography (5 pg).
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ARTICLE INFO ABSTRACT

Keywords: The plants from genus Salvia, as one of the largest genus in Lamiaceae family, are frequently in use for various
Salvia verticillata L. purposes, as foods, in cosmetic industry, or in traditional and official medicine. Salvia L. (liliac sage) is
Lilac sage one of sidelined sage species with potential bioactivity, reported in traditional medicine. The aim of this study
Antioxidant

was to acquire a phytochemical profile of the methanol extract obtained from S. verticillata aerial parts and to
evaluate its antioxidant, antimicrobial, and bi ibility potential. Ch isti of the genus
Salvia, such as msmanmc and caffeic aclds along with their derivatives (e.g. salvianolic and yunnanelc acids
isomers) and havc been i by ultrahigh Orbmap lomi as
the main phenolic in The extract di d imi properties and
significant antioxidant potential, wuh the half maximal mhlbllory concentration values (ICso) ranging from 33
to 73 pg/mL. Importantly, full biocompatibility of the extract with eukaryotic cell lines was observed up to 72 h.
The obtained results revealed the presence of polyphenolic bioactive compounds in S. verticillata extract with

Antimicrobial
Biocompatibility
Phytochemical analysis

promising anuoxxdanl potential and significant biocompatibility. In this regard, S. verticillata can find new

ives of

as a food i

in cosmetic and pharmaceutical industries, as it represents a

valuable source of compounds with prumment health properties, with a special focus on rosmarinic acid.

1. Introduction

The genus Salvig, the largest genus in the Lamiaceae family, consists
of over a thousand plant species distributed worldwide (Lu and Yeap
Foo, 2002; Walker et al., 2004). The name of the genus was derived
from the Latin word “salvare®, which means “to heal/to save” (Topqu,
2006). The Salvia species are aromatic plants used as food spices and
culinary herbs, as tea, in cosmetic industries, and in traditional medi-
cine because of their bioactive properties (Ghorbani and Esmaeilizadeh,
2017). Since ancient times, the most known and most used Salvia spp. is
a common sage (Salwa oﬂ?cmalls L.). This sage is used as a spice in food

in dicine for different ailments such as he-
morrhage, menstrual disorders like dysmenorrhea, against tuberculosis,
as well as in the treatment of numerous inflammatory diseases, dys-
pepsia, diarrhea, age-related cognitive disorders, tremor, excessive
sweating, and hyperglycemia (EMA, 2016; Ghorbani and

* Corresponding author.
E-mail address: jkatanic@kg.ac.rs (J.S. Katani¢ Stankovi¢).

https://doi.org/10.1016/j.indcrop.2019.111932

Esmaeilizadeh, 2017; Sharifi-Rad et al., 2018; Topcu, 2006). Besides S.
officinalis, many other plants from genus Salvia are in use due to their
biological benefits. For example, roots of red sage (Salvia miltiorrhiza
Bunge) are highly respected and widely utilized in the treatment of
cardiovascular and cerebrovascular diseases (Chen and Chen, 2018;
Zhang et al., 2016). Also, chia seeds (Salvia hispanica L.) are used
worldwide for their multifunctional properties and benefits to human
health (Parker et al., 2018). One Salvia spp. that is marginalized from
the use in modern pharmacological and functional food formulations is
Salvia verticillata 1.

Salvia verticillata 1., called “lilac sage” or even “purple rain”, is a
herbaceous perennial herb with tiny lilac-blue flowers which grow
tightly packed in whorls (Forouzin et al., 2015). This plant has been
employed in the cheese-making process to obtain specific taste and for
the preservation of meat products and cheese (Topcu, 2006). In Serbia,
this herb is known by the name “sjerusa” that indicates its use for

Received 13 May 2019; Received in revised form 31 October 2019; Accepted 31 October 2019

Available online 13 November 2019
0926-6690/ © 2019 Elsevier B.V. All rights reserved.
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flavoring in cheese production. In traditional Serbian medicine, S. ver-
ticillata tea, made from its aerial parts, has been used as an expectorant,
for disinfection of the oral cavity and as cataplasm for healing wounds
(Jari¢ et al., 2015).

The chemical composition of Salvia plants is mostly comprised of
several groups of secondary metabolites: terpenes (mono-, di-, and tri-
terpenes), phenolic compounds (flavonoids and phenolic acids), and

saccharides (Ghorbani and Esmaeilizadeh, 2017; Lu and Yeap Foo,
2002; Topgu, 2006; Xu et al., 2018). Moreover, a wide range of ter-
penoid ds (e.g., hor, caryophyllene, borneol,

a- and B-thujone) and polypl (with ch istic high content
of rosmarinic acid, caffeic acid and its metabolites salvianolic and
yunnaneic acids) detected in Salvia spp. were found to endow a vast
array of recorded bioactivities (Ghorbani and Esmaeilizadeh, 2017;
Jassbi et al., 2016; Lu and Yeap Foo, 2002; Sharifi-Rad et al., 2018;
Topcu, 2006; Wu et al., 2012; Xu et al., 2018).
In this respect, the aim of the presented study was to thoroughly
ig; the phytoch 1 profile of extract d
from . verticillata aerial parts (herein denoted as SV), to quantify tar-
geted compounds, to 1 its antioxidant and antimicrobial prop-
erties (antibacterial and antifungal), as well as its cytotoxicity on dif-
ferent cancer and immortalized cell lines.

2. Materials and methods
2.1. Chemicals

The reagents and chemicals used in the assays for evaluation of total
phenolic compounds, antioxidant and antimicrobial activities were
purchased from Sigma Aldrich (Steinheim, Germany) and Alfa Aesar
(Karlsruhe, Germany). Nutrient agar (NA), Sabouraud dextrose agar
(SDA), Miiller-Hinton broth (MHB), and Sabouraud dextrose broth
(SDB) were purchased from Torlak Institute of Virology, Vaccines and
Sera (Belgrade, Serbia). dards of 5-O-caffeoylq acid (chloro-
genic acid), caffeic acid, quercetin 3-O-rutinoside (rutin), quercetin 3-
O-rhamnoside (quercitrin), rosmarinic acid, salvianolic acid B, api-
genin-7-0-glucoside (apigetrin), apigenin, carnosol, and carnosic acid
were purchased from Sigma Aldrich (Steinheim, Germany).

2.2. Plant material and extract preparation

The aerial parts of Salvia verticillata L. (Lamiaceae) were collected in
July 2016 during flowering season in the area of village Prijevor
(43°55719.3"N 20°1514.5”E), near the Ovcar-Kablar Gorge (Western
Serbia) by J. S. Katani¢ Stankovi¢. A voucher specimen (No. 125/016)
was deposited in the Herbarium of the Department of Biology and
Ecology, Faculty of Science, University of Kragujevac (Kragujevac,
Serbia). Taxonomic and botanical identification was confirmed by Dr.
Milan S. Stankovi¢. The air-dried S. verticillata aerial parts (130 g) were
fine powdered and macerated with methanol at the room temperature
for 24 h three times (500 mL each). The extract was filtered and the
solvent was entirely removed using the rotary evaporator (RV 10 basic,
IKA, Staufen, Germany) under low pressure to obtain the dry extract.
The final weight of S. verticillata dry extract (SV) was 16.8 g. The per-
centage yield of SV was found to be 12.92% (w/w). The ion
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incubation. TPC value was
g dry extract).

as gallic acid equi (mg GA/

2.3.2. Total flavonoids content

The total flavonoid content was determined using the AlCl;-method
according to Brighente et al. (2007). The aluminum trichloride solution
(0.5mL, 2% AICl3) and the same volume of a methanol solution of SV
(0.5mg/mL) were incubated for 1h at room temperature and the ab-
sorbance was measured at 415nm. The total flavonoid content was
expressed as rutin equivalents (mg RU/g extract).

2.3.3. Total flavonols content
Total flavonols content in the extract was evaluated by the method
of Yermakov et al. (1987). The SV extract (1 mL, 1 mg/mL) was mixed
with AICl; (1 mL, 2%) and sodium acetate (3 mL, 50 mg/mL). The ab-
sorbance was read after 2.5 h at 440 nm. The content of flavonols was
lculated as rutin equival and d as mg RU/g extract.

2.3.4. Total phenolic acids content

Total phenolic (hydroxycinnamic) acids content was adopted from
Polish Pharmacopoeia as reported by Matkowski et al. (2008). Distilled
water (5 mL) was added to SV (1 mL, 1 mg/mL). Thereafter, the mixture
of HCI (1 mL, 0.1 M), Arnow reagent (1 mL, 10% w/v of sodium mo-
lybdate and 10% w/v sodium nitrite) and NaOH (1 mL, 1 M) was added
and filled up to 10mL. The absorbance was read immediately at
490nm. The result was expressed as caffeic acid equivalents (mg CA/g
extract).

2.4. UHPLC/MS-MS orbitrap analysis

Separations of compounds of interest were performed using an ul-
trahigh-performance liquid chromatography (UHPLC) system con-
sisting of a quaternary Accela 600 pump and Accela autosampler
(ThermoFisher Scientific, Bremen, Germany). A Syncronis C18 column
(100 x 2.1 mm, 1.7 pm particle size), thermostated at 40°C, was used
for compounds separation. The flow rate was set to 300 uL/min and the
mobile phase consisted of 0.1% acetic acid in water (A) and acetonitrile
(B). The injection volumes were 5 pL and the linear gradient program
was previously described (Bozunovic¢ et al., 2018).

The UHPLC system was coupled to a linear ion trap - orbitrap mass
spectrometer (LTQ OrbiTrap MS) equipped with heated electrospray
ionization probe (HESI-1I, ThermoFisher Scientific, Bremen, Germany)
operating in negative ionization mode. Parameters of the ion source
were as in the literature (Bozunovic et al., 2018). The MS spectra were

d by full-range ac covering 100-1000 m/z. The resolu-
tion was set to 30.000 for full scan analysis. The data-dependent MS/
MS events were always performed on the most intense ions detected in
the full scan MS. The ions of interest were isolated in the ion trap with
an isolation width of 3 ppm and activated with 35% collision energy
levels.

Xcalibur software (version 2.1) was used for the instrument control,
data acquisition, and analysis. The identification of unknown com-
pounds was done by exact mass search of their deprotonated molecule
([M—H] ") and its MS* ion, as well as by li search of

used in the experiments were based on the dry weight of the extract.
2.3. Determination of phenolic compounds

2.3.1. Total phenolic content (TPC)

The total phenolic content was estimated according to Singleton
et al. (1999). Concisely, in 0.5 mL of SV extract (0.5 mg/mL) 2.5 mL of
Folin-Ciocalteu reagent (diluted 10-fold) and 2 mL of NaHCO3 (7.5%)
were added. The absorbance was measured at 765nm on UV-Vis
double beam spectrophotometer Halo DB-20S (Dynamica GmbH, Die-
tikon, Switzerland) with temperature control after 15min of

ilable ct hic and MS data.
2.5. UHPLC-DAD/(-)HESI-MS/MS analysis

Targeted phenolic compounds were quantified using Dionex
Ultimate 3000 UHPLC system (Thermo Fisher Scientific, Bremen,
Germany) configured with a tripl | le mass spectrometer (TSQ
Quantum Access Max, Thermo Fisher Scientific, Basel, Switzerland)
with a heated electrospray ionization (HESI) source. Phenolics in the
methanol extract of S. verticillata were chromatographically separated
on Hypersil gold C18 column (50 x 2.1 mm) with 1.9 pm particle size
(Thermo Fisher Scientific, USA), thermostated at 30°C. The mobile
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phase, applied with a flow rate of 0.4mL/min, consisted of 0.02%
acetic acid in water (A) and LC-MS grade acetonitrile (B). Elution was
performed according to Misic et al. (2015), while the settings of the
mass spectrometer were as described in Boroja et al. (2018): vaporizer
temperature 350°C, spray voltage 3510V, sheet gas (N,) pressure
28 AU, ion sweep gas pressure 0 AU and auxiliary gas pressure at 4 AU,
capillary temperature at 270°C, capillary offset 35V, and skimmer
offset 0 V. Targeted compounds were quantified in a selected reaction
monitoring (SRM) mode of the mass spectrometer operated in the ne-
gative ionization mode. Collision-induced fragmentation was achieved
using argon as the collision gas and collision energy was set to 30 eV.

Compounds were quantified by the external standard quantification
p d Ivianolic acid C, r acid h ide, and methyl-
rosmarinate were quantified relatively, based on the calibration curve
of rosmarinic acid, while dicaffeoylquinic acid was quantified using the
calibration curve of caffeic acid. Stock standard solutions were pre-
pared by dissolving 1 mg of a pure compound in 1 mL methanol, and
working standard solution was further prepared by mixing the stock
solutions of pure compounds in methanol to obtain the concentration of
100 pg/mL. Calibration levels in the concentration range from 20 to
0.002 pg/mL were obtained by diluting the working solution with
methanol. Determination of the limit of detection (LOD), limit of
quantitation (LOQ), linearity, repeatability, and sensitivity of the de-
veloped UHPLC-DAD/(-)HESI-MS/MS method was performed. The LOD
and LOQ were determined as peak-to-peak values by the signal-to-noise
ratios (S/N), with S/N > 3 for LOD and S/N > 10 for LOQ. Five re-
plicates of each calibration level were run for LOD and LOQ testing.
Regressions of calibration curves showed good linearity with correla-
tion coefficients between r = 0.990 and 0.999, p < 0.001. The
amounts of targeted compounds in the sample were expressed as yig per
100 mg of dry extract (ug/100 mg d.e.).

2.6. Antimicrobial activity

2.6.1. Tested microorganisms

The bacterial and fungal cultures (ATCC cultures and the clinically
isolated strains) were used to evaluate the antimicrobial activity of S.
verticillata extract. Sixteen microorganisms were tested, eight bacterial
and eight fungal strains. In particular, the bacterial strain tested were:
Micrococcus lysodeikticus ATCC 4698, Enterococcus faecalis ATCC 29212,
Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC 70063,
Pseudomonas aeruginosa ATCC 10145, Bacillus cereus ATCC 10876,
Bacillus mycoides FSB 1, and Azobacter chroococcum FSB 14; and the
eight fungal strains were: Candida albicans ATCC 10259, Aspergillus
brasiliensis ATCC 16404, Fusarium oxysporum FSB 91, Alternaria alter-
nata FSB 51, Aureobasidium pillulans FSB 61, Trichoderma harzianum FSB
12, Penicillium canescens FSB 24, and Doratomyces stemonitis FSB 41. All
microbial strains were obtained from the Institute of Public Health
Kragujevac, University of Kragujevac, Serbia and Laboratory for
Microbiology, Department of Biology, Faculty of Science, University of
Kragujevac, Kragujevac, Serbia. The bacteria and fungi cultures were
stored at 4°C and subcultured once a month. Bacterial strains were
cultured overnight at 37°C in nutrient agar (NA) and fungi were cul-
tured on Sabouraud dextrose agar (SDA) and potato glucose agar (PDA)
at 28°C for 3 days.

2.6.2. Antibacterial activity tests

The minimum inhibitory concentration (MIC) of SV extract against
tested micr i was ined based on the microdilution
method in 96 multi-well microtiter plates (Sarker et al., 2007), with
some modifications. All tests were performed in Miiller-Hinton broth
(MHB). Briefly, a fresh overnight culture of bacteria was suspended in
sterile 0.85% saline (8.5 g/I. NaCl) and adjusted by the colorimeter to a
concentration of 5 x 10° CFU/mL (colony-forming units per milliliter)
(CLSI, 2012). Different solvent dilutions of plant extract were dissolved
in 5% dimethyl sulfoxide (DMSO) in sterile water and added to over the
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wells containing 50 pL of MHB; then, 10 pL of resazurin indicator so-
lution (6.25 mg/mL in sterile distilled water) and 30 pL. of MHB were
added to each well. Finally, 10 uL of bacterial colony suspension was
added to all the wells. The final bacterial concentration of in each well
was 5 x 10° CFU/mL (CLSI, 2012). For each strain, the growth condi-
tions and the sterility of the medium were checked. Standard antibiotic
chloramphenicol was used to control the sensitivity of the tested bac-
teria. The microplates were incubated for 24h at 37°C. Any color
change of the indicator from purple to pink or colorless was recorded as
positive. The lowest concentration that produced a significant inhibi-
tion of the growth of the bacteria in comparison with the positive
control was identified as the MIC.

2.6.3. Antifungal activity tests

The fungal colonies were washed from the surface of agar plates
with sterile 0.85% saline and the i 1 pension was adj dtoa
concentration of 5 x 10* CFU/mL according to NCCLS recommenda-
tion (NCCLS, 2002a,b). Identically, the 2-fold serial microdilution
method was used for determination of MIC. The test was performed on
Sabouraud dextrose broth (SDB). The SV extract (50 pL) was dissolved
in sterile water to obtain a concentration of 40 mg/mL, added into the
first row of the plate and double dilutions were made in all the other
rows that were filled with 50 uL of SDB. Thereafter, 10 yuL of SDB was
added in all wells followed by addition of fungal inoculum suspension.
For each strain, the growth conditions and the sterility of the medium
were checked. Nystatin was used as the control against the tested fungi.
Plates were placed in an incubator at 28°C for 48 h. The lowest con-
centrations without visible growth of fungi were defined as MICs.

2.7. Antioxidant activity

2.7.1. Total antioxidant capacity

The total antioxidant capacity of SV (Prieto et al., 1999) was
monitored by the formation of a green phosphate/Mo (V) complex at
acid pH. In 0.3 mL of extract solution (0.5 mg/mL) was added 3 mL of
reagent solution (0.6 M sulfuric acid, 28 mM sodium phosphate and
4mM i lybdate). Then, the mi: were incubated at
95°C for 90 min. After cooling to room temperature, the absorbance of
the solution was measured at 695 nm. The total antioxidant capacity is
expressed as ascorbic acid equivalents (mg AA/g).

2.7.2. 2,2-Diphenyl-1-picrylhydrazyl
activity

To determine scavenging DPPH radical activity different con-
centrations of SV in methanol (2 mL, eight double dilutions from 2 mg/
mL) were mixed with the same volume of DPPH solution (80 pg/mL)
(Kumarasamy et al., 2007). After 30 min of incubation at room tem-
perature, the absorbance was measured at 517 nm. Ascorbic acid (AA)
and butylated hydroxytoluene (BHT) were used as reference standards.
The DPPH free-radical scavenging activity (%) was calculated with the
following equation [Eq. 1]:

(DPPH)  free-radical ~ scavenging

((1)) % radical scavenging activity = [(A control = A sample) / A controt] X
100

where A g0 is the absorbance of the DPPH radical in methanol and A
sample 15 the absorbance of the samples. The ICs value, which is the
concentration of the test material that reduces 50% of the free-radical
concentration, was calculated as pg/mlL through a sigmoidal dose-re-
sponse curve.

2.7.3. 2,2"-Azinobis-(3-ethylb iazoli Ifonic acid)
(ABTS) radical-cation scavenging activity

The ABTS radical cation sc: ging activity was d by the
method described by Re et al. (1999). The radical cation (ABTS *) was
generated by reacting 7 mM stock solution of ABTS (2,2"-azinobis-(3-
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ethy hi ine-6-sulfonic acid) salt) with 2.45mM
potassium persulfate and the mixture was left to stand in the dark at
room temperature for 16 h before use. The ABTS * solution was diluted
with 5mM phosphate-buffered saline (pH 7.4) to rich the absorbance of
0.70 + 0.02 at 734nm. After 30 min from the addition of 100 pL of
sample to 900 uL of ABTS * solution, the absorbance was measured at
734nm. Two compounds, AA and BHT, were used as reference anti-
oxidants. A control sample was prepared to contain the same volume
without test compounds or reference antioxidants. The percent of
ABTS ™ scavenging activity of the samples was calculated using a pre-
vious equation [Eq. 1] and ICs;, values were expressed as previous using
a sigmoidal dose-response curve.

2.7.4. Nitric oxide radical scavenging activity

Nitric oxide radical (NO) scavenging capacity was measured using
the Griess reaction, according to the method described by Green et al.
(1982). The samples (0.5mL of SV or reference antioxidants AA and
BHT) at different concentrations were mixed with the same volume of
5mM sodium nit ide dissolved in 0.01 M phosphate-buffered
saline (NaCl 0.138 M; KCI 0.0027 M, pH 7.4). Incubation was performed
at 25°C for 2.5h, and after that 1 mL of Griess reagent (1% sulphani-
lamide, 2% orthophosphoric acid, and 0.1% N-(1-naphthyl)ethylene-
diamine dihydrochloride) was added to the mixture. After an additional
incubation at 25°C for 30 min, the absorbance of the solution was
measured at 546 nm. The results of nitric oxide radical scavenging ac-
tivity were expressed as ICsg.

2.7.5. Determination of the inhibitory activity toward lipid peroxidation
The thiocyanate method (Hsu et al., 2008) was used to determine
the antioxidant activity of SV extract in an oil-in-water emulsion. The
extract or reference compounds (0.5 mL; SV, AA, and BHT) were added
to linoleic acid emulsion (2.5mL; 0.2804 g linoleic acid, 0.2804g
Tween-80 as an emulsifier in 50 mL 40 mM phosphate buffer, pH 7.0)
and the mixture was homogenized. The final volume was adjusted to
5 mL with phosphate buffer (40 mM, pH 7.0). After incubation at 37°C
in the dark for 72 h, a 0.1 mL aliquot of the reaction solution was mixed
with methanol (4.7 mL, 75%), FeSO,4 (0.1 mL, 20 mM), and ammonium
thiocyanate (0.1 mL, 30%). The absorbance of this mixture was mea-
sured at 500 nm, after 3 min of stirring. Inhibition percent of linoleic
acid idation was cal using the ing equation [Eq. 2]:

% inhibition = [(A contror = A sample) / A conrot] X 100 @)

where A conurol is the absorbance of the control and A sumpre is the ab-
sorbance of the samples. The ICso values were calculated as pg/mL
through a sigmoidal dose-response curve.

2.7.6. Measurement of ferrous ion chelating ability

The ferrous ion chelating activity of SV extract was measured by the
decrease in absorbance at 562nm of the iron (II)-ferrozine complex
(Yan et al., 2006). Iron (IT) sulfate (1 mL, 0.125 mM FeSO,) was added
to 1 mL sample (with different dilutions), followed by ferrozine (1 mL,
0.3125 mM). After 10 min the absorbances of the mixtures were mea-
sured. AA and BHT were used as standards. The ability of the sample to
chelate ferrous ion was calculated relative to the control isting of
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absorbance of the samples. The ICs, values were calculated as previous
using a sigmoidal dose-response curve.

2.8. Biocompatibility analysis

Murine BALBC-3T3 (fibroblasts), human A431 (epidermoid carci-
noma), HepG2 (hepatic carcinoma), and LoVo (colorectal adenocarci-
noma) cells were obtained from ATCC, whereas HaCaT (primary epi-
dermal keratinocyte) cells were from AddexBio (San Diego, CA, USA).
All cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma-Aldrich, St Louis, MO, USA), supplemented with 10% fetal bo-
vine serum (HyClone), 2mM L-glutamine and antibiotics, all from
Sigma-Aldrich, under a 5% CO, humidified atmosphere at 37 °C. For
toxicity experiments, cells were seeded in 96-well plates at a density of
2.5 x 10% cells per well. Twenty-four hours after seeding, increasing
concentrations of SV extract were added to the cells (5-50 pg/mL). Cell
viability was assessed by the MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide) assay after 48-72h, as described by
Petruk et al. (2016).

2.9. Statistical analysis

The data are expressed as the mean + standard deviation (SD). The
ICs for in vitro antioxidant p ial was d using li
regression analysis from the sigmoidal dose-response inhibition curve
using OriginPro 8 Software. For statistical analyses of the data, the
analysis of variance (ANOVA) was applied and the group means were
compared with the least significant difference test (LSD). The results

i,

were d statistically si atp < 0.05.
3. Results
3.1. Phytochemical composition of S. verticillata extract
The spectr rically d of total phenoli

compounds, along with total flavonoids, flavonols, and phenolic acids
in SV extract are shown in Table 1. Data indicated a high content in
total phenolics in aerial parts of S. verticillata, with flavonoids
(244.4mg QU/g d.e.) and phenolic acids (41.9mg CA/g d.e.) as the
most abundant phytochemicals.

The itati luation of phenoli ds in methanol ex-
tract of S. verticillata aerial parts was performed using high resolution
mass spectrometry (HRMS) in combination with MS* fragmentation.
The obtained UHPLC-MS* Orbitrap metabolic fingerprinting data of SV
extract resulted in the detection of totally 29 phenolic compounds
(Table 2) and the corresponding base peak chromatogram is depicted in
Fig. 1. The identified compounds can be divided into two structurally
different groups: 1) phenolic acids and their derivatives (21 com-
pounds) and 2) flavonoids and their derivatives (8 compounds). Among
all identified compounds, eight were confirmed using available stan-
dards, while the others were identified using HRMS technique (exact
mass search of their deprotonated molecule [M-H] ") and MS? MS®
and MS* fragmentation behavior, as well as the comparison with the

iron and ferrozine only) using the equation [Eq. 3]:
% chelating effect [(A control = A sample) / A control] X 100 3)

where A conior is the absorbance of the control and A qupie is the

Table 1

ilable lif The peak numbers, retention times (tz, min),

d names, lar formulas, and exact masses

([M-H]~, m/z), mean mass accuracy errors (ppm), as well as major

Ms? MS* and MS" fragment ions of phenolics founds in SV extracts are
summarized in Table 2.

Total phenolic compounds, flavonoids, flavonols, and phenolic acids in S. verticillata aerial part extract (SV).

Extract Total phenolic compounds (mg GA/g d.e.) Total flavonoids (mg QU/g d.e.) Total flavonols (mg RU/g d.e.) Total phenolic acids (mg CA/g d.e.)
sV 1756 = 163 2444 = 47 16.9 + 0.8 419 * 54
GA - gallic acid i QU - in equival RU - rutin equi CA - caffeic acid equivalents, d.e. - dry weight of the extract.
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%’ The examination of mass spectra of phenolic acids and their deri-
:5 " 2 vatives revealed various caffeic acid derivatives, which were expected
% g _; (Li etal.,, 2015). More specifically, from phenolic acids group, only one
a 'gi = identified compound is not a caffeic acid derivative and it is a coumaric
g & 8 acid I ide (: d 4). This d eluting at 5.28 min and
g D T shuwmg ([M—H] ) at m/z 325, gave MS? base pcak at m/z 163 (mass of
£ a8 % acid) and dary MS® peak at 119 m/z
= g gl E whlch was obtained by further loss of CO» group (44 Da). As for the
- 2= | & other phenolic acid derivatives, they all showed speclﬁc fragments of
= Sl residues of caffeic acid. For 1 1 14(dicaffeoylqiuni
2 E acid, eluting at 7.12 min and showing [M—H] at m/z 515) showed MS*
F g o base peak at m/z 353 (loss of caffeoyl moiety) and MS® base peak at m/z
H 2 g 191 which corresponds to deprotonated quinic acid (Table 2).
;‘ = ¥ Eight compounds from the group of flavonoids (quercetin 3-O-ru-
=2 8 = tinoside, luteolin 7-O-glucoside, quercetin 3-O-rhamnoside, apigenin 7-
g § g O-glucoside, and apigenin) were identified in the SV extract and pre-
g § & sence of five of them was confirmed by comparison with appropriate
f = 8 standards. Luteolin 7-O- d 24) and apigenin 7-O-
4 § 3 hexuronide (compound 27) were identified by a specific fragment at
g 175 m/z, which cor ds to dep ic acid. Presence
2 5 of luteolin and apigenin as aglycones was confirmed by specific MS®
& 3 fragmentation in both cases. These two hexuronyl derivatives were
g £ already identified in some Salvia species (Sulniité et al., 2017). Cirsi-
£ - T maritin (compound 29), known to be present in S. verticillata (Ulubelen
g % % and Topeu, 1984) was visible as pseudomolecular ion [M-H]~ at m/z
‘E'c 4 3 313 and was eluted at 10.92 min. It produced the MS? base peak at m/z
g § g 298 (generated by the loss of CH; group — 15 Da) and MS® base peak at
o g H m/z 269 (loss of second CHs group). The MS* base peak resulting from a
= &, ": further loss of CO group (28 Da) was identified at m/z 255. Proposed
§: - §_ fragmentation pathway of this compound is depicted in Fig. S1.
= o E UHPLC-DAD/(-)HESI-MS/MS analysis was targeted towards totally
g 14 ds belonging to the phenolics (12 comp ds) and phe-
2 nolic dncrpenes (2 compounds). The quantitative data of targeted
. 2 phenolic compounds in SV extract (expressed in pg per 100 mg of dry
4 ) S f extract) are presented in Table 3. The most abundant compound in SV
g’:T i i. was rosmarinic acid (235mg/g d.e.), along with salvianolic acid C
B2 | & % (1.1 mg/g d.e.). Their concentration in the extract was approximately
'§ more than a dozen times higher than those of the other quantified
g polyphenolics. Also, a high concentration of several rosmarinic acid
4 2 derivatives, ie., rosmarinic acid hexoside and methylrosmarinate (3.6
£ ° —; and 1.07 mg/g d.e., respectively) was found in SV extract. Salvianolic
§ I E H acid B was present in SV in much lower amount (470 pug/g d.e.) com-
238 2 pared with salvianolic acid C. The aerial parts of S. verticillata had
S2|= 2z moderate amounts of caffeic acid and its” derivatives with quinic acid.
T Flavonoids (quercetin, rutin, quercitrin, apigenin, and apigenin-7-O-
F E 1 ide) and ch istic diterp 1 and carnosic acid)
'g 5 were also present in SV in lower concentrations.
£ <
] S @
&= ,o:: 4 3.2. Biocompatibility and cytotoxicity of S. verticillata extract
SE2(5 |=
& The biocompatibility of S. verticillata aerial part extract was first
3 assessed by using a cell survival assay. SV extract was tested on a panel
g of eukaryotic cell lines, from immortalized murine BalbC-3T3 fibro-
g %i blasts and human normal HaCaT keratinocytes to human cancer cells:
28 epidermoid carcinoma (A431), liver cancer (HepG2), and colon carci-
H '.‘='= g noma (LoVo). Cells were treated for 48 and 72h with an increasing
g s g % amount of SV extract (from 5 to 50 pg/mL) and cell viability was as-
E g E : sessed by the MTT assay. As shown in Fig. 2, no toxicity of SV extract
. & g :5' % was observed on any cell line analyzed after 48 h incubation. After 72h
3 § 3 5 E incubation, the extract did not affect cell viability on immortalized
g = £ g cells, however a very slight, but significant, decrease in the viability of
S|8 g g H LoVo cancer cells was found after 72h incubation only at the highest
« | € = iE concentration used. These results indicate that SV extract is full bio-
E: 2 2 :L ;i compatible with eukaryotic cells.
3
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Fig. 1. UHPLC-MS" Orbitrap chromatogram (negative ionization mode) of S. verticillata aerial part extract. Peak numbers are as indicated in Table 2.

3.3. Bioactivity of S. verticillata extract

To explore the possibility to use SV extract as a source of the
bioactive molecule(s), the extract was tested for its antibacterial and
antifungal effects, as well as for its antioxidant activity in vitro. The
antibacterial potential of SV, reported in Table 4, clearly indicated that
this extract was very active on B. cereus, as it was able to inhibit the
growth of this strain at a concentration of 1.25 mg/mL. On the other
hand, the extract was less active on the other bacterial species tested (as
indicated by higher MIC values). As for antifungal activity, the lowest
MIC value was found on P. canescens (5 mg/mL), then C. albicans and F.
oxysporum (10 and 20 mg/mL, respectively), while the extract had no
antifungal potential on other treated fungal species (MIC > 20 mg/
mL). Compared with the positive control used, ie., the commercial
antibiotic chloramphenicol and the antimycotic nystatin, SV extract
had moderate activity.

Then, the antioxidant activity of SV extract was evaluated, by using
six different in vitro assays. The results of the experiments are shown in
Table 5. SV extract exerted a very good antioxidant activity, in some
cases comparable with the reference antioxidants used (ascorbic acid
and BHT). The total antioxidant capacity of 1 g SV was in the range of
255mg of ascorbic acid activity. The scavenging potential of SV

Table 3

towards DPPH radicals (IC5o 33.04 yg/mL) was much lower than as-
corbic acid, but comparable with that of BHT (IC5 26.11 pg/mlL, p <
0.05). The ABTS' ™ scavenging results indicated that SV extract had a
pronounced activity (ICsq 67.01 pg/mL), but around three and two
times lower, compared with ascorbic acid and BHT (15.43 and
37.18 pug/mL, respectively). NO radical scavenging potential of SV was
comparable with ascorbic acid activity (ICso 73.12 and 50.56 pg/mL,
respectively), given that BHT was not active at the highest concentra-
tion tested. BHT was able to markedly inhibit lipid peroxidation in li-
noleic acid emulsion (ICsp value 3.82 pg/mL), while SV had moderate
activity (ICso 58.07 ug/mL) and ascorbic acid had no effects at the
highest concentration applied. All tested samples did not exert metal
chelating effects.

4. Discussion

In very few pi studies add: the phytochemical char-
acterization of S. verticillata extracts, caffeic acid and its derivatives
were the main identified compounds (Fig. 3), with rosmarinic acid
being the most abundant bioactive metabolite (Oztiirk et al., 2011;
Sulniiité et al., 2017; Tepe et al., 2007), according to our results. Caffeic
acid has an essential role in the biosynthesis of secondary metabolites of

UHPLC/(—)HESI-MS/MS quantitative data of targeted phenolic inS.

of dry extract [1g/100 mg d.c.]. Values are means of three replicates + SD.

aerial part 1 extract. C ion is p: as pg per 100 mg

No. Rt (min) Compounds [M-H]® Diagnostic MS® fragments [M-H]~ Concentration [g/100mg d.c.]
1 1.80 5.0-Caffeoylquinic acid" 353 127; 191 145.303 + 22.461

2 2.45 Caffeic acid" 179 134; 135 9.539 + 2.054

3 317 Salvianolic acid C 377 161; 359 1115.486 + 19.941

4 3.92 Quercetin 3-O-rutinoside’ 609 301;179 0.262 + 0.031

5 414 Rosmarinic acid hexoside 521 161; 359 359519 + 20830

6 438 Dicaffeoylquinic acid 515 135; 191 35.981 + 1.062

7 455 Quercetin 3-0-rhamnoside’ 447 201; 300 0.013 + 0.007

8 455 Apigenin-7-O-glucoside’ 431 269; 311 7.964 + 0.274

9 458 Rosmarinic acid* 359 133; 161 23458.624 + 521.508
10 5.10 Salvianolic acid B* 77 321,519 46.980 + 1.055

1 572 Methylrosmarinate 373 135; 179 107.425 + 2.690

12 5.88 Apigenin® 269 117; 149 0.676 + 0.032

13 7.70 Carnasol 329 201; 285 0.257 + 0.002

14 9.86 Carnosic acid’ 331 244; 287 0.169 + 0.011

to the dard:
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Fig. 2. Biocompatibility of the S. verticillata extract (SV) on BalbC-3T3, HaCaT, A431, HepG2, and LoVo cell lines. Dose- and time-response curves of cells after 48 and

72h of incubation in the presence of 5, 10, 25, and 50 ig/mL of the extract. Values are given as means

cells.

Table 4
Antibacterial and antifungal activity of S. verticillata methanolic extract.

SD(n > 3). *indicatedp < 0.05 with respect to untreated

the Lamiaceae family and exists principally in its dimeric form: ros-
marinic acid (Lu and Yeap Foo, 2002). Nevertheless, many other deri-
vatives of caffeic acid were detected in our study on S. verticillata
and dimers like salvianolic acid B (or

Bacterial species MIC*
such as dansh
S. verticillata  Chloramphenicol
Micrococcus lysodeikticus  ATCC 4698 10 125
Enterococcus faecalis ATCC29212 20 10
Escherichia coli ATCC 25922 20 25
Klebsiella pneumoniae ATCC70063 20 25
Pseudomonas aeruginosa ATCC10145 20 40
Bacillus cereus ATCC 10876 1.25 25
Bacillus mycoides FSB 1 10 10
Azobacter chroococcum FSB 14 10 10
Fungal species MIC
S. verticillata Nystatin
Candida albicans ATCC 10259 10 5
Aspergillus brasiliensis ATCC 16404 > 20 40
Fusarium oxysporum FSB 91 20 20
Altemaria alternata FSB 51 > 20 40
Aureobasidium pillulans FSB 61 > 20 > 40
‘Trichoderma harziamum FSB 12 > 20 > 40
Penicillium canescens FSB 24 5 10
Doratomyces stemonitis FSB 41 > 20 > 40

lithospermic acid B). Other salvianolic acids dimers (G, F), normally
present in Salvia plants, were not detected in our study. Usually, caffeic
acid trimers, generally represent the largest group of metabolites in the
genus Salvia (Lu and Yeap Foo, 2002); accordingly, in SV extract a quite
high contents of salvianolic acid C (most likely obtained by conversion
of unstable salvianolic acid A) and yunnaneic acid E (from oxidation of
yunnaneic acid C) were detected. A representative of tetramers derived
from caffeic acid, sagerinic acid, was also found in aerial parts of S.
verticillata. Besides phenolic acids derived from caffeic acid, the SV
extract was rich in other polyphenolic compounds, like flavones, fla-
vonols and their glycosides, which are also widely distributed con-
stituents in genus Salvia (Lu and Yeap Foo, 2002; Wu et al., 2012). In
the analyzed SV extract, apigenin and 7-O-derivatives of apigenin and
luteolin were detected, along with 3-O-derivatives of quercetin (rutin
and quercitrin) and cirismaritin (6- hydroxyapigenin-6,7-dimethyl
ether), which are all typical flavonoids of Salvia plants (Lu and Yeap
Foo, 2002). However, the amount of analyzed flavonoids was much

* MIC - minimum inhibitory concentration values given as mg/mL for plant
extracts and as pg/mL for antibiotic (Chloramphenicol) and antimycotic
(Nystatin).

Table 5
Antioxidant activity of S. verticillata methanolic extract.

lower d with phenolic acids. Similar results on the phyto-
chemical composition of S. verticillata were recently reported by
Sulnifité et al. (2017). Also, Zengin et al. (2018) showed that S. verti-

cillata subsp. amasiaca contained most of those compounds, claiming

Sample and Total antioxidant activity  1Cs values” (ug/mL)
standards (mg AA/g)
DPPH radical ABTS radical-cation NO radical scavenging  Inhibitory activity toward Metal chelating
scavenging activity scavenging activity activity lipid peroxidation activity
S. verticillata 254.55 + 17.75 33.04 + 583" 67.01 + 13.62" 7312 + 19.04 58.07 + 9.72 > 4000
Ascorbic acid - 5.69 = 0.82" 15.43 + 2.65" 50.56 + 20.69 > 100 > 100
BHT = 26.11 = 258" 37.18 + 4.92° > 1000 3.82 + 0.42 > 100

* ICs values were determined by nonlinear regression analysis. Results are mean values + SD from three independent experiments; —, not tested; AA — ascorbic

acid equivalents; DPPH — 2,2 — diphenyl - 1 - picrylhydrazyl; ABTS — 2,2’ azino — bis(3 ~

-6 acid); NO — nitric oxide; BHT —

butylated hydroxytoluene. Means in the same column with different letters as superscripts are significantly different atp < 0.05.
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Fig. 3. Chemical structures of caffeic acid and its derivatives (mono-, di-, tri-, and tetramers) identified in the S. verticillata acrial part extract (SV).

that the amount of rosmarinic acid in SV (67 mg/g) is higher than the
usual amounts found in other Salvia species. However, in this study, the
concentration of rosmarinic acid in SV was much higher (ca. 235 mg/g),
consistently with the results of Tepe et al. (2007) who quantified similar
levels of rosmarinic acid in methanol extracts of both subspecies of S.
verticillata (subsp. verticillata and subsp. amasiaca). Besides poly-
phenolic compounds, characteristic Salvia diterpenes, including car-

chorassanica, S. veneris, etc., as it was recently very well summarized by
Sharifi-Rad et al. (2018). The same authors reported that Salvia spp.
showed significant bactericidal and bacteriostatic activities against
both Gram-positive and Gram-negative bacteria, mostly Bacillus, Kleb-
siella, Pseudomonas, and Salmonella species, as well as microorganisms
from Candida and Aspergillus spp. Therefore, Salvia antimicrobial
properties are directed, to the highest point, against food spoilage and

lic dit ), were d 1 and

foodb: h in order to be used as a natural preservative in

nosic acid and camosol (ph i P
quantified in this study. Carnosic acid was also detected in this plant by
Sulnitté et al. (2017), but with no traces of camosol. Generally, the
aerial parts of Salvia spp. contain flavonoids, triterpenoids, and mono-
terpenes, mainly in the leaves and flowers, while the roots are rich in
diterpenoids (Topgu, 2006). Moreover, Matkowski et al. (2008) re-
ported that the levels of total phenolic content (TPC) in S. verticillata
leaf and root extracts are quite similar, while Sulniité et al. (2016)
showed that ethanolic extract of S. verticillata aerial parts was con-
siderably richer in total phenolics than water extract. Our results also
confirmed high TPC in SV extract, where flavonoids and phenolic acids
were mostly present.

Salvia species are well-known for their broad spectrum of biological
activities. One of the most prominent properties of the Lamiaceae fa-
mily and, in particular, Salvia plants, is the antimicrobial activity.
Besides S. officinalis (Gericke et al., 2018; Ghorbani and Esmaeilizadeh,
2017), many other members of this genus showed remarkable anti-
microbial potential, for instance S. potentillifolia, S. verbenaca, S.

food applications (Sharifi-Rad et al., 2018; Tajkarimi et al., 2010). The
antimicrobial potential of S. verticillata was not tested previously, so the
results of this study showed, for the first time, the antimicrobial prop-
erties of S. verticillata extract, which were consistent with previously
published data on Salvias’ effects. SV showed antibacterial activity to-
wards all tested bacterial strains, whereby the effects on Gram-positive
strain B. cereus was particularly noteworthy, followed by B. mycoides,
M. lysodeikti and Gr: gative A. chr The i 1
activity of SV was less notable, except for P. canescens and C. albicans.
This potential is ascribed to the chemical composition of the extracts,
mainly to the phenolic compounds presented in Salvia species. First and
foremost compound, presented in high content in SV, is certainly ros-
marinic acid, endowed with high antimicrobial potential towards a
wide range of microbes, with minimal inhibitory concentration values
(MIC) starting from 0.01 mg/mL (Abedini et al., 2013; Amoah et al.,
2016). Also, many other ph lics d d in SV, e.g. phenolic acids,
apigenin, luteolin, and quercetin derivatives (Cushnie and Lamb, 2005),
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and diterpenoids like camosol and carnosic acid (Ghorbani and
Esmaeilizadeh, 2017), exert antibacterial and antifungal potential due
to the high presence of —OH groups which play an important role in
the antimicrobial activity (trough the interaction with the cell mem-
brane, delocalization of electrons, binding the active site of enzymes,
and leading to the microorganisms growth restriction) (Gyawali and
Ibrahim, 2014). Although the extracts of Salvia species generally have
good antimicrobial properties, Salvia essential oils are mostly used due
to the high content of volatile antimicrobial compounds like a-thujene,
a- and B-pinene, myrcene, limonene, etc., which were also identified in
S. verticillata essential oil (Giuliani et al., 2018; Pitarokili et al., 2006;
Rzepa et al., 2009). As SV extract had ial activity,

Industrial Crops & Products 143 (2020) 111932
as well as its infl on inhibition of some key holines-
terases, tyrosinase, glucosidase, amylase, lipase, and elastase) in dif-
ferent illnesses of modern age, such as Alzheimer’s disease, diabetes
mellitus, and obesity.

5. Conclusion

The results showed that a methanol extract from S. verticillata aerial
parts is quite rich in phenolic compounds, particularly rosmarinic acid
and its derivatives. The extract exerted good antimicrobial activity
against some of the selected bacteria and fungi species. Also, SV extract

perhaps the more justified use of SV in this sense would be in the form
of essential oil.

Besides imicrobial activity, phenoli ds are ized
for their prominent antioxidant effects. Their hydrogen atom donating
potential render them P lly efficacious id: with dif-
ferent hanisms of action ing oxidative stress in materials
and organisms (Brewer, 2011). They can interfere with the process of
free radical generation in phases of initiation or propagation, and
sometimes even as metal chelators, they have the ability to activate
antioxidant and modi ion of p idant properties of low
molecular antioxidants (Prochdzkovd et al., 2011; Shahidi and
Ambigaipalan, 2015). Many of them are in use in the food industry as
food additives for preventing lipid oxidation and therefore di

hibited prominent antioxidant properties and antiradical potential,
comparable to referent antioxidants. Its action on normal and cancer
cell lines indicates high biocompatibility and absence of cytotoxicity.
The observed results suggested that S. verticillata should not be con-
sidered just like a weed plant, but rather as a rich source of compounds
with prominent bioactive properties and as a potential additive in food
or cosmetic industries, with further exploration of concrete possibilities
of use and extract standardization.
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the shelf-life of food products without any influence on the food nu-
tritional quality and sensory properties (Shahidi and Ambigaipalan,
2015). Regarding Lami: plants, bers of this family
and one of their main phenolic compounds, rosmarinic acid, are used in
industrial applications for cosmetic and food products, because of sig-
nificant antioxidant activity (Trivellini et al., 2016). Since the tested S.
verticillata aerial part extract contains a high content of phenolic com-
pounds, known to act as antioxidants, it is not surprising that SV extract
exerts good total antioxidant capacity and scavenging potential towards
different free radicals. Sulniuté et al. (2016) reported good ABTS ™
scavenging activity and high ORAC values of different S. verticillata
aerial part extracts, while Matkowski et al. (2008) showed that the root
extract had better ABTS © scavenging activity than its leaves, but lower
reducing power and DPPH' antioxidant potential. Moreover, in a study
from Tepe et al. (2007), it was shown that both S. verticillata subspecies
(subsp. verticillata and amasiaca) exerted similar free radical-scavenging
capacities and the inhibition ratio of linoleic acid oxidation, compar-
able to the effects of rosmarinic acid. Several other studies described
the antioxidant activity of S. verticillata subsp. amasiaca against free
radicals, as well as chelating and reducing potential (Orhan et al., 2007,
2013; Zengin et al., 2018). Thus, the traditional use of S. verticillata in
preparing cheese and meat products is supported by these results, since
its antioxidant capacity helps to prevent food quality deterioration. Like
many other members of the Lamiaceae family (rosemary, sage, basil,
oregano, marjoram, savory, and thyme), rich in rosmarinic acid and
other proven antioxidant compounds (Brewer, 2011), S. verticillata ex-
tract may also be included in the food industry for different purposes. In
that sense, the biocompatibility of the extract is very important for its
implementation in the human diet and incorporation in human-used
products.

Taking into account the content of diverse phenolic compounds
with proven bioactivity, it is surprising that there is no literature data
related to the influence of S. verticillata extract on eukaryotic cell lines.
Our results showed, for the first time, that SV was not toxic towards
murine immortalized fibroblasts (BalbC-3T3) and human immortalized
epidermal keratinocytes (HaCaT) in all tested concentrations.
Moreover, there were no significant cytotoxic effects on three cancer
cell lines (A431, HepG2, and LoVo), except at the highest concentration
of SV. Zengin et al. (2018) confirmed the absence of antiproliferative
activity of S. verticillata subsp. amasiaca on human alveolar lung epi-
thelial carcinoma (A549) and human breast adenocarcinoma (MCF-7),

This research was supported by the Ministry of Education, Science
and Technol 1 Devel of the blic of Serbia (project Nos.
111 43004, 01172017 and Ol173024)

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.indcrop.2019.111932.

References

Abedini, A., Roumy, V., Mahieux, S., Biabiany, M., Standaert-Vitse, A., Riviere, C.,
Sahpaz, S., Baﬂ.lc\ll F., Neut, C., Hennebelle, T., 2013. Rosmarinic acid and its methyl
ester as antimi of the ic extract of Hyptis atrorubens
Poit. (Lamiaceae). Evid. Complement. Alternat. Med. 2013, 604536, https://doi.org,
10.1155/2013/604536.

Amoah, SK.S., Sandjo, L.P., Kratz, J.M., Biavatti, M.W., 2016, Rosmarinic acid - phar-
maceutical and clinical aspects. Planta Med. 82, 388-406. https://doi.org/10.1055/
5-0035-1568274.

Borgja, T., Katani¢, J., Rosié, G., Selakovié, D., Joksimovi¢, J., Misi¢, D., Stankovi¢, V.,

Jovidié, ihailovié, V., 2018. Summer savory (Satureja hortensis L.) extract:

Phytochemical profile and modulation of cisplatin-induced liver, renal and test

toxicity. Food Chem. Toxicol. 118, 252-263. https://doi.org/10.1016/}.fc1.2018.05.

¢, U., Glamodlija, J., Cirié, A., Matekalo, D., iler, B.,

D., 2018. In vitro and in vivo transformations of
Centaurium erythraea iridoid gl ides alternate their and anti-
microbial capacity. Ind. Crops Prod. 111, 705-721. https://doi.org/10.1016/.J
TNDCROP.2017.11.040.

Brewer, M.S., 2011. Natural of action,
and potential applications. Compr. Rev. Foud Sci. Food Saf. 10, 221-247. hitps:/
0rg/10.1111/j.1541-4337.2011.00156.x.

Brighente, LM.C., Dias, M., Verdi, L.G., Pizzolatti, M.G., 2007. Antioxidant activity and
total phenolic content of some brazilian species. Pharm. Biol. 45, 156-161. hitps:
doi.org/10.1080,/13880200601113131.

Chen, W., Chen, G., 2018. Danshen (Salvia miltiorrhiza Bunge): a prospective healing sage
for cardiovascular diseases. Curr. Pharm. Des. 23. htps://doi.org/10.2174
1381612823666170822101112.

CISI, 2012. Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That
Grow Aerobically; Approved Standard - Ninth Fdition, vol. 32 Clinical and
Laboratory Standards Institute ILLSI] V\'Mm PA,

Cushnie, T.P.T., Lamb, A.J., 2005. activity uf Int. J.

Agents 26, 343-356. https://doi.org/10.1016/j.ijantimicag.2005.09.002.

European Medicines Agency, 2016, European Union Herbal Monograph on Salvia offici
nalis 1., folium. Accessed: 06.05.2019.

Forouzin, F., Jamei, R., Heidari, R., 2015. Compositional analysis and antioxidant activity
of volatile components of two Salvia spp. Trop. J. Pharm. Res. 14, 2009-2013.
https://doi.org/10.4314/tjpr.v14i11.9.

&lux

207



Appendix H

J.S. Katani¢ Stankovi¢, et al

Gericke, S., Liibken, T., Wolf, D., Kaiser, M., Hannig, C., Speer, K., 2018.

Industrial Crops & Products 143 (2020) 111932

new compounds from sage ﬂowas (Salvln officinalis 1..) as markers for quali ity ¢ control
hemi and

and the influence of the on th
antibacterial activity of sage flower extracts. J. Agric. Food Chem, 66, 1843-1853.
hutps://doi.org/10.1021/acs, jafc.8b00581,

Ghorbani, A., ili M., 2017. properties of Salvia officinalis
and its components. J. Tradit. Complement. Med. 7, 433-440. https://doi.org/10.
1016/J.JTCME.2016.12.014.

Giuﬂam,c Ascrizzi, R., Lupi, D., Tassera, G., Santagostini, L., Giovanetti, M., Flamini, G.,

Fico, G., 2018. Salvia verticillata: linking glandular trichomes, volatiles and pollina-
tors. Phylochemlsu’y 155, 53-60. https://doi.org/10.1016/j.phytochem.2018.07.
016.

Green, L.C., Wagner, D.A., Glogowski, J., Skipper, P.L., Wishnok, J.S., Tannenbaum, S.R.,
1982. Analysis of nitrate, nitrite, and [15N]nitrate in biological fluids. Anal.
Biochem. 126, 131-138. htips://doi.org/10.1016/0003-2697(82)90118-X.

Gyawali, R., Ibrahim, S.A., 2014. Natural products as antimicrobial agents. Food Control
46, 412-429. hitps://doi.org/10.1016/j.foodcont. 2014.05.047.

Hsu, C.K., Chiang, B.-H., Chen, Y.-S,, Yang, J.-H., Liu, C.-L, 2008. Improving the anti-
oxidant activity of buckwheat (Fc tataricm Gaertn) sprout with trace element
water. Food Chem. 108, 633-641. https://doi.org/10.1016/j.foodchem.2007.11.028.

Jarié, S., Matukanovié-Joci¢, M., Djurdjevié, L., Mitrovié, M., Kostié, O., KaradZié, B.,
Pavlovi¢, P., 2015. An ethnobotanical survey of traditionally used plants on Suva
planina mountain (south: Serbia). J. 175, 93-108. https://
doi.org/10.1016/].jep.2015.09.002.

Jassbi, A.R., Zare, S., Firuzi, O., Xiao, J., 2016. Bioactive phytochemicals from shoots and
roots of Salvia species. Phytochem. Rev. 15, 829-867. htips://doi.org/10.1007/
$11101-015-9427-z.

Kumarasamy, Y., Byres, M., Cox, P.J., Jaspars, M., Nahar, L., Sarker, $.D., 2007. Screening
seeds of some Scottish plants for free radical scavenging activity. Phyther. Res. 21,
615-621. https://doi.org/10.1002/ptr.2129.

Li, M., Wang, F., Huang, Y., Du, F., Zhong, C., Olaleye, O.E., Jia, W., Li, Y., Xu, F., Dong,
J., 1i, J., Lim, J.B.R., Zhao, B., Jia, L., Li, L., Li, C., 2015. Systemic exposure to and
disposition of catechols derived from Salvia miltiorrhiza roots (Danshen) after in-
(ravenous dosing danhong injection in human subjects, rats, and dogs. Drug Metab.
Dispos. 43, 679-690. hitps://doi.org/10.1124/dmd.114.061473.

Lu, Y., Yeap Foo, 1., 2002. Polyphenolics of Salvia - a review. Phytochemistry 59,
117-140. hutps://doi.org/10.1016/50031-9422(01)00415-0.

Matkowski, A., Zielifiska, S., Oszmiariski, J., Lamer-Zarawska, E., 2008. Antioxidant ac-
tivity of extracts from leaves and roots of Salvia miltiorrhiza Bunge, S. przewalskii
Maxim., and S. verticillata L. Bioresour. Technol. 99, 7892-7896. hitps://doi.org/10.

1016/j.biortech.2008.02.013.

Misié, D., § Avramov, S., Zivkovié, S., Nestorovié Zivkovi¢,
Mi unnovlé M Tesi¢, Z., 2015. Simultaneous UHPLC/DAD/( +/ —)YHESI-] MS/MS
analysis orphmolic adct and nepetalactones in methanol extracts of Nepetaspecies: A
possible i ic studies. Anal. 26, 72-85.

https://doi.org/10. 1001( pca.2538.

LS, 2002a. Reference Method for Broth Dilution Antifungal Susceptibility Testing of
Filamentous Fungi: Approved Standard. NCCLS Document M38-A. [ISBN 1-56238.
470-8]. NCCLS, 940 West Valley Road, Suite 1400,Wayne, Pennsylvania 19087-1898
USA.

NCCLS, 2002b. Reference Method for Broth Dilution Antifungal Susceptibility Testing of

Approved Standard - Second Edition. NCCLS Document M27-A2. [ISBN 1

NCCLS, 940 West Valley Road, Suite 1400, Wayne, Pennsylvania

Orhan, 1., Kartal, M., Naz, Q., Ejaz, A., Yilmaz, G., Kan, Y., Konuklugil, B., Sener, B., Iqbal
Choudhary, M., 2007. and of selected
‘Turkish Salvia species. Food Chem. 103, 1247-1254. https://doi.org/10.1016/j,
foodchem.2006.10.030.

Orhan, LE,, Senol, F.S,, Frcetin, T., Kahraman, A., Celep, F., Akaydin, G., Sener, B.,
Dogan, M., 2013. of and properties of
selected sage (Salvia) species with their total phenol and flavonoid contents. Ind.

Prod. 41, 21-30. https://doi.org/10.1016/j.indcrop.2012.04.002.
Oztud( N, Tunqel M., Uysa] U.D., Oncu-] Kaya, E.M.,, Koyuncuy, O., 2011. Dclermmauon
acid by high- Jui and its
certain Salvia species andr rosemary. Food Anal. Methods 4, 300-306. https://doi. m&/
10.1007/512161-010-9164-2.

Parker, J., Schellenberger, A.N., Roe, A.L., Oketch-Rabah, H., Calderén, A.L, 2018.
Therapeutic perspectives on chia seed and its oil: a review. Planta Med. 84, 606-612.
https://doi.org/10.1055/a-0586-4711.

Petruk, G., Raiola, A., Del Giudice, R., Barone, A., Frusciante, L., Rigano, M.M., Monti,
D.M., 2016. An ascorbic acid-enriched tomato genotype to fight UVA-induced oxi-
dative stress in normal human keratinocytes. J. Photochem. Photobiol. B, Biol. 163,
284-289. https://doi.org/10.1016/J JPHOTOBIOL.2016.08.047.

Pitarokili, D., Tzakou, O., Loukis, A., 2006. Essential oil composition of Salvia verticillata,
S. verbenaca, S. glutinosa and S. candidissima growing wild in Greece. Flavour Fragr. J.
21, 670-673. https://doi.org/10.1002/].1647.

Prieto, P., Pineda, M., Aguilar, M., 1999.
capacity through the formanon ofa phosphnmolyhdmum compla( speclﬁc

of to the of vitamin E. Anal. Biochem. 269, 337-341. https://
doi.org/10.1006/abi0.1999.4019.
D., Bousové, L., N., 2011, d prop-
erties of flavonoids. Fitoterapia 82, 513-523. https://doi.org/10.1016/]. fitote.2011.

01.018.

Re, R, Pellegrini, N., Proteggente, A., Pannala, A., Yang, M., Rice-Evans, C., 1999,
Antioxidant activity applying an improved ABTS radical cation decolorization assay.
Free Radic. Biol. Med. 26, 1231-1237. https://doi.org/10.1016/50891-5849(98)
00315-3.

Rzepa, J., Wojtal, L, Staszek, D., Grygierczyk, G., Labe, K., Hajnos, M., Kowalska, T.,

of selected Salvia species by HS-GC-MS
analysis of their volatile fraction. J. Chromatogr. Sci. 47, 575-580. https://doi.org/
10.1093/chromsci/47.7.575.

sarker, 5.D., Nahar, 1., Kumarasamy, Y., 2007. Microtitre plate-based antibacterial assay
mcorpomung rsazunn as an indicator of cell growth, and its application in the in

tro screening of thods 42, 321-324. https://doi.
0rg/10.1016/j.ymeth.2007.01.006.

Shahidi, F., Ambigaipalan, P., 2015. Phenolics and polyphenolics in foods, beverages and
spices: antioxidant activity and health effects - a review. J. Funct. Foods 18,
820-897. htps://doi.org/10.1016/].jff.2015.06.018.

Sharifi-Rad, M., Ozcelik, B., Alti, G., Dagkaya-Dikmen, C., Martorell, M., Ramirez-
Alareén, K., Alarcon-Zapata, P., Morais-Braga, M.F.B., Cameiro, J.N.P., Borges, Alves,
Leal, AL., Coutinho, H.D.M., Gyawali, R., Tahergorabi, R., Ibrahim, $.A., Sahrifi-Rad,
R., Sharopov, F., Salehi, B., del Mar Contreras, M., Segura-Carretero, A., Sen, S.,
Acharya, K., Sharifi-Rad, J., 2018. Salvia spp. Plants-from farm to food applications
and phytopharmacotherapy. Trends Food Sci. Technol. hitps://doi.org/10.1016/).
1ifs.2018.08.008.

Singleton, V.L., Orthofer, R., Lamuela-Raventés, R.M., 1999. Analysis of total phenols and
other oxidation substrates and antioxidants by means of Folin-Ciocalteu reagent.
Methods Enzymol. 299, 152-178. htps://doi. 0rg/10.1016/50076-6879(99)99017-1.

Sulnidité, V., Pukalskas, A., is, P.R., 2017. of
fractions isolated from ten Salvia species by supercritical carbon dioxide and pres-
surized liquid extraction methods. Food Chem. 224, 37-47. https://doi.org/10.1016/
Jj-foodchem.. Z()lb 12 047

iate, V., P.R., 2016. C¢ 1l
antioxidant potential of w Salvia species using high pressure methods for the lsola-
tion of lipophilic and hydrophilic plant !ramons Plant Foods Hum. Nutr. 71, 64-71.
htps://doi.org/10.1007/511130-015-0526-1.

Tajkarimi, M.M., Ibrahim, S.A., Cliver, D.0., 2010. Antimicrobial herb and spice com-
pounds in food. Food Control 21, 1199-1218. https://doi.org/10.1016/j.foodcont.
2010.02.003.

Tepe, B., Eminagaoglu, O., Akpulat, H.A., Aydin, E., 2007. Antioxidant potentials and
rosmarinic acid levels of the methanolic extracts ofSalvia verticillata (1.) subsp. ver-
ticillata and S. verticillata (L.) subsp. amasiaca (Freyn & Bornm.) Bornm. Food Chem.
100, 985-989. https://doi.org/10.1016/j.foodchem. 2005.10.062.

Topeu, G., 2006. Bioactive triterpenoids from Salvia species. J. Nat. Prod. 69, 482-487.
https://doi.org/10.1021/np0600402.

Trivellini, A., Lucchesini, M., Maggini, R., Mosadegh, H., Villamarin, T.S., Vernieri, P.,
Mensuali-Sodi, A., Pardossi, A., 2016. Lamiaceae phenols as multifaceted compounds:
bioactivity, industrial prospects and role of “positive-stress.”. Ind. Crops Prod.
https://doi.org/10.1016/j.inderop.2015.12.039.

Ulubelen, A., Topeu, G., 1984. Flavonoids and terpenoids from Salvia verticillaa and
Salvia pinnata. J. Nat. Prod. 47, 1068.

Walker, J.B., Sytsma K..l Treutlein, J., Wink, M., 2004. Salvia (Lamiaceae) is not

ions for the ics, radiation, and ecological specializa-
tions of Salvia and tribe Mentheae. Am. J. Bot. 91, 1115-1125. https://doi.org/10.
3732/ajb.91.7.1115.

Wu, Y., Ni, Z., Shi, Q., Dong, M., Kiyota, H., Gu, Y., Cong, B., 2012. Constituents from
Salvia species and their biological activities. Chem. Rev. 112, 5967-6026. htips://
doi.org/10.1021/cr200058f.

Xu, J., Wei, K., Zhang, G., Lei, L., Yang, D., Wang, W., Han, Q., Xia, Y., Bi, Y., Yang, M., Li,
M, 2018. and of Chinese Salvl’a
species: a review, J. Ethnopharmacol. 225, 18—30 hutps://doi.org/10.1016/J.JEP,
2018.06.029.

Yan, L., Teng, L., Jhi, T., 2006. Antioxidant properties of guava fruits: comparison with
some local fruits. Sunw. Acad. J. 3, 9-20.

Yermakov, AL, Arasimov, V.V., Yarosh, N.P., 1987. Methods of Biochemical Analysis of
Plants. Agropromizdat, Leningrad.

Zengin, G., Llorent-Martinez, E.J., Cordova, M.L.Fde, Bahadori, M.B., Mocan, A.,
Locatelli, M., Aktumsek, A., 2018. Chemical composition and biological activities of
extracts from three Salvia species: S. blepharochlaena, S. euphratica var. leiocalycina,
and S. verticillata subsp. amasiaca. Ind. Crops Prod. 111, 11-21. https://doi.org/10.

1016/j.indcrop.2017.09.065.

Zhang, Q., Yang, H., An, J,, Zhang, R., Chen, B., Hao, D.-J., 2016. Therapeutic effects of
Traditional Chinese medicine on spinal cord injury: a promising supplementary
treatment in future. Evid. Complement. Alternat. Med. 2016, 1-18. https://dol.org/
10.1155/2016/8958721.

208



Appendix |

Industrial Crops & Products Xxx (xXXx) XXXX

Contents lists available at ScienceDirect

Industrial Crops & Products

EILSEVIER journal homepage: www.elsevier.com/locate/indcrop

Blackstonia perfoliata (L.) Huds. (Gentianaceae): A promising source of useful
bioactive compounds

Vladimir Mihailovi¢®*, Jelena S. Katani¢ Stankovi¢”, Tatjana Jurié¢**, Nikola Sreékovic’“,
Danijela Migi¢", Branislav Siler’, Daria Maria Monti®, Paola Imbunbo Stefanie Nikles’,
San-Po Pan’, Rudolf Bauer"

* Univrsity of Kragujevac, Faculty of Science, Department of Cheristry, Radoja Domanovica 12, 34000, Kragujevac, Serbia

® University of Kragujevac, Institute for ies Kragujevac, Dep of Science, Jovana Cvijica bb, 34000 Kragujevac, Serbia
 University of Novi Sad, Faculty of Agriculture, Trg Dositeja Obradoviéa 8, 21000 Novi Sad, Serbia

* Institute for Biological Research "SiniSa Stankovié" - National Institute of Republic of Serbia, University of Belgrade, Bulevar despota Stefana 142, 11060 Belgrade, Serbia
“ Department of Chemical Sciences, University of Naples Federico II, Complesso Universitario Monte Sant'Angelo, via Cinthia 4, 80126, Naples, Italy

" Institute of Sciences, Dep of University of Graz, Universitaetsplatz 4, 8010, Graz, Austria

ARTICLE INFO ABSTRACT

Keywords: Blackstonia perfoliata (L.) Huds. is known as a highly bitter secoiridoid glycosides-containing plant and as a
Blackstonia perfoliata possible substitute for some Gentianaceae plants in herbal preparations. Nevertheless, its bioactive properties are
S;COin'l:Md glycosides still unknown. The present study aimed to characterize both, secoiridoid glycosides and phenolic constituents,
Phenolics

and to investigate antioxidant, antimicrobial, anti-inflammatory, and cytotoxic activities of B. perfoliata me-
thanolic extract. The secoiridoid glycosides swertiamarin, gentiopicrin, and sweroside were found to be the
dominant compounds of the extract, while 23 phenolic compounds were identified in much lower concentra-
tions. Among phenolics, flavanols were the most abundant, which represents a unique feature among
Gentianaceae species. The extract showed moderate to weak antioxidant activity with better performance in
inhibition of lipid peroxidation than in free radical scavenging activities. The extract showed generally better

1 properties with its antil ial potential. Also, B. perfoliata demonstrated in vitro anti-
inflammatory activity, the extract (50 pg/mL) showed inhibition of cyclooxigenases, COX-1 and COX-2, activities
(19.65 and 48.02%, respectively). It also displayed biocompatibility on the immortalized and cancer cells, as no
cytotoxic effect was observed. For the first time, the bioactive potential of this species was demonstrated, ]us

Antimicrobial activity
Antioxidant activity
Anti-inflammatory effect

tifying its usage in pharmaceutical and food produects as an al| for some ited and end:
species from the Gentianaceae family.
1. Introduction long tradition of use in Europe as medicines for mild dyspeptic/gas-

trointestinal disorders, and for the temporary loss of appetite (Furopean
Blackstonia perfoliata (1.) Huds. (yellow wort) is a 10-60 cm high Medicines Agency, 2016; 2018), which has been reported in many

annual plant mainly found in the Mediterranean, central and Western European dicinal handbooks and Phari ias (European
European regions (Tutin, 1972; van der Sluis, 1985; Brys et al., 2013). Pharmacopoeia, 2010). Their pharmacological activity is mainly at-
According to Euro + Med PlantBase (http://ww2.bgbm.org/ tributed to the presence of secoiridoid glycosides (‘bitters’) with swer-
EuroPlusMed) (Euro+Med, 2016), Blackstonia is a monotypic genus tiamarin, gentiopicrin, and sweroside being the most common. More-
containing only B. perfoliata, which further includes five subsp over, i phenolic acids, and other compounds may contribute
Blackstonia perfoliata belongs to the Gentianaceae family, which com- to their pharmacological activity (European Medicines Agency, 2016;
prises many species widely used in traditional medicine as consti 2018). Aerial parts of B. perfoliata have been proposed as a possible
of bitters and related herbal preparations (Jensen and Schripsema, substitute for Centaurii herba and Gentianae radix in medicinal pre-
2002). Centaurii herba (dried flowering aerial parts of Centaurium ery- parations (Bijelovi¢ et al., 2004; Sabovljevi¢ et al., 2006).

thraea) and Gentianae radix (the dried root of Gentiana lutea), have a Iridoids, xanthone-C-glycosides, and flavone-C-glycosides were
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reported as the main classes of compounds in Gentianaceae (Jensen and
Schripsema, 2002). Swertiamarin and/or gentiopicrin are the major
secoiridoid glycosides and bioactive ingredients of Gentianaceae plants.
Their phar 1 effects, includi of gastroi inal
disorders (Niiho et al., 2006; Ruan et al., 2015), hepatoprotective
(Kondo et al., 1994; Lian et al., 2010), antibacterial, antifungal
(Kumarasamy et , 2003a,b; Siler et al., 2010, 2014), anti-in-
flammatory (He et al., 2015; Berkan et al., 1991), antioxidant (Pordevi¢
et al., 2017), and gastroprotective effects (Tuluce et al., 2011), are well
documented. However, there are only a few studies about the chemical
composition of B. perfoliata (Nishikawa et al., 1998; Kaouadji, 1990;
Kaouadji et al., 1990; Sabovljevié et al., 2006; Skrzypezak et al., 1992).
Secoiridoid glycosides, especially gentiopicrin (1.6~7.4%, depending on
the sources and methods of extraction), are reported as the major
constituents of B. perfoliata shoots (Nishikawa et al., 1998; van der
Sluis, 1985). Swertiamarin, sweroside, and amarogentin have also been
identified in B. perfoliata, but in much lower quantities (Skrzypczak
et al., 1992; Nishikawa et al., 1998; Sabovljevi¢ et al., 2006). Van der
Sluis (1985), consequently, compares the aerial parts of B. perfoliata
wnth Gennanae mdzx rather than Centaurii herba. Among flavonoids,

isork in, and their di- and tri-
glycosides have been |denuﬁed in B. perfoliata (Kaouadji, 1990;
Kaouadji et al., 1990; Nishikawa et al., 1998). Other phenolic com-
pounds, such as gentisin (Nishikawa et al., 1998) and various xanthones
(van der Sluis, 1985) have been reported. Therefore, determination of
the chemical composition and the therapeutic benefits of B. perfoliata is
necessary to make evidence-based decisions about the safe use of B.
perfoliata in pharmacology and medicine as a substitute for Centaurii
herba and Gentianae radix.

In this study, a more detailed chemical profiling of the constituents
of B. perfoliata and, for the first time, a comprehensive study on its
biological activities have been performed. UHPLC-DAD/ + HESI-MS/
MS analysis was used to identify and quantify the secondary metabo-
lites of the methanol extract of B. perfoliata aerial parts. Moreover, the
antioxidant, antibacterial, antifungal, anti-inflammatory and bio-
compatibility properties of the extract were evaluated in vitro.

2. Material and methods
2.1. Chemicals and instruments

All chemicals and reagents used in antioxidant assays and for
ification of P were purchased from Sigma-
Aldrich ink Germany). Sol for HPLC anal (; itrile
and formic acid, LC-MS grade) were obtained from Fisher Scientific
(Loughborough, UK), while methanol (HPLC grade) was purchased
from AppliChem (Cheshire, CT, USA). Ultrapure water was generated
by deionisation (Millipore, Billerica, MA, USA). Standards of phenolic
compounds (protocatechuic, gallic, gentisic, p-hydroxybenzoic, caf-
feoquumlc, CaffElC p- coumanc, rosmarinic, and ferulic acids, aesculin,
1, myricetin, naringin, rutin, galloca-

techm, pigall hin, catechin, 11 hin gallate,
catechin-3-gallate, and epigallocatechin gallate) were purchased from
Sigma-Aldrich inheim, Germany). lards of swertiamarin,

sweroside, and gentiopicrin (all of 98% purity) were purchased from
Oskar Tropitzsch (Marktredwitz, Germany). UV/Vis double beam
spectrophotometer Halo DB-20S (Dynamica GmbH, Dietikon,
Switzerland) was used for spectrophotometric measurements.

2.2. Plant material and preparation of the extract

Seeds of Blackstonia perfoliata (1.) Huds. (collected at Majdan,
Serbia, 46°09'25” N, 19°36’31” E) were sawn on wet sandy soil in a
greenhouse of the Institute for Biological Research “S. Stankovi¢”,
Serbia. After three months, the plants were harvested while in the
flowering stage. Above ground parts were air-dried at room

Industrial Crops & Products xxx (xxxX) XXXX

temperature in the dark and ground using a cutter mill. The powdered
material (46.2 g) was macerated in methanol (1:10, w/v), for 24 h at
room temperature in the dark, and the extract finally paper-filtered.
This procedure was repeated two times with the same plant material.
The extracts were combined and methanol was evaporated at 30-45°C
under reduced pressure by a rotary evaporator (IKA RV 10, Staufen,
Germany). The yield of the obtained semisolid extract was 23% (w/w).
The concentrations used in the experiments were based on the dry
weight of the extracts (d.e.).
2.3. Quantification of phenolic contents

Spectroph ric determination of phenoli pounds in B.
perfoliata methanol extract (BPE) was performed according to the pre-
viously published procedures (Mihailovi¢ et al., 2015). All methods for
quantification of phenolic compounds in BPE were performed in three
replications and results presented as the mean *+ standard deviation.
The total phenolic content in BPE was determined by the Folin-Cio-
calteu method and expressed as milligrams of gallic acid equivalents
per gram of dry extract (mg GAE/g d.e.). The total flavonoids content
was d using a spec ic method with aluminium
chloride and expressed as milligrams of rutin equivalents per gram of
dry extract (mg RUE/g d.e.). Total phenolic (hydroxycinnamic) acids
content in the extract was expressed as caffeic acid equivalents (mg
CAE/g d.e.). For determination of condensed tannin content, a method
using formaldehyde for precipitation of p; i was em-
ployed. The condensed tannins content was expressed as the difference
between total phenolic content and unprecipitated phenols as gallic
acid equivalents (mg GAE/g d.e.). The content of gallotannins was
determined in reaction with potassium iodate and expressed as gallic
acid equivalents (mg GAE/g d.e.). The spectrophotometric pH differ-
ential method was used for determination of monomeric and total
(monomeric plus polymerized) anthocyanins in the extract and ex-
pressed as cyanidin-3-glycoside equivalents (mg CGE/g d.e.).

2.4. Chromatographic analyses

Phenolics and secoiridoid glycosides in BPE were identified, sepa-
rated and quantified using Dionex Ultimate 3000 UHPLC system
(Thermo Fisher Scientific, Bremen, Germany) configured with a triple
quadrupole mass spectrometer equipped with heated electrospray io-
nization (HESI) source (TSQ Quantum Access Max, Thermo Fisher
Scientific, Basel, Switzerland).

Secoiridoid gl ides were ct hically separated on a
Hypersil gold C18 column (50 x 2.1 mm) with 1.9 mm particle size
(Thermo Fisher Scientific, Waltham, USA), thermostated at 30°C. The
mobile phase, consisting of 0.2% acetic acid in water (A) and LC-MS
grade acetonitrile (B), was eluted with a flow rate of 0.4 mL/min, ac-
cording to Migi¢ et al. (2015). The injection volume was 10 uL. Settings
of the mass spectrometer were as follows: vaporizer temperature
300°C, spray voltage 4500 V, sheet gas (N,) pressure 40 AU, ion sweep
gas pressure 1 AU, auxiliary gas pressure 10 AU, capillary temperature
270°C, skimmer offset 0 V. Mass spectrometry data were acquired in the
positive ionization mode, while collision-induced fragmentation in a
single reaction monitoring (SRM) experiment used for the quantifica-
tion of compounds in samples, was performed using argon as the col-
lision gas. The collision energy was set to 20 eV.

A Syncronis C18 column (100 x 2.1 mm, 1.7 mm particle size;
‘Thermo Fisher Scientific, Waltham, USA), thermostated at 40°C, was
used for the separation of phenolics. The mobile phase, eluted with the
flow rate of 0.3 mL/min, consisted of (A) 0.1% formic acid in the water,
and (B) acetonitrile. The gradient elution program was previously re-
ported by Gasi¢ et al. (2015). The injection volume was 5uL. Mass
spectrometer was operated with the vaporizer temperature kept at
200°C and the following ion source settings: spray voltage 5000V,
sheet gas (N,) pressure 40 AU, ion sweep gas pressure 1AU and
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auxiliary gas (N;) pressure 8 AU, capillary temperature 300 °C, and
skimmer offset 0 V. The mass spectrometry data were acquired in the
negative ionization mode, in the m/z range from 100 to 1000. Multiple
mass spectrometric modes, including full (FS) and
product ion scanning (PIS), were conducted for the qualitative analysis
of the targeted pounds. The collision-induced fr ion ex-
periments were performed using argon as the collision gas. The colli-
sion energy varied depending on the compound (Table 3). The time-
selected reaction monitoring (tSRM) experiments for quantitative ana-
lysis were performed using two MS? fragments for each compound that
were previously defined as dominant in PIS experiments.

All compounds were identified by comparing their MS? fragmen-
tation patterns with the chromatographic and MS data available in the
literature and by using ilabl dards. C ds were
quantified by the external standard quantification procedure. Stock
standard solutions (1 mg of a pure compound in 1 mL methanol) were
mixed and dissolved in methanol to obtain working standard solutions
(100 mg/mL). Calibration mixtures were obtained by diluting the
working solution with methanol (100 mg/mL to 0.001 mg/mL).
Regressions were calculated for each calibration curve. They showed
good linearity with correlation coefficients between r = 0.990 and
0.999, p < 0.001. The total amount of each targeted compound was
calculated from its peak area. The content of phenolics was expressed as
ug per g of dry extract (ug/g d.e.) and the content of secoiridoid gly-
cosides as mg per g of dry extract (mg/g d.e.).

2.5. Antioxidant activity evaluation

The antioxidant potential of BPE was determined using different
methods including ABTS'*, DPPH" and NO' scavenging activities, the
ferrous ion chelating ability, reducing power, and inhibitory activity
toward lipid peroxidation assays as described in our previous studies
(Nic¢iforovi¢ et al., 2010; Mihailovi¢ et al., 2016). All experiments for
the determination of antioxidant activities were performed in three
replications and results presented as the mean + standard deviation.

2.6. Antimicrobial activity

2.6.1. Tested microorganisms

Blackstonia perfoliata methanol extract was tested against five Gram-
positive (Enterococcus faecalis ATCC 29212, Bacillus subtilis ATCC 6633,
Bacillus cereus ATCC 10876, Micrococcus lysodeikticus, and
Staphylococcus  aureus ATCC 25923), and four Gram-negative
(Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC 70063,
Pseudomonas aeruginosa ATCC 10145, and Salmonella enteritidis ATCC
13076) bacterial strains, the yeast Candida albicans ATCC 10231, and
mould Aspergillus brasiliensis 16404, which were obtained from the
Institute of Public Health, Kragujevac, Serbia. It was also tested against
nine fungal isolates including Trichoderma harzianum FSB 12,
Trichoderma longibrachiatum FSB 13, Penicillium cyclopium FSB 23,
Penicillium canescens FSB 24, Aspergillus glaucus FSB 32, Doratomyces
stemonitis FSB 41, Alternaria FSB 51, Phi a igiata FSB
81, and Fusarium oxysporum FSB 91 obtained from Laboratory for
Microbiology, Department of Biology and Ecology, Faculty of Science,
University of Kragujevac, Serbia. The bacterial species were cultivated
on Nutrient agar at 37°C for 24 h, C. albicans was grown on Sabouraud
dextrose agar at 28°C for 48 h, while fungi were cultured on potato
glucose agar at 28°C for 3-7 days before testing.

2.6.2. Determination of minimal inhibitory concentration (MIC)
Determinations of MICs values for BPE were performed in ac-

cordance with the Clinical and Laboratory Standards Institute re-

commendations (CLSI, 2012). The microdilution antibacterial assay

Industrial Crops & Products xxx (xxxX) XXXX

was performed in sterile 96 well pl. using Mueller-Hint
broth (MHB) for bacterial strains, and Sabouraud dextrose broth (SDB)
for fungi. Two-fold serial dilutions of dissolved extract in 5% (v/v)
DMSO (from 10 to 0.078 mg/mL) and a standard antibiotic/antimitotic
(from 40 to 0.3125 pg/mlL) were performed in corresponding columns
of 96 well plates. All wells in microplate were sequentially filled with
resazurin solution, nutrient broth, and the cell suspension of a test
microorganism (Sarker et al., 2007). In the tests with fungal species,
SDB was used instead of the resazurin solution. The added inoculums
were previously ad, dtoa -ation of appr ly 5.0 x 10°
CFU/mL for bacteria (CLSI, 2012) and 5.0 x 10* CFU/mL for fungi
(CLSI, 2008a, 2008b). The final volume in wells was 100 pL. Either
ciprofloxacin, or nystatin was considered as positive controls. The ex-
periments were performed in three r ‘The minimal inhibitory
conc ion value corr ded to the lowest concentration of the
extract that inhibited bacterial growth after 24 h at 37°C or fungal
growth after 48 h at 28°C. The colour change of resazurin was assessed
visually as an indicator of bacterial growth, while the visible growth of
fungi was checked.

2.7. Anti-inflammatory activity

2.7.1. Cyclooxygenase-1 and -2 assays

For the cyclooxygenases (COX-1 and COX-2) inhibition assays pur-
ified prostaglandin H synthase (PGHS)-1 from ram seminal vesicles for
COX-1 and human recombinant PGHS-2 for COX-2 (both Cayman
Chemical Co., Ann Arbor, MI, USA) were used. The assays were per-
formed in a 96-well plate format as described by Fiebich et al. (2005)
and previously reported in Katanic et al. (2016). Assays for COX-1 and
COX-2 inhibition were performed in two independent experiments in
two replications (four replications in total, n = 4). The tested extract
(50 pg/mL) and positive controls, indomethacin (1.25 pM, ICN, Aurora,
OH, USA) and NS-398 (5 pM, Cayman Chemical Co., Ann Arbor, MI,
USA), were dissolved in DMSO (> 99.98% purity, Sigma-Aldrich, St.
Louis, MO, USA).

A competitive PGE, enzyme immunoassay (EIA) kit (Enzo Life
Sciences Inc., Farmingdale, NY, USA) was used for the determination of
the concentration of PGE,, the main arachidonic acid metabolite in this
assay. The enzyme immunoassay was evaluated by a microplate reader
(Tecan, Médnnedorf, Switzerland), and the PGE, concentration was de-
termined as described by Fiebich et al., 2005.

2.7.2. COX-2 gene expression assay

Cell culture and reagents: Human leukemic monocytic cell line THP-1
(European Collection of Cell Culture; Item No. 88081201) was main-
tained as described in Katani¢ et al. (2016). Briefly, after the initiation
and monocyte-macrophage differentiation, cells were treated with plant
extracts (25 pg/mL) for 1h and stimulated with 7.5ng/mL final con-
centration LPS (lipopolysaccharide, Sigma-Aldrich, St. Louis, MO,
USA). Cells treated with DMSO (dimethylsulfoxide = 0.1%) were used
as calibrator sample. Before RNA extraction, cells were washed 3 times
with cold PBS (phosphate buffered saline, Gibco®, Waltham, MA, USA)
to remove non-attached cells. In this assay, two independent experi-
ments in two replications (n = 4) were performed.

RNA extraction and RT-PCR: Total RNA was extracted using
GenElute™ Mammalian Total RNA Miniprep Kit (Sigma Sigma-Aldrich,
St. Louis, MO, USA) and reverse transcribed to ¢cDNA using High-
Capacity c¢DNA Reverse Transcription Kit (Applied Biosystems,
Waltham, MA, USA) according to the manufacturer’s manual. The
thermal cycling conditions were set to 25°C for 25min, 37°C for
120 min and 85°C for 5s.

Real-time PCR: COX-2 gene expression analysis was performed on
ABI-7300 Real-Time PCR System (Applied Biosystems, Waltham, MA,
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USA) using Pre-developed TagMan® Assay (Applied
Waltham, MA, USA) as previously reported in Katani¢ et al. (2016),
briefly target cDNA was amplified using COX-2 primers: forward 5~
GAA-TCA-TTC-ACCAGG-CAA-ATT-G-3, reverse 5-TCT-GTA-CTGCGG-
GTG-GAA-CA-3" and COX-2 probe: FAM-5-TCC-TAC-CACCAG-CAA-
CCC-TGC-CA-3-TAMRA with cycling conditions: 50°C for 2 min, 95°C
for 10 min, followed by 40 PCR cycles of 95°C for 15s and 60°C for
1 min. After amplification of cDNA, target genes were normalized to
glyceraldehyde-3-phosphate dehyd (GAPDH) and relative

quantified using the 2 “*“? method (Livak and Schmittgen, 2001).

2.8. Biocompatibility

BalbC-3T3 fibroblasts (clone A31), human hepatocellular carcinoma
(HepG2), human colon cancer (LoVo), and human squamous carcinoma
(A431) cells were purchased from ATCC (Manassas, VA, USA), while
human epidermal keratinocytes (HaCaT) were purchased from
Innoprot, Biscay, Spain. Cells were cultured in Dulbecco's Modified
Eagle's Medium, supplemented with 10% fetal bovine serum, 2mM 1~
glutamine and antibiotics in 5% CO, humidified atmosphere at 37°C. To
test the biocompatibility of the extract, cells were seeded in 96-well
plates at a density of 2 x 10%/well for 24 h. The different amounts of
the extracts (from 10 to 200 pug/mL) were added to the cells. After 72h
incubation, cell viability was assessed by the MTT (3-(4,5-di-
Ithiazol-2-y1)-2,5-dipheny i b de) assay, as de-
scribed by Guglielmi et al., 2009. To determine cell survival, the per-
centage of viable cells in the presence of the extract was compared to
that of the control cells. Untreated cells and cells incubated with the
maximum volume of buffer were used as controls. The average of the
two controls was considered as 100%. Each sample was tested in three
independent analyses, each carried out in triplicates.

meth

2.9. Statistical analysis

The concentration of the extract that reduces 50% of the free-radical
concentration (ICs;) were determined using OriginPro8 software
(OriginLab, Northampton, MA, USA), while for the calculation of the
ICs values in the cytotoxicity assay, SigmaPlot 13.0 (Systat Software
Inc., Erkrath, Germany; four parameters logistic curve) was used. The
data were expressed as the mean of three experiments * standard
deviation.

3. Results and discussion

3.1. Phytochemical profile of B. perfoliata methanol extract

pect ically identified phenolic compounds in the extract.
Gallotannins and anthocyanins were found in very low quantities in the
extract.

Detailed MS? fi ion behaviour of de, swertiamarin,
and gentiopicrin in the positive ionization mode of the UHPLC/(+)
HESI — MS? was previously described (Bozunovi¢ et al., 2018). Within
the present study, secoiridoids were quantified in an SRM experiment.
Swertiamarin, with pseudomolecular ion [M+H]"at m/z 375 at
tp=2.66 min, was identified based on two diagnostic Ms? fragments
[M = CeH1005—2H20+H] *at m/z 177 and ™M
+H-CgH;005—2H20 — CO] ™ at m/z 149 (Table 2 and Fig. 1A). Gen-
tiopicrin, visible in the SRM chromatogram as a peak at tg =3.00 min
(Fig. 1A), exhibited a pseudomolecular ion [M+H]™ at m/z 357, and
diagnostic MSzfragmems [M+H-CgH, 005 —H,0] *at m/z 177 and [M
+H-CgH;p05s—H,0—2CO] " at m/z 121. Pseudomolecular ion [M
+H]™ at m/z 359, visible at tg = 3.11 min (Fig. 1A), was assigned to
sweroside, and MS*fragments [M + H-C¢H,,05—H,0] "at m/z 179 and
[M+ H-RDA fragment] * at m/z 127, were utilized in an SRM experi-
ment. Secoiridoid glycosides were found to be the main class of sec-
ondary metabolites with much higher quantities compared with other
compounds identified in the extract. Generally, their concentrations
were more than a thousand times higher than individual concentrations
of each of the phenolic compounds identified (Tables 2 and 3). Results
show (Table 2) that gentiopicrin (278.49mg/g d. e.) is the most
dominant compound among secoiridoides, followed by sweroside
(175.60 mg/g d. e.) and swertiamarin (21.38 mg/g d. e.), which is in
agreement to the previous studies (van der Sluis, 1985; Skrzypczak
et al., 1996; Nishikawa et al., 1998; Sabovljevi¢ et al., 2006). Previous
studies revealed gentiopicrin as the major secoiridoid compound in
Gentianae radix (Aberham et al., 2011), which is the official herbal drug
from Gentiana lutea. On the other hand, aerial parts of Centaurium er-
ythraea (Centaurii herba) are characterized by the prevalence of swer-
tiamarin over the gentiopicrin and sweroside content (Siler et al., 2012,
2014; Banjanac et al., 2017; Pordevi¢ et al., 2017; BoZunovi¢ et al.,
2018; Matekalo et al., 2018). Thus, according to these findings, aerial
parts of B. perfoliata may be used as a substitute for Gentianae radix, as
proposed earlier by van der Sluis (1985).

A total of 23 phenoli p ds were id d in BPE by UHPLC/
(—)HESI — MS* metabolic profiling approach (Fig. 1B), 10 of which
representing phenolic acids, and 13 flavonoids. All compounds were
identified by using reference standards (Table 3). The identified com-
pounds, together with their retention times, masses, and MS> molecular
fragments are presented in Table 3. Among phenolic acids, hydro-
xybenzoic acids (protocatechuic, gallic, gentisic, and p-hydroxybenzoic
acids) and hydroxycinnamic acids derivatives (aesculin, caffeoylquinic,
caffeic, p-coumaric, rosmarinic, and ferulic acids) were detected. From

The results of phenolic compounds content (Table 1) showed that in the group of fl ids, flavones (apigenin), fl Is (rutin, myricetin,
each gram of BPE there was 65.07 mg of total phenolic compounds, quercetin, and | ol), fl Is (gall hi igall i
P as GAE. ids and phenolic acids d only a hi i i 11 hin gallate, hin 3-gallate, and

small part of the total phenolic compounds in the extract, while the
condensed tannins content in 1 g of extract was equivalent to 41.17 mg

epigallocatechin gallate), and flavanones (naringin) were found. Inter-
estingly, B. perfoliata is characterized by a relatively high content and

of gallic acid, which presents the largest group of diversity of ( ‘hins) in to other species of the
Table 1
Quantification of phenolic (mg/g of dry extract) in methanol extracts of B. perfoliata.
Extract mg GAE/g mg RUE/g mg CAE/g mg CGE/g
Total phenolics Gallotannins Condensed tannins Total flavonoids Phenolic acids Total
B. perfoliata 61.07 + 4.04 3.87 + 0.21 4117 £ 1.35 12.76 + 0.75 7.81 = 0.51 3.76 = 0.64 111 = 039
GAE - gallic acid equi RUE - rutin CAE - caffeic acid equivalents; CGE - cyanidin-3-O-glucoside equivalents.
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List of identified secoiridoid glycosides in B. perfoliata extract with peak labels, retention times (tg), parent ions [M+H]* m/z, and MS” fragments used in SRM
experiment for the quantification of compounds by UHPLC/ = HESI-MS/MS analysis.

Peak Assignment ta (min) M+H]™ [m/z] Ms* fragments [m/z (Collision Energy, eV)] Content [mg/g d. e.]
Secoiridoid glycosides

A Swertiamarin®" 271 375 177 (30), 147 (30) 21.38

B Gentiopicrin® " 305 357 177 (30), 121 (30) 278.50

c Sweroside™" 314 359 179 (30), 127 (30) 175.60

d.e., dray extract.
S Confirmed by standard.
® Confirmed by reference.

Table 3

List of identified phenolics in B. perfoliata extract with peak numbers, retention times (tg), parent ions [M—H] m/z, and MS? fragments used in SRM experiment for

the quantification of compounds by UHPLC/ + HESI-MS/MS analysis.

Peak No. Assignment tu(min) [MH] [m/z]) MS? fragments [m/z (Collision Energy, eV)] Content [pg/g d. e.]
Phenolic acids and their derivatives
Hydroxybenzoic acids
= Protocatechuic acid™* 4.58 153 108.09 (23); 109.10 (14) 20.85
2 Gallic acid 2.48 169 79.11 (31); 125.04 (16) 4.09
3. Gentisic acid 3.38 153 108.09 (23); 109.10 (14) 0.86
4 p-Hydroxybenzoic acid 458 137 93.19 (19); 108.33 (22) 16.48
Hydroxycinnamic acids
5. Aesculin™ 4.39 339 133.090 (44); 177.060 (25) 12.16
6. Caffeoylquinic acid 1% 473 353 191.28 (25) 5.92
2 Caffeic acid™" 5.01 179 134.00 (13); 135.00 (16) 17.21
8. Pp-Coumaric acid 5.65 163 93.12 (39); 119.09 (16) 26.10
9. Rosmarinic acid®" 6.20 359 133.00 (43); 161.00 (21) 16.87
10. Ferulic acid™" 6.05 193 134.00 (18); 178.00 (15) 89.21
Flavonoids and their derivatives
Flavones
11. Apigenin™" 7.60 269 117.24 (43); 149.00 (24) 0.47
Flavonols
12, Rutin®* 554 609 299.98 (42); 301.20 (32) 76.75
13. Myricetin 6.44 317 109.31 (45); 150.97 (27) 2.40
14. Quercetin®* 7.08 301 151.01 (22); 179.00 (20) 1.48
15. Kaempferol™" 7.69 285 211.00 (32); 227.00 (32) 220
Flavanols
16. Gallocatechin® 3.37 305 125.22 (27); 179.19 (17) 14.21
17. Epigallocatechin® 457 305 125.22 (27); 17919 (17) 129.94
18. Catechin® 475 289 203.00 (23); 245.03 (31) 15.00
19. Epicatechin® 5.15 289 203.00 (23); 245.03 (31) 1175
20. Gallocatechin gallate® 5.32 457 161.08 (25); 359.23 (16) 273.98
21. Catechin 3-gallate® 5.75 441 289.15 (20) 2.08
22. Epigallocatechin gallate’ 6.31 457 161.08 (25); 359.23 (16) 94.96
Flavanones
23, Naringin® 5.94 579 151.42 (43); 217.36 (33) 28.58
d.e., dray extract.
S Confirmed by standard.
® Confirmed by reference.
Gentianaceae family. The fl 1 1 hin gallate, epigalloca- rutin (76.75 pg/g d. e.) in significant concentrations. Other identified

techin, and epigallocatechin gallate quantities of 273.98, 129.94, and

94.96 pg/g of d. e., respectively, were present in higher concentrations

in comparison to other identified phenolics in the extract. Flavanols are

only scarcely reported from Gentianaceae species, like in Enicostemma

littorale (Natarajan and Prasad, 1972; Ambikapathy et al., 2011.) and

Gentiana spicata (Handoussa et al., 2009), for which four flavanols:
: i a5 s

phenolic acids and flavonoids were present at concentrations less than
30pg/g d. e. Quercetin and kaempferol, as well as their diglycosides
and triglycosides, have been previously identified in B. perfoliata
(Kaouadji, 1990; Kaouadji et al., 1990; Skrzypezak et al., 1992), and
were confirmed within the present study. Thus, this species offers an
interesting and unique composition of phenolics and secoiridoids with

pigall hin gallate, and gall hin gal-
late have been isolated. Based on available literature data, galloca-
techin, epigallocatechin, and catechin 3-gallate have not been pre-
viously identified in Gentianaceae species. Phytochemical analysis
revealed that BPE also contained ferulic acid (89.21 pg/g d. e.) and

promising bioactive p ial. Fl Is present in B. perfoliata, well
known for their bioactive properties (Erlund, 2004; Crozier et al.,
2009), could significantly add to the bioactive potential of this species.
Therefore, BPE was further analysed in a series of biological tests.
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compound labels (A-C) please refer to Table 2; (B) UHPLC/(—)HESI-MS? TIC of targeted phenolic compounds. For peak assignment, please refer to Table 3.

3.2. Antioxidant activities of B. perfoliata methanol extract

Antioxidant activities of BPE were estimated using seven different
methods: total antioxidant capacity, ABTS'*, DPPH’, and NO" radical
scavenging activities, reducing power, metal chelating activity, and
inhibitory activity toward lipid peroxidation. The results are presented
in Table 4. The total antioxidant capacity assay showed a potential of
BPE to reduce Mo(VI) to (V), and results showed that 1 g of the extract
had total antioxidant potential as if it contained 161.25 mg of ascorbic
acid (161.25 mg AA/g of d. e.). This result indicates that BPE possessed

pproxi ly 16% of the capacity of ascorbic acid. The
rate of free radical scavenging activities of the extract was assessed
using DPPH and ABTS assays. Obtained ICs,, values of the extract in the
DPPH assay were found to be higher (1346.82ug/mL) than that ob-
served in the ABTS assay (781.90 ug/mL). Free radicals (i.e. ABTS'* and
DPPH’) may be neutralized either by direct reduction via electron
transfers or by radical quenching via H atom transfer. However, the
major difference between the two methods is, that DPPH assay is
characterized by better access of small molecules to the radical site,
which leads to higher antioxidant activity. This disadvantage is not
observed in the ABTS assay (Prior et al., 2005). Better radical scaven-
ging activity of the extract in ABTS than in DPPH assay showed that it
may contain antioxidants inert to DPPH due to steric inaccessibility.
According to previous studies, secoiridoid glycosides identified as the
most abundant compounds in Centaurium erythraea extract possessed a
lower affinity to scavenge DPPH than ABTS radical (BoZunovi¢ et al.,
2018). Free radical scavenging activity of BPE was also determined by
an in vitro assay which uses biologically relevant NO radicals. It was
shown that BPN in concentration up to 4 mg/mL did not have the an-
tioxidant potential to neutralize 50% of NO". According to Kachmar
et al. (2019), the ICs value of the aqueous extract of C. erythraea aerial
parts for NO' scavenging activity was 251.29 pg/mL. Considering ICso
values of DPPH, ABTS, and NO radical scavenging activities of BPE and
reference antioxidants (Trolox, quercetin, and BHT), it can be sum-
marized that the extract possessed only weak potential in the neu-
tralization of free radicals. Antioxidant properties of plants with a high
content of secoiridoid glycosides have been previously reported. It has
been reported that G. algida, G. decumbens, G. macrophylla, and G. tri-
flora decoctions have been shown ICs, values between 287.91 and
89.22 ug/mL in DPPH and ABTS assays (Olennikov et al., 2015). Dif-
ferent extracts of G. asclepiadea aerial part were previously shown to
have ICso values between 131 and 614.3ug/mL in DPPH assay
(Niciforovi¢ et al., 2010; Stefanovi¢ et al., 2018). Balijagi¢ et al. (2012)

found that methanol leaves extracts of G. lutea with high amounts
swertiamarin and gentiopicrine possessed ICs, for DPPH’ scavenging
activity between 0.45-2.02 mg/mL. In previous studies, secoiridoid rich
methanol extracts of G. cruciata and C. erythraea possessed stronger
antioxidant activity in ABTS assay than in DPPH assay, which is in
accordance with results obtained in this study (Mihailovic et al., 2015;
Bozunovi¢ et al., 2018). The radical scavenging activity of BPE was
similar or lower compared with some examined plants from Gentia-
nacea, but, the extraction conditions and methods for determination of
antioxidant activity, used by other authors, were not the same.

The antioxidant activity of BPE was also measured in a hetero-
geneous (emulsion) lipid system to determine the inhibition of spon-
taneous peroxidation of linoleic acid during 72 h at 37°C. In this assay,
BPE at a concentration of 120.41 pg/mL exhibited 50% peroxidation
inhibition of linoleic acid. It showed better antioxidant potential with a
lower ICg value in the inhibition of lipid peroxidation compared with
its radical scavenging activities, suggesting that the extract contains
also less polar antioxidant compounds which have higher partition into
the lipid phase and thus are more effective antioxidants in lipid sys-
tems. Similar trends in the antioxidant activity of extracts containing
higher amounts of secoiridoids than phenolic compounds were ob-
served in previous studies (Mihailovi¢ et al., 2013, 2015). These results
showed that pi ich extracts p d better inhibitory ef-
fects on lipid peroxidation than radical scavenging activities. Moreover,
DPPH radicals do not have similarity with highly reactive and transient
peroxyl radicals involved in lipid p ion, so in the
extract that react with peroxyl radicals may react slowly or may even be
inert to DPPH (Prior et al., 2005). The reference antioxidant BHT had
much lower IC5, value (13.03 ug/mL) than the extract.

The ability of BPE to act as an electron donor and potential re-
ductant of oxidants (free radicals) was measured using reduction of
Fe**, in ferricyanide complex, to Fe®*. As can be seen in Table 4, the
reducing power of the extract was 54.51 mg TE/g d.e, which represents
approximately 5.5% of the reducing power of the well-known anti-
oxidant Trolox. The antioxidant potential of BPE was also determined
using metal chelating activity assay, a method which reflects the ca-
pacity of antioxidants to bind the pro-oxidant metal and prevent the
formation of hydroxyl radicals (Valko et al., 2007). The results showed
that BPE, at a concentration of 3.17 mg/mL, chelated 50% of Fe?*, as
did EDTA at 15.06 ug/mL. These results indicate that BPE contains
some chelators but in very low concentrations. Among identified
compounds in the extract, the most powerful chelating compounds are
flavonoids and their derivatives (Craft et al., 2012), but they represent
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Table 4
Antioxidant activity of B. perfoliata methanol extract.
Extract/standards  Total antioxidant Reducing power ICso (ug/mL)
capacity (mg AAF/g  (mg TE/g of d.e))
of de) ABTS™ ing  DPPH’ ging  NO' Inhibitory activity Metal chelating ability
activity activity activity toward lipid
peroxidation
B. perfoliata 161.25 = 3.70 5451 + 8.04 781.90 * 61.40 1346.82 + 48.71 > 1000 120.41 + 9.65 31655 + 135.27
Trolox - - 23.84 = 0.94 15.59 = 0.75 3074 = 637 - -
Quercetin - - 1532 = 0.68 6.70 = 0.26 13.01 = 078 - -
AA - - 5.58 = 0.33 19.65 + 0.81 7291 = 1.07 > 1000 -
BHT - - 29.26 = 1.14 2852 + 1.26 - 13.03 £ 117 -
EDTA - - - - - - 15.06 + 0.45
lCr.o values were d; d by li analysis. Results are mean values = SD from three experiments; d.e., dry extract; AAE, ascorbic acid
TE, Trolox ABTS, 2,2" bis(3 ine-6 ic acid); DPPH, 2,2-diphenyl-1-picrylhydrazyl; NO, nitric oxide; AA, as-
codnc acid; BHT, butylated EDTA, ethyl ic acid; -, Not tested.
only about 1.3% of the extract, to the spectroph ric to 10 mg/mL, with the exception of T. harzianum, which was resistant to

measurement, while flavonoids identified by HPLC analysis contributed
approximately 0.05% to the extract weight.
A number of in vitro studies have shown that the phenolic com-

the extract even at the highest concentration (MIC > 10 mg/mL). The
commercial antimycotic Nystatin, which was used as a positive control,
was active in concentrations from less than 0.3 and up to 10 pg/mL.

pounds identified and quantified in BPE are powerful id

(Senanayake, 2013; Gullon et al., 2017). Flavanols monomers, known
as ins, includi 11 gallate, 11 and
epigallocatechin gallate, were found to be most abundant among all
identified phenolic compounds in the extract. They are well known as
very active natural antioxidants. These catechins have been reported as
highly potent in scavenging physiologically relevant reactive oxygen
species in vitro as exceptional electron donors, as well as chelating
redox-active transition metal ions, and inhibiting lipid peroxidation
(Senanayake, 2013). Among the other compounds, ferulic acid and
rutin were also highly abundant, but at lower concentrations than ca-
techins. Rutin and its aglycone quercetin have been reported to pussess
powerful antioxidant capacity, both in vitro and in vivo i

3

Generally , BPE displayed much better antifungal than anti-
bacterial properties.

This is the first thorough report on the antimicrobial activity of B.
perfoliata, earlier initiated by Belfadel et al. (2016). However, recent
findings suggest the effectiveness of various plant species from Gen-
tianaceae family on a wide range of microorganisms (Bozunovic et al.,
2018; Olennikov et 2015; Siler et al., 2014). A high number of
natural compounds is known for their exquisite antimicrobial potential.
It mainly refers to phenolic acids, polyphenoli P and their
derivatives (Daglia, 2012; Cushnie and Lamb, 2005). The qualitative
phytochemical analysis of BPE revealed several groups of poly-
phenolics. Detected phenolic acids, e.g.p-hydroxybenzoic, caffeic, pro-

i\ ferulic, p ic, and rosmarinic acids, have been pre-

al.,

systems (Gullon et al., 2017). Unlike phenolic compounds, known as
powerful ant\oxndams, which were found in BPE in rather low con-
centrations, the di comp secoiridoid gly (about
50% w/w of d. e.) are known for their weak antioxidant activity (Siler
etal., 2014). Olennikov et al. (2015) have characterized the antioxidant
potential of some plant extracts with high concentrations of secoir-
idoids using a DPPH-HPLC technique and have shown that swertia-
marin, sweroside, and gentiopicrin have been inactive in DPPH radical
scavenging. Other studies support these findings (K

viously d for their ib; ial and antifungal properties
(Heleno et al., 2015). The presence of flavonoids and their derivatives,
Le. naringin, myricetin, kaempferol, quercetin, and its derivative rutin,
may also contribute to the anumlcmblal activity of BPE (Cushme and

2003a; Siler et al., 2014; Bozunovi¢ et al.,
phenolic compounds present in the extract in lower concentration than
secoiridoids are the essential compounds for the observed antioxidant
activities of the extract.

3.3. Antimicrobial activity

The antibacterial and antifungal activities of BPE against twenty
microorganisms are presented in Table 5. The extract showed the an-
tibacterial activity against most of the tested bacterial species, except
for highly resistant P. aeruginosa (MIC > 10 mg/mL), which was pre-
viously noticed by Belfadel et al. (2016) in the study with different
extracts of B. grandiflora. The most sensitive bacteria to BPE were two
Gram-positive Bacillus species, B. cereus and B. subtilis, with MIC values
2.5 and 5 mg/mL, respectively. The extract had moderate potential to
inhibit the growth of other tested bacterial strains, with MICs of 10 mg/
mL. Antibacterial activity of ciprofloxacin was in the range of MIC
from < 0.3125 to 40 pg/mL.

Antifungal activity of BPE (Table 5) was found to be more pro-
nounced than its antibacterial activity. The extract was the most active
against P. fastigiata inhibiting fungal growth at MIC concentrations of
0.625 mg/mL and 1.25 mg/mL in the cases of A. glaucus and A. alter-
nata. The extract’s activity against the remaining fungi ranged from 2.5

Lamb, 2005). 3 of 1
Table 5
y et al., Antimicrobial activity of B. perfoliata methanol extract.
2018). This suggests that MIC (mg/mL) MIC (ug/mL)
B. perfoliata Ciprofloxacin  Nystatin
Bacteria
E faecalis ATCC 29212 G+ 10 40 -
B.subtilis ATCC 6633 G+ 5 < 0.3125 -
B.cereus ATCC 10876 G+ 25 1.25 -
S.aureus ATCC 25923 G+ 10 < 0.3125 -
M.lysodeikticus ATCC 4698 G+ 10 < 03125 -
K.pneumoniae ATCC 70063 G- 10 < 03125 -
P.aeruginosa ATCC 10145 G- >10 < 0.3125 -
S.enteritidis ATCC 13076 G- 10 < 03125 -
E.coli ATCC 25922 G- 10 < 03125 -
Fungi
C.albicans ATCC 10231 5 - 5
Abrasiliensis ATCC 16404 25 - 5
Aglaucus FSB 32 1.25 = 5
T.harzianum FSB 12 >10 - 20
T.longibrachiawm  FSB 13 5 - 10
P.cyclopium FSB 23 10 - 10
P.canescens FSB 24 25 - 10
D.stemonitis FSB 41 25 - 10
A.alternata FSB 51 1.25 - 20
P fastigiata FSB 81 0.625 = 10
F. oxysporum FSB 91 5 - 10

MIC, minimal inhibitory concentration.
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Fig. 2. Inhibitory effects of B. perfoliata methanol extract on COX-1 (A) and
COX-2 activities (B), and inhibition of COX-2gene expression in THP-1 mac-
rophages (C) (mean = SD, n = 4). The applied concentration of the extract for
the assays A and B - 50 ug/mL, and for C - 25 pg/mL. Indomethacin (1.25 pM),
NS-398 (5 uM), and dexamethasone (2.5nM) were used as positive controls. *-
results for positive controls (indomethacin and NS-398) are from the same study
as in Katani¢ et al. (2016).

epigallocatechin, gallocatechin gallate, and gallate,

Industrial Crops & Products xxx (xxxx) Xxxx

et al., 2018). Generally, it is most likely that the combination of the
compounds identified in BPE contributes to the overall antimicrobial
potential of B. perfoliata.

3.4. Anti-inflammatory activity in vitro

The results of in vitro analysis of the anti-inflammatory activity of
BPE are given in Fig. 2. The extract, applied at a concentration of 50 pg/
mL, was unable to significantly inhibit COX-1 enzymatic activity
showing only 19.65% of inhibition (Fig. 2A). Indomethacin, as a re-
ference COX-1 inhibitor, according to Katanic et al. (2016), was able to
reduce the activity of this enzyme to the value of 49.63% at a con-
centration of 1.25 uM (0.45 ug/mL). On the other hand, BPE was much
more efficient in COX-2 inhibition. Ata concentration of 50 ug/mL, BPE
exhibited 48.02% inhibition of COX-2 activity (Fig. 2B). A selective
inhibitor of COX-2, NS-398, used at a concentration of 5 uM (1.57 pg/
mL), showed similar results with 40.72% of COX-2 activity inhibition
(Katani¢ et al., 2016). The results of the COX-2 gene expression assay in
THP-1 macrophages (Fig. 2C) clearly showed that BPE, at a con-
centration of 25ug/mL, had no significant influence on COX-2 gene
expression. On the other hand, the reference standard dexamethasone
(2.5nM; 0.098 ug/mL) exerted remarkable 52.82% inhibition of COX-
2gene expression.

The d d anti-infl y activity of B. perfoliata can be

d with its phy i position. Several phenolic com-
pounds, identified in its methanol extract, have been apprized as potent
anti-inflammatory agents in vitro or in vivo. Specifically, ferulic acid
detected in BPE has been reported to be associated with COX-2 in-
hibition (Mancuso and Santangelo, 2014). Moreover, the anti-in-
flammatory potential of rutin, the most prominent flavonoid in the
tested extract, was proven in several in vitro and in vivo chronic and
acute inflammation models (Garcia-Lafuente et al., 2009). Also, nu-
merous studies reported the anti-infl; y effects of epigalloca-
techin, epigallocatechin gallate, and other similar galloylated flavonols.
Such activities might include the inhibition of LPS-induced microglial
activation, NO and TNF-a production, as well as COX-1/COX-2 in-
hibitory activity (Pan et al., 2010; Santangelo et al., 2007). Secoiridoid
glycosides (gentiopicrin, sweroside, and swertiamarin), were also ex-
amined as anti-inflammatory substances in earlier studies. Gentiopicrin,
as the most dominant secoiridoid in the tested extract, failed to show
igni in vitro anti-infl y activity on COX-1 and -2 activ-
ities, TNF-a and NO production (Park et al., 2010). But in the in vivo
study by Olennikov et al. (2015), gentiopicrin succeeded to reduce the
formation of carrageenan-induced paw oedema in rats. Much earlier,
Kondo et al. (1994) have shown the suppressive effect of gentiopicrin
on serum TNF levels in LPS treated mice. Also, Chen et al. (2008) re-
ported that gentiopicrin produced significant analgesic effects against
persistent inflammatory pain stimuli in mice. Sweroside and swertia-
marin were reported to have inhibitory activity on IL-6 production in
RAW264 cells (He et al., 2015), while hydrolysed swertiamarin in-
hibited thromboxane-B2 (TBX2) (Park et al., 2010). In another in vivo
study, Saravanan et al. (2014) reported that swertiamarin attenuates
infl ion di in adj induced arthritis. Based on the
presented results, it can be luded, that displayed anti-infl. Yy
activity of B. perfoliata could depend on its chemical composition and
the synergistic action of a variety of anti-inflammatory compounds

which are known for their prominent activity against a panel of dif-
ferent microorganisms (Daglia, 2012), can considerably contribute to
antimicrobial efficacy of BPE. Species from Gentianaceae family con-
taining high amounts of secoiridoid glycosides, probably their most
ignifi dary boli doubtedly owe notable anti-

p ial to these compounds. G in, sweroside, and
swertiamarin displayed similar anti p ial against a set of
bacterial and fungal species with slightly stronger activity against
fungal species (Kumarasamy et al., 2003b; Siler et al., 2010; BoZunovié

d. These results suggest that further investigation should be
done to identify the exact compounds responsible for these bioactive
properties, but also to confirm these results in in vivo tests. The course of
our work is to examine whether metabolic changes of the compounds
present in the extract may have an influence on the activities under in
vivo conditions.

3.5. Biocompatibility

Finally, the biocompatibility of the extract was analysed by
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Fig. 3. Effects of B. perfoliata methanol extract on the viability of eukaryotic cells. Dose-response curves of viable cells after 72h incubation in the presence of
different concentrations of the extract (from 10 to 200 ug/mL). (A) - effect on normal cells, (B) - effect on human cancer cells. Values are given as means = S.D. (n

= 3).

performing a cell survival assay on a panel of cell lines.
Biocompatibility of BPE was tested on two immortalized (murine
BalbC-3T3 fibroblasts and human HaCaT keratinocytes) and three
human cancer cell lines (HepG2 hepatic cells, colon cancer cells, LoVo,
and squamous carcinoma, A431) in a dose-response test. As shown in
Fig. 3, no significant differences in cell survival between control groups
and cells treated with BPE were observed. Indeed, BPE showed full
biocompatibility after 72 h incubation in concentrations up to 200 ug/
mL (p > 0.05). To the best of our knowledge, there are only a few re-
ports regarding the cytotoxic activity of the compounds found in high
concentrations in the BPE (Balijagi¢ et al., 2012; Sun et al., 2013; Wu
et al, 2017), and this is undoubtedly the first report on the bio-
compatibility of BPE. Previous studies have shown that gentiopicrin has
failed to exhibit cytotoxicity against either human malignant cell MCF7
(human breast cancer), PC3 (human prostate cancer), or LS174 (human
colon carcinoma) lines, with ICsp values higher than 200 pg/mL, while
displaying strong activity against HeLa (human cervix adenocarcinoma)
cells (ICso 5.7 pg/mL) (Balijagic¢ et al., 2012). In the study by Wu et al.
(2017), gentiopicrin also showed no cytotoxicity to Madin-Darby Ca-
nine Kidney (MDCK) cells at a concentration of 50 mM. Sweroside was

toxic effects on healthy cells (fibroblasts and keratinocytes).

4. Conclusions

The high content of bitter, secoiridoid glycosides, quantified in B.
perfoliata extract, supports our hypothesis that this plant could be an
adequate substitute for widely used Gentianaceae bitter herbs.
Blackstonia perfoliata may be a good alternative in pharmaceutical and
food products for Gentiana lutea, which natural populations are de-
creasing as a result of overexploitation and habitat degradation. Indeed,
B. perfoliata methanol extract revealed a considerable amount of var-
ious phenolic compounds and a certain extent of antioxidant and an-
timicrobial activities. In addition to the bioactivity of well-known se-
coiridoid glycosides present in B. perfoliata, formulations containing
BPE would be enriched with a variety of phenolic acids, flavonoids and
their derivatives. Flavanones are found to be especially abundant in this
species, and this chemical ch istic distinguis} the genus
Blackstonia from other genera within the Gentianaceae family. Also, B.
perfoliata extract could attract attention for finding new anti-in-
fl y agents, considering the high potential of COX-2 enzyme

reported to have no toxic effect neither on the human oma cell
line MG-63, nor on rat osteoblast cells, causing even a marked increase
in cell proliferation (Sun et al., 2013). Obtained results for BPE bio-
compatibility in this study are in agreement with these studies reporting
low cytotoxic effects of secoiridoid glycosides. Also, BPE at the doses
ranging from 10 to 200 pg/mL provides good biocompatibility, without

inhibition recorded within the present study.
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