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Bioactive compounds, which are abundant in flora, fauna, and microorganisms, can
potentially be used by various industries, including pharmaceuticals, functional foods,
dietary supplements, and cosmetics. Their extraction and purification, however, pose sig-
nificant challenges due to the presence of impurities, interference from other compounds,
and the need to maintain their stability and activity. This Special Issue, “Extraction and Pu-
rification of Bioactive Compounds” (https://www.mdpi.com/journal/processes/special_
issues/extraction_bioactive accessed on 4 July 2023), delves into the complexities of these
processes, presenting one review paper and eleven original research articles that explore
the enrichment, identification, and various aspects of bioactive compounds.

The issue begins with the extraction of bioactive compounds from living organisms.
Corrêa et al. [1] provide a comprehensive review of the current methodologies used for
obtaining bioactive products from microalgae, discussing technologies used for cell disrup-
tion, selective extraction, recovery, and purification. Ghafoor et al. [2] compare conventional
and green extraction techniques for natural antioxidants from Saudi date fruit, optimizing
the supercritical extraction process using a response surface methodology and regression
analysis techniques. A team from Serbia [3] explores the carotenoid extraction protocol
using yeast fermentation technology, testing various methods for cell lysis, extraction,
and solvents.

Additionally, the utilization of resins for the adsorption of bioactive compounds is
addressed. Wu et al. [4] discuss the ion exchange strategy with Dowex® HCR-S resin for the
isolation and purification of ectoine, a high-value bioactive compound, from a fermentation
broth. Zain et al. [5] examine three macroporous resins for the enrichment of four bioactive
compounds from an acid-hydrolyzed oil palm leaves extract, selecting the best-performing
resin based on its sorption capacities.

The identification of bioactive compounds is another key focus of this issue. Chu
et al. [6] extract phenolic compounds from ten common commercial mushroom species,
identifying different phenolic compounds using LC-ESI-QTOF-MS/MS. Cao et al. [7]
analyze the constituents of acidic compounds in the particulate and gaseous phases of
mainstream cigarette smoke. Other researchers investigate the composition of bioactive
compounds in organically produced cereals [8], dried sea cucumber viscera [9], and the
medicinal plant, Clinacanthus nutans [10].

The issue concludes with an overview of the other aspects of bioactive compounds.
Ramakrishnan et al. [11] optimize the operation parameters of enzymatic transesterification
for biodiesel production from salmon oil. Xu et al. [12] measure the solubility of the high-
value biocompound, 2,5-furandicarboxylic acid (FDCA), and its synthetic intermediate in
binary solvent mixtures of water and 1,4-dioxane.

This Special Issue comprehensively explores the extraction and purification of bioac-
tive compounds, shedding light on the complexities of these processes and the potential
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these compounds hold for various industries. We hope that the insights will inspire future
research and innovation in this exciting field.
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supervision, project administration, funding acquisition, Z.B. All authors have read and agreed to the
published version of the manuscript.
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Abstract: Several microalgae species have been exploited due to their great biotechnological potential
for the production of a range of biomolecules that can be applied in a large variety of industrial
sectors. However, the major challenge of biotechnological processes is to make them economically
viable, through the production of commercially valuable compounds. Most of these compounds
are accumulated inside the cells, requiring efficient technologies for their extraction, recovery and
purification. Recent improvements approaching physicochemical treatments (e.g., supercritical
fluid extraction, ultrasound-assisted extraction, pulsed electric fields, among others) and processes
without solvents are seeking to establish sustainable and scalable technologies to obtain target
products from microalgae with high efficiency and purity. This article reviews the currently available
approaches reported in literature, highlighting some examples covering recent granted patents
for the microalgae’s components extraction, recovery and purification, at small and large scales,
in accordance with the worldwide trend of transition to bio-based products.

Keywords: biomolecules; chromatography; cell disruption; microalgae; purification; supercritical flu-
ids

1. Introduction

Microalgae are unicellular or simple multicellular photosynthetic microorganisms,
which can normally be found in aquatic environments such as freshwater, seawater, or hy-
persaline lakes. These organisms can be eukaryotic or prokaryotic, the latter being the
cyanobacteria, which are commonly referred to as microalgae. There are numerous mi-
croalga species, some of which can grow in high salinity waters, having the advantage of
reducing the contamination incidence and expanding its applications [1].

Microalgae can be cultivated photoautotrophically in closed photobioreactors or open
ponds, using sunlight, CO2 and inorganic nutrients to grow, producing biomass and
O2. However, conventional large-scale photoautotrophic production suffers from low
biomass density due to light restrictions that hinder the cells growth, which dramatically
increases production cost. Alternatively, microalgae can be grown under mixotrophic or
heterotrophic conditions, respectively in the presence and absence of light, adding organic
carbon as a nutrient, which has become a common practice for commercial production,
increasing the productivity of algal biomass [2].

When compared to higher plants, microalgae have some advantages, such as higher
productivity, lack of seasonality and, in the case of biofuel production, do not compete
with human food [3,4]. Their remarkable biotechnological potential to produce a range
of biocomponents such as pigments [5], lipids [6], polysaccharides [7], biopolymers [8],
proteins [9], and vitamins [10], among others, has been widely addressed in the literature.
Most of these bioproducts are stored intracellularly, which requires rupture of the cell wall
for their recovery (Figure 1).

Processes 2021, 9, 10. https://dx.doi.org/10.3390/pr9010010 https://www.mdpi.com/journal/processes
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Figure 1. First steps in microalgae production, from cultivation to harvesting and cell disruption, for extraction or recovery
of intracellular and extracellular components [11,12].

There are several techniques for cell disruption, which can be applied with greater or
lesser degrees of success, depending on the characteristics of the cell wall of a given mi-
croalgae species. The rigidity of the cell wall can be provided, for example, by high levels
of polysaccharides in the cell wall structure, such as glucose and mannose, present in
Chlorella zofingiensis, or by complex sugars composition such as arabinose, galactose,
rhaminose, mannose and xylose, as found in Tetraselmis suecia and T. striata. Another
extremely resistant component is a non-hydrolyzable biopolymer, called algaenan or
sporopollein. This biopolymer is composed of long ω-hydroxy fatty acids chains linked by
several types of chemical bond, which confer its rigid properties. Algaenan can be found in
some species such as Chlorella spp., Nannochloropsis galditana and Scenedesmus spp. On the
other hand, cell walls composed of peptidoglycan, as found in Arthorspira spp., are less
rigid and, consequently, more susceptible to degradation [13,14].

In this sense, several authors have studied the effect of different cell disruption tech-
niques in order to enhance the recovery of the intracellular target product. Larrosa et al. [15]
tested three different cellular rupturing techniques (i.e., milling, microwave oven and auto-
claving) to enhance the recovery of phycocyanin and phenolic compounds from Spirulina
sp. (strain LEB-18). In addition, Gim and Kim [16] tested several experimental conditions
to optimize six cell disruption methods applied to Botryococcus braunii LB572 biomass,
including mechanical (sonication, bead-beater, autoclave, French-press and microwave)
and non-mechanical (osmotic shock) methods. More recently, Martínez et al. [17] proposed
the use of pulsed electric fields (PEF) for astaxanthin extraction from Haematococcus pluvialis,
comparing the extraction efficiency of PEF with classical methods, such as bead-beating,
ultrasound, freezing–thawing, thermal and chemical treatments.

Biomolecule recovery and purification may be limiting factors for the establishment
of biotechnological processes, by making them economically less attractive than chemical
ones [18]. However, the development of new, more efficient and sustainable technolo-
gies and processes can be the key to promote the transition to bio-based products [19].
In the following sections, the main technologies for cell disruption, selective extraction,
recovery and purification of microalgae biomolecules are discussed. Hence, this paper
reviews the most common methods for extracting and purifying different components from
microalgal biomass. It presents examples of various microalgae species and the methods
used to extract the desired components with each one.

2. Cell Disruption Methods

Methods for microalgae cell disruption comprise mechanical, physical or non-mechanical
techniques, usually employed to disrupt or disintegrate the cellular membrane, this way
increasing the recovery yield of the desired component (e.g., lipids, pigments, proteins) that
can be isolated from biomass. Figure 2 shows the general differences between mechanical
and non-mechanical cell-disruption methods.
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Figure 2. Comparison of different cell-disruption methods.

2.1. Mechanical and Physical Methods

Mechanical and physical methods may promote cell lysis through solid or liquid-
shear forces (e.g., bead milling, high-speed or high-pressure homogenization) or en-
ergy transfer through waves (e.g., microwave irradiation, ultrasonication or laser), cur-
rent (e.g., pulsed electric fields) or heat (e.g., autoclaving, freeze/thaw cycles, thermolysis).

2.1.1. Bead Milling

The cell disruption principle in bead mill machines is to promote mechanical cell
damage by forcing the collision between the cells and the beads. This collision is promoted
by a rotating shaft present in the grinding chamber. The diameter and load of the beads
are important parameters with a direct influence on the cell disruption effectiveness [20].
The most common materials used in the beads are zirconium (high-density beads) and glass
(low-density beads). Zirconium is preferred to process high viscosity media, while glass
beads are more suitable for media with low viscosity [21].

In large-scale processes, techniques based on solid/liquid-shear forces are commonly
employed due to their high efficiency and scale-up easiness. Furthermore, these methods
avoid the contamination of chemical methods and preserve most of the biomolecules’ func-
tionality when compared to chemical and thermal treatments. An optimized mechanical
method for Chlorella’s cell wall disruption at industrial scale (i.e., milling chamber volume
≥500 dm3 and/or flow rate >1 m3·h−1 and/or batch from 1 to 200 m3) has been described
in the US patent n◦ 10465159B2 [22]. The inventors evaluated the effect of specific param-
eters, such as bead material (glass, zirconium silicate and zirconium oxide), diameter of
milling beads (0.3 to 1.7 mm), chamber filling rate (80% to 90%), operational scheme (single
or multiple mills in series), peripheral speed of milling disks (8 to 12 m·s−1, limited to
avoid abrasion issues) and cell density (20%, 25.2% and 31.9%) on the specific energy
demand and productivity. The configuration recommended by the applicant company
in order to combine lower energy consumption with higher productivity is performed
by lower diameter-zirconium silicate beads (0.3 to 0.6 mm) at 85–90% chamber filling
rate, peripheral speed of milling disks between 11 and 12 m·s−1 and moderate biomass
concentration (25.2%) with several mills in series. It was demonstrated that moderate con-
ditions are preferable to reduce energy consumption to achieve a target degree of milling.
Despite high-density beads (based on zirconium) presenting high specific energy, the glass
beads (low density) were not efficient, requiring more passes to achieve the same degree of
milling, which also increases the specific energy. Therefore, in order to overcome this issue,
the inventors combined the use of zirconium silicate, which is less dense than zirconium
oxide, with lower diameter to reduce the number of passes required. The same criteria
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were applied to biomass concentration; higher concentrations lead to higher productivities,
but also increase the energy consumption. Additionally, moderate peripheral speed was
recommended to avoid excessive abrasion and the filling rate, however, did not present a
significant impact on energy consumption among the tested conditions. It is also possible
to reduce the specific energy consumption and the process cost by using higher dry cell
weight concentrations (0.5–8% w/w) and higher biomass flow rates, but it will also have a
negative impact on the cell disruption efficiency [21]. Thus, despite the many advantages
of using bead milling, including this being a suitable technique for large-scale production,
and the aforementioned optimizations, this process still has high energy consumption [23].

2.1.2. High-Speed Homogenization

High-speed homogenization (HSH) is a simple and effective method, in which the
cells’ disruption is based on hydrodynamic cavitation caused by stirring at high speed
(10,000–20,000 rpm) and shear forces at the solid–liquid interphase [21]. Despite presenting
some drawbacks such as high energy consumption and protein denaturation, this technique
is suitable for industrial scale and requires short processing time. It has been reported
operational times of 30 or 60 s at 10,000 or 14,000 rpm for lipid and antioxidant extraction
in Nannochloropsis sp., Phaeodactylum tricornutum and Pavlova lutheri [24,25].

González-Delgado and Kafarov [26] compared solvent assisted extraction with HSH
and other solvent-based extraction methods for a microalgae biorefinery. The authors tested
five microalgae species (Nannochloropsis sp., Guinardia sp., Closterium sp., Amphiprora sp.
and Navicula sp.), concluding that despite the higher extraction yields achieved by combin-
ing polar and non-polar solvents, the solvent method presents high toxicity and lowest
solvent recovery, increasing the process costs.

2.1.3. High-Pressure Homogenization

The high-pressure homogenization (HPH) method for cell disruption employs high
pressure (≈20–120 MPa) to promote turbulence, liquid-shear stress and friction. According
to the cell wall properties, parameters such as operating pressure and number of homoge-
nization passes can be optimized to enhance the process efficiency [27]. Additionally, other
variables such as dry cell weight concentration, microalgae species and growth conditions,
impacts on the specific energy consumption [21].

Bernaerts et al. [28] studied the impact of (ultra) high-pressure homogenization
(U)HPH on the rigid cells of Nannochloropsis sp., achieving similar lipid extraction effi-
ciency, using 250 MPa in half of the homogenization passes compared to 100 MPa. However,
despite the effective reduction of homogenization passes, the high pressure also heated
the sample, resulting in aggregation of the intracellular components released. Besides
the reduction of specific energy in (U)HPH by using biomass concentrations up to 25%
(w/w), the energy consumption of this technique is still high. However, Elain et al. [29]
demonstrated a satisfactory specific energy consumption (0.41 kWh·kg−1 biomass dry
weight) of HPH in a study comparing the performance of this technique in mild conditions
(e.g., of room temperature, neutral pH, shorter time, etc.) with conventional thermal treat-
ment (hot water) in cell disruption of Arthrospira platensis, also increasing 2.5-fold the yield
of polysaccharides extraction.

Thus, the major drawbacks of HPH comprise the non-selectivity, the formation of
undesirable cell debris and the limitation to break harder cell walls. However, despite these
disadvantages, HPH is, together with bead milling and HSH, the preferred method for the
industrial scale.

2.1.4. Microwave Irradiation

Microwave irradiation is a simple and scalable method for cell disruption. This method
has a well-established optimal operational value for heating (2450 MHz) and the cell walls
are disrupted by the electromagnetic effect induced by the microwave irradiance that
interacts with polar (e.g., water) and dielectric molecules, also promoting local heating [30].
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This method is not suitable when the target component is volatile, but it has been suc-
cessfully reported as an effective cell disruption technique for lipid extraction. Also,
the combination of microwave with solvents, called microwave-assisted extraction (MAE),
has been reported as the technique with lower operational costs and extraction time than
the conventional techniques, and higher lipid extraction than other non-conventional
methods (e.g., ultrasound-assisted extraction) [31].

By comparing different cell disruption methods (autoclaving, bead-beating, microwaves,
sonication and osmotic shock), followed by chemical lipid extraction, Lee et al. [32] proved
that microwave was the most effective method for cell disruption of three microalgae species
(Botryococcus sp., Chlorella vulgaris and Scenedesmus sp.). In addition, by using a microwave
method, Dai et al. [33] achieved the highest lipids extraction yield (18 wt%) from commercial
microalgae dry powder, in comparison with 14 wt% by heating and 5 wt% by ultrasound. Also,
Viner et al. [34] compared microwave with several cell disruption methods (freeze-drying,
ultrasonication, cooling, liquid nitrogen grinding, osmotic shock and switchable osmotic
shock) prior to lipid extraction in Scenedesmus sp. using liquid CO2 and methanol. The highest
total lipids extraction yield (9.6 wt% of dry algae) was achieved using microwave in the
presence of water. Recently, the use of ionic liquids in MAE has been studied as a greener
technology to overcome the intrinsic toxicity of the conventional solvents (e.g., chloroform,
methanol) [35,36].

2.1.5. Ultrasonication

The ultrasonication method for cell disruption is based on liquid-shear forces caused
by emission of high frequency wave sounds (up to 15–20 kHz). In liquid, these sound
waves create gas bubbles or cavities that, after a certain number of cycles, achieve a critical
size, collapsing and releasing large amounts of energy. Additionally, acoustic cavitation
occurs by increasing local temperature and forming hydroxyl radicals that damage the
cell wall [20]. Besides being a scalable technique with low operational cost, it is possible
to optimize some parameters (e.g., temperature, cell concentration, acoustic intensity and
time) to partially disrupt the cells, resulting in selective release of proteins [27]. Moreover,
the promising use of ultrasonication for large-scale treatment of microalgal biomass has
been previously pointed out by Adam et al. [37] who suggested that, the large-scale
ultrasound extraction reactors used in food and chemical industries, can be easily modified
to perform an ultrasound-assisted extraction of microalgae biomolecules in amounts up to
200 kg·h−1 of biomass dry weight. However, this technique is not very effective for some
microalgae species and it is commonly combined with chemical treatments for efficiency
improvement and to reduce energy demand [23,27].

2.1.6. Pulsed Electric Field

A pulsed electric field (PEF) has been described as an alternative method to overcome
high energy consumption of classical mechanical methods based on solid/liquid-shear forces.
Besides being energetically efficient and scalable, PEF also presents selectivity and fast pro-
cessing time. However, despite the low operational costs, equipment is expensive and the
technique depends on medium conductivity, limiting its use [38]. The disruption mechanism
induced by PEF is based on electroporation as a result of transient membrane-permeabilization
and electrophoretic movements into the cell caused by charged species [39]. The electropora-
tion can be reversible (0.5–1.5 kV·cm−1, 0.5–5 kJ·kg−1), mostly used for genetic engineering
or chemotherapy, or irreversible (10–20 kV·cm−1, 50–200 kJ·kg−1), being applicable for cell
disruption and food processing [40].

Several parameters can influence PEF efficiency such as the electric field strength, pulse
(shape, width), frequency, physicochemical parameters (temperature, pH and conductivity),
operational time and cell wall properties [41]. Lam et al. [42] tested the use of PEF for
protein release from Chlorella vulgaris and Neochloris oleoabundans achieving the maximum
of 13% even through use of 10–100 times higher energy than bead milling, which released
45–50% of proteins. On the other hand, Käferböck et al. [43] reported a 90% increase in
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phycocyanin extraction efficiency from Arthrospira maxima by combining freeze-thawing
and PEF, in comparison to bead milling method. However, a recent study comparing PEF,
high voltage electrical discharges (HVED) and ultrasonication on aqueous extraction of
Nannochloropsis sp., Phaeodactylum tricornutum and Parachlorella kessleri components have
demonstrated HVED is most effective for carbohydrates and ultrasonication for proteins
and chlorophyll a extraction from these species [44]. These results demonstrate that despite
being a promising technology, there are still challenges to overcome for its establishment as a
suitable technology for mild or large-scale microalgae biorefinery. However, PEF is a widely
employed technology in the food industry that counts on specialized companies that are also
involved in projects, approaching the use of PEF to stimulate growth and improve extraction
of high-value compounds from microalgae. The German company ELEA Technology, for
example, has been running the project iAlgaePro (https://elea-technology.de/project/
ialgaepro/) since 2014. In this project the effectiveness of low-intensity PEF treatments to
stimulate growth and also enhance the extraction of several compounds (e.g., phycocyanin,
vitamins, polyphenols, lipids, among others) were demonstrated. The group reported
significant difference between the phycocyanin extraction yield in PEF-treated (66.4 mg
mL−1) and non-treated (≤0.2 mg·mL−1) Spirulina biomass. Thus, this kind of initiative may
accelerate the implementation of PEF in microalgae biorefineries.

2.1.7. Thermal Treatments

Thermal treatments are physical methods that use heat to promote cell disruption,
such as thermolysis [45], autoclaving [15] and steam explosion [46,47]. Despite being
simple technologies with low maintenance cost, the physical disruption is frequently as-
sociated with low efficiency, high energy consumption, generation of large amounts of
undesirable cell debris and applicability limited by thermal resistance of the target product
to be extracted. However, as shown in Table 1, steam explosion has many advantages com-
pared to conventional thermal treatments. In this technique the biomass is exposed to high
temperatures (160–290 ◦C), however, to pretreated microalgae biomass it is recommended
to use lower temperatures to avoid degradation of the bioproducts, at vapor pressure
between 1.03 and 3.45 MPa. The cell disruption occurs when the system is depressurized to
return to room conditions [48,49]. Lorente et al. [46] tested four pretreatments (steam explo-
sion, autoclaving, microwave and ultrasound) in three microalgae species (Nannochloropsis
gaditana, Phaeodactylum tricornutum and Chlorella sorokiniana) to enhance lipid extraction
using the Bligh and Dyer method. In this study, steam explosion as pretreatment showed
the highest lipid yield for all species, especially for N. gaditana and C. sorokiniana. Further-
more, this technique promotes carbohydrates hydrolysis, forming aqueous phase rich in
monomeric sugars suitable for subsequent fermentation.
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In Table 1 are summarized the main mechanical and physical methods for cell disrup-
tion, highlighting the principle of cell disruption and the main advantages and disadvan-
tages of each of them.

2.2. Non-Mechanical Methods

Non-mechanical methods comprise chemical methods that may use acid or alkaline
treatments [51–53] and detergents [54], osmotic shock [16] or enzymatic treatments [55,56].

2.2.1. Chemical Methods

Chemicals such as solvents, acids, alkali, hypochlorites, antibiotics, detergents, among
others, can interact with components of the microalgal cell wall causing deformations and
promoting cell disruption. Despite being a simple and well-known technique, the use of
chemicals raises several environmental and economic concerns, especially for industrial
scale. Further, the chemical contamination of the target product limits its application,
once the active compound is generally classified as non-food grade [20]. However, the use
of surfactants, which can both help harvesting biomass and promote cell disruption, is an
interesting option in large scale for species whose harvest is a limiting factor. Surfactants
interact with the cell membrane’s phospholipids, causing distortions and consequently,
cell disruption, improving release of intracellular components and bioproducts recov-
ery [54]. The most commonly used surfactants are long-chain alkyl groups (C12 to C16)
containing quaternary-ammonium cation. These compounds have hydrophobic ends
capable of adsorbing or attaching to cell membranes, and once this happens, the quater-
nary cation makes the cell charge to become less negative, favoring cell aggregation [57].
Lai et al. [58] evaluated this synergistic effect by using cationic surfactants for flocculation
and lipid extraction from C. vulgaris. The authors tested three cationic surfactants: dode-
cyltrimethylammonium bromide (DTAB), myristyltrimethylammonium bromide (MTAB)
and hexadecyltrimethylammonium bromide (CTAB), showing that the pretreatment with
the surfactant CTAB resulted in the most effective cell disruption, with the highest lipid
recovery (nearly 90%) without changing the fatty acid methyl esters (FAME) profile. More-
over, small amounts of CTAB (0.45 mM) were required to improve flocculation and harvest-
ing. Recently, Alhattab et al. [59] tripled the amount of total FAME extracted by 24 hours’
pretreatment with the surfactant CTAB, followed by SFE with supercritical CO2 (sc-CO2)
of Chlorella saccharophila biomass. However, they also observed that although the extraction
was higher, the FAME composition changed significantly. This possibility of modulat-
ing FAME composition may be interesting depending on the desired application, but for
biodiesel production, they found that the most suitable composition was obtained with
pure sc-CO2. Additionally, in the US patent n◦ 9994791B1, Zhang et al. [56] described a
cell disruption method for microalgae Nannochloropis salina by using sodium dodecylben-
zenesulfonate as anionic surfactant associated to pH adjustment and low pressurization,
extending this application to other anionic and non-ionic surfactants.

2.2.2. Osmotic Shock

The presence of a high concentration of solute (salt, dextran or polyethylene glycol
(PEG)) leads to a decrease of osmotic pressure, causing cell wall damage, increasing its
permeability and, consequently, allowing the release of intracellular compounds. In this
respect, Rakesh et al. [60] compared the use of autoclaving, microwave, osmotic shock,
and pasteurization to Chlorococcum sp. MCC30, Botryococcus sp. MCC31, Botryococcus sp.
MCC32, and Chlorella sorokiniana MIC-G5 to facilitate lipid extraction. They found that
by applying osmotic shock improved lipid extraction could be achieved for Botryococcus
sp. MCC32 (at 15% NaCl) and for C. sorokiniana MIC-G5 (at 5% NaCl). Furthermore,
the composition of the extracts varied with the treatment used to facilitate the extraction.
Rakesh et al. [60] also found different palmitate (C16:0) contents (25.64% and 34.20%)
using osmotic shock (15% NaCl) treatment for Botryococcus sp. MCC32 and microwave
(6 min) for Botryococcus sp. MCC31, respectively, while the use of Botryococcus sp. MCC32
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as source of oil blends or nutraceuticals was proposed after osmotic shock of 15% NaCl
treatment due to its oleic acid and unsaturated fatty acid content (19.95% and 38.17%,
respectively). González-González et al. [61] also applied osmotic shock to Chaetoceros
muelleri and Dunaliella salina, having achieved a lipid recovery efficiency of 72% and 21%
respectively. They also found that the lipid-spent biomass of C. muelleri add one of the
highest methane yields reported for microalgae of 484 mL CH4 g VS−1, showing that
osmotic shock adds a double positive effect on lipid extraction and biomass quality for
anaerobic digestion. López and Morales [62] extracted astaxanthin from Haematococcus
pluvialis applying osmotic shock by highly concentrated sacarose solution, or syrup, at high
temperatures. They concluded that astaxanthin extracted using osmotic shock remained
available for consumption in the syrup. Koyande et al. [63] studied the recovery of whole
proteins from Chlorella vulgaris FSP-E using osmotic shock through a liquid biphasic flota-
tion (LBF) system, having concluded that protein recovery of 92.98% with a separation
efficiency of 64.91%, partition coefficient of 1.47 and a volume ratio of 9 could be achieved
using osmotic shock, whereas without osmotic shock the corresponding values were of
only 84.84%, 69.68%, 1.89 and 2.96.

Although simple, the major drawbacks of this technique are that it takes longer than
other processes such as autoclaving and microwave irradiation [32,64], being economically
unfeasible on a large scale [65].

2.2.3. Enzymatic Methods

Enzymatic cell lysis is a high-selective method for cell disruption that requires low
energy and operates at mild conditions [66]. The commercial enzymes such as cellulases,
proteases, lysozyme and glucanases are vastly employed and commonly used in the im-
mobilized form to increase their lifetime and stability, preventing reduction in catalytic
activity [27]. The main drawbacks of using enzymes compared to mechanical or chemical
methods are the long process time, low production capacity and the possible product inhi-
bition. In addition, the high cost of the enzymes limits their applications in a microalgae
biorefinery [21]. Liang et al. [55] tested the combination of ultrasound with enzymatic lysis
(snailase and trypsin) for lipid extraction in three microalgae species, achieving the maxi-
mum lipid yield of 49.82% in Chlorella vulgaris, 46.81% in Scenedesmus dimorphus and 11.73%
in Nannochloropsis sp. Zhang et al. [56] achieved 86.4% of lipid recovery in Scenedesmus sp.
using a mixture of enzymes (cellulase, xylanase and pectinase), also increasing the fatty
acid methyl esters (FAME) yield compared to the untreated biomass. However, despite im-
proving the lipid yield from Scenedesmus sp., in the study by Zhang et al., the enzymes were
used just as pretreatment followed by an organic solvent extraction, while Liang et al. used
a more sustainable method based on enzyme-assisted aqueous extraction. Regarding to
recent patents approaching solventless extraction of microalgae biomolecules, Bai et al. [67],
US patent n◦ 10196600B2, described a method to induce self-lysis in microalgae cells (e.g.,
Chlorella sp., Micractinium sp., Tetraselmis sp., Isochrysis galbana and Dunaliella sp.). The
active substance for self-lysis induction was extracted from Bacillus thuringienses ITRI-G1
suspension by vacuum distillation and isolated by high-performance liquid chromatogra-
phy (HPLC). Once mixed with microalgal cells, the active substance triggers biochemical
responses that induce self-lysis. The cell disruption effectiveness was estimated in terms
of released-protein content by A280nm (absorbance at 280 nm) measurements. After one
hour of use of the active substance the absorbance (A280nm) was four-fold greater (approxi-
mately 1.6) when compared to control (approximately 0.4). The results also demonstrated
an increase in protein concentration (of almost two-fold) by mixing the active substance
without stirring, which represents a desirable economic aspect.

Table 2 shows several cell disruption methods (mechanical, physical and non-
mechanical) employed for processing a range of microalgae species and obtaining tar-
get bioproducts.
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Larrosa et al. [15] improved phycocyanin extraction in Arthrospira platensis using
microwave irradiation from 85.43 mg·g−1 to 74.98 mg·g−1 by milling and 1.17 mg g−1

by autoclaving. The expressive low content of phycocyanin obtained by autoclaving is
probably due to protein denaturation caused by the operational conditions. In addition,
Chia et al. [68] showed a variation in phycocyanin recovery ranging from 77.10% to 94.89%
and purity from 4.15 to 6.17 in A. platensis by changing the cell-disruption method (e.g.,
freeze-thawing, microwave, homogenization and sonication). Zhou et al. [73] also tested
different cell disruption methods in Synechocyst is sp. for protein release, achieving the
highest cell disruption with ultrasound (94.4%) followed by silicon carbide grinding (93.3%),
bead-milling (54.4%) and freeze-thawing (43.3%). Thus, as shown in Table 2, the efficiency
of the cell-disruption method can significantly change according to the microalgae species
and the properties of the target product. In this sense, the use of two cell-disruption
methods is a way to enhance cell disruption efficiency and, consequently, the recovery
of the target biocompound [81]. Moreover, it is important to emphasize that besides the
extraction efficiency and quality of bioproducts, the chosen cell-disruption method can
also directly influence the subsequent purification steps.

3. Extraction Methods

As stated before, microalgal cells may contain many compounds of interest and value
that must be separated from other less valuable components. Several different extraction
methods can be used combined with cellular disruption or directly applied over the whole
cell. These include solvent extraction, using organic solvents, ionic liquids, deep eutectic
solvents, supercritical fluids, among others.

3.1. Organic Solvent Extraction

The use of organic solvents is a well-known technique for the extraction of microal-
gae biomolecules. Frequently, this kind of extraction is associated with a previous cell-
disruption step to facilitate the access of solvent to inner cell compounds, thus enhancing
the extraction yield. Several filled patents available on the US Patent database have also
reported the use of organic solvents for microalgae biocomponents extraction (Table 3).
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Table 3. Recent US-granted patents approaching cell disruption, extraction and recovery of microalgae biomolecules using
organic solvents (FAME: fatty acid methyl esters).

Patent Purpose Pretreament Solvents Main Results

Production and extraction of
squalene from microalgae of

the Thraustochytriales sp.
Family [82]

Alkaline lysis
(KOH 45%)

Hexane/
ethanol 6.7 g L−1 of squalene content

Production of pure microalgae
extracts to modulate the

metabolism of human skin
and hair follicles [83]

-
Methanol/
ethanol/

ethyl acetate

Achieved an effective
treatment using a composition
comprising from 0.001 to 35%

of dry matter content of an
extract of Monodus sp.

Method for extraction of
lipids in an organic phase and

sugars by hydrolysis [84]
Homogenization Acetone

Results suggest that it is
possible to achieve an

industrial-scale extraction
yield of 96.3% of total lipids in
the starting wet algal biomass

Biodiesel production and
isolation of several valuable
co-products from the marine

alkenone-producing
microalgae Isochrysis [85]

-

n-hexane/ethanol or
methanol/

dichloromethane or
toluene/acetonitrile

27:8:1 (FAME:alkenones:
fucoxanthin) co-production

Pora et al. [82] achieved a maximum squalene content of 6.7 g·L−1 from microalgae
of the Thraustochytriales sp. family by organic solvent extraction (Table 3). This result is
up to 2.5-fold other results that have been reported in the literature, which are between
0.9 to 2.46 g·L−1 in species such as Aurantiochytrium sp. 18W-13a (0.9 and 1.29 g·L−1), ex-
tracted by chloroform:methanol (2:1, v/v) [86] and n-hexane containing 10% of chloroform,
respectively [87], Schizochytrium mangrovei PQ6 (1.01 g·L−1) extracted by n-hexane:diethyl
ether:acetic acid (70:30:4, v/v/v) [88], S. limacinum SR21 (0.9 g·L−1 of squalene produced
in bioreactor) extracted by chloroform:methanol (2:1, v/v) [89] and Aurantiochytrium sp.
BR-MP4-A1(2.46 g·L−1) extracted with hexane (3 cycles) after saponification with 10%
KOH (w/w) and 75% ethanol (v/v) [90]. In other granted patent, Massetti et al. [84] results
suggest that it is possible to achieve 96.3% of lipids extraction yield from Nannochloropsis
sp. at industrial scale. Their invention comprises the use of acetone, a preferable organic
solvent when compared to common solvents such as hexane and chloroform, due its lower
toxicity. Despite the use of organic solvent, the perspective of almost 96% of extraction
yield is quite expressive. This value was predicted from an experiment that resulted in
281 g of lipids, which means 27.94% of volatile solids present in the starting wet biomass
(66.72% in which 29% is related to lipids). Du et al. [91] maximized the lipid extraction
yield in an oleaginous microalgae Neochloris oleabundans. In this work, the authors achieved
a maximum lipid extraction yield of 61.3% dry weight in fresh water stressed (nitrogen lim-
itation) cultivations after multistage extractions (four extractions) with n-ethylbutylamine
as solvent. Moreover, some publications have reported less than 50% of lipid yield in
different microalgae species using more recent technology based on supercritical CO2
(Sc-CO2) extraction, 20% Nannochloropsis oculata (Sc-CO2, 450 bar), 40% Chlorella vulgaris
(Sc-CO2 and ethanol 10% v/v, 250 bar) [92], 11.1% Tetraselmis sp. (Sc-CO2, 300 bar) [93] and
12.1% Nannochloropsis sp. (Sc-CO2, 550 bar) [94].

Classical organic solvent-based techniques for microalgae biocompounds extraction and
recovery, mostly lipids, include the Bligh and Dyer (B&D) method [95], Folch method [96] and
Soxhlet method [97]. The B&D and Folch methods are quite similar techniques widely used
for lipid extraction. Folch is a two-step method, which firstly employs chloroform/methanol
(2:1 ratio) as solvents to homogenize lipids. The homogenate is filtered and lipids separated in
a second step, which comprises washing of the crude oil extract, with at least 5-fold volume
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of water. It is a time-consuming technique that requires large amounts of solvent. In order to
solve the disadvantages of the Folch method, the B&D examined the chloroform-methanol-
water phase diagram, proposing a single-step method. Briefly, the homogenate obtained in
the chloroform/methanol mixture must be a monophasic system, forming a bi-phase when
mixed with water. The chloroform phase contains the lipids and the other phase is composed
by methanol, water and non-lipid components.

Soxhlet is a classical technique proposed by Franz von Soxhlet in 1879, that comprises
a Soxhlet apparatus in which lipids are extracted from biomass by exhausting reflux in
organic solvent, commonly n-hexane or petroleum ether. Despite being a simple and
scalable technology, it also is time consuming and requires a large solvent amount. Beyond
that, the extraction yield is low, probably due to inefficient polar lipid extraction [98].

Despite being well-established techniques, conventional solvents are toxic and not
aligned with environmental and human health concerns. In this sense, Breil et al. [99]
studied several potential solvents to substitute chloroform (e.g., 2-methyltetrahydrofuran
(MeTHF), cyclopentyl methyl ether (CPME), ethyl acetate (EtOAc), ethyl lactate, dimethyl
carbonate (DMC), p-cymene, d-limonene and α–pinene) and methanol (e.g., ethanol
and isopropanol) in B&D and Folch methods for lipid extraction. The classical chlo-
roform/methanol/water system still is more selective than the tested solvents. However,
their study suggests that the combination of ethyl acetate/ethanol, followed by the ad-
dition of water enriched with KCl and ethyl acetate is a suitable option. In addition,
Gorgich et al. [100] increased lipid recovery using methyl tert-butyl ether (MTBE), which is
less hazardous than classical solvents (e.g., chloroform and hexane), in three microalgae
species compared to modified B&D method (chloroform:methanol:water, 1:2:0.8 (v/v)).
The highest yield and also the most expressive difference between methods were observed
in lipid extraction from Chlorella zofingiensis, resulting in 34.06% by MTBE and 26.68% by the
B&D method. On the other hand, Ruecker et al. [101], US patent n◦10329515B2, described
a solventless lipid-extraction process based on alkaline treatment for cell disruption with
potassium hydroxide (KOH), followed by sequential aqueous phase separation, achiev-
ing process performance and bioproduct quality comparable to the traditional solvent
extraction with hexane.

3.2. Alternative Solvents Extraction

By contrast with conventional solvents, alternative solvents are supposed to have
lower environmental, safety and health impacts [102]. Some examples of alternative
solvents are bio-based solvents such as terpenes, ionic liquids, deep eutectic solvents,
and liquid polymers. One of the most well studied liquid polymers is polyethylene glycol
(PEG), a biodegradable polymer widely used in aqueous two-phase systems [103]. Focusing
on recent developments, this section will discuss the use of ionic liquids and deep eutectic
solvents.

Ionic liquids (ILs) are organic salts with melting points of 100 ◦C or below. However,
not all ILs have “green” characteristics and must be avoided. For a better understanding
Bubalo et al. [104] present a general description of the potential environmental risks of
ILs. These substances are usually composed of an organic cation and an anion that can be
organic or inorganic. ILs have great thermal stability, solvating power and non-volatile
characteristics due to their high enthalpies of vaporization (ΔvapH). There are several
possible combinations between cations and anions for ILs synthesis; it is estimated up to
1018 combinations.

This feature significantly broadens the ILs applicability and it has attracted great
interest from the modern scientific community, especially for extraction and separation
of biocompounds [103,105]. Table 4 shows some examples of ILs used as assistant for
microalgal components extraction.
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Table 4. Ionic liquids used for microalgae biomolecules extraction.

Microalgae Species Ionic Liquid Abbreviation
Target

Component

Neochloris oleoabundans [106]

1-butyl-3-methylimidazolium
tetrafluoroborate

1-butyl-3-methylimidazolium
methyl sulfate

1-butyl-3-methylimidazolium
dicyanamide

1-butyl-3- methylimidazolium
chloride

[BMIM][BF4]
[BMIM][MeSO4]
[BMIM][DCN]

[BMIM][Cl]

Lipids

Chlorella vulgaris and Spirulina
platensis [107]

1-ethyl-3-methylimidazolium
acetate

choline L-arginate
choline glycinate
choline L-lysinate

choline L-phenyl-alaninate

[Emim][OAc]
[Ch][ARG]
[Ch][GLY]
[Ch][LYS]
[Ch][PHE]

Carbohydrates and lipids

Haematococcus pluvialis [35]
ethanolammonium caproate

diethanolammonium caproate
triethanolammonium caproate

[EAC]
[DEAC]
[TEAC]

Astaxanthin

Scenedesmus sp. [108]

triethylammonium hydrogen
sulfate

1-butylpyridinium hydrogen
sulfate

1-butylpyridinium
dihydrogen phosphate

[HNEt3][HSO4]
[BPy][HSO4]

[BPy][H2PO4]
Lipids

Chlorella vulgaris [36]

1-octyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)

imide
1-octyl-3-methylimidazolium

acetate

[Omim][NTf2]
[Omim][OAc] Lipids

ILs and deep eutectic solvents (DES) have several similar properties, such as thermal stability, conductivity and
low volatility, but differ in the sources and chemical processes involved in their synthesis. DES present a cheaper and
easier synthesis and a range source of potential starting materials, being capable of overcoming some ILs’ limitations like
high cost, purification steps and toxicity [109]. DES are formed by hydrogen bond interactions between a hydrogen bond
acceptor (e.g., choline chlorine or choline acetate) and a hydrogen bond donor (e.g., carboxylic acids, amides, amines and
alcohols), presenting a final melting point lower than each independent component used in their synthesis. There are also
the so-called natural deep eutectic solvents (NADES), when the compounds are primary metabolites (e.g., organic acids,
amino acids, sugar, among others) [110,111]. Table 5 summarizes some examples of deep eutectic solvents applied for
lipids and polyphenolic compounds extraction from microalgae.
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Table 5. Deep eutectic solvents (DES) used to extract microalgae-based compounds.

Microalgae
Species

DES
Hydrogen

Bond Acceptor
Hydrogen

Bond Donor
Monomer Ratio

(mol:mol)
Target Product Yield (%)

Chlorella
vulgaris [112]

Ch-Gly
Choline
chloride

Glycerol 1:2
Polyphenolic
compounds

5.27 a

Ch-EG Ethylene glycol 1:4 7.19 a

Ch-PDO 1-3-
propanediol 1:4 9.19 a

Ch-BDO 1-4-butanediol 1:4 9.87 a

Chlorella sp. and
Chlorococcum sp.

[113]

Ch-Fa
Choline
chloride

Formic acid 1:3

FAME

9.12/9.00
Ch-Aa Acetic acid 1:3 13.91/11.5
Ch-Oa Oxalic acid 1:1 10.35/9.40

Ch-Pa Propanedioic
acid 1:1 10.53/9.52

Chlorella sp.
[110]

aCh-O * Choline
chloride

Oxalic acid 1:2
FAME

16.41 b

aCH-EG * Ethylene glycol 1:2 15.32 b

aU-A * Urea Acetamide 1:2 10.53 b

* aqueous, a mg GAE.g−1 biomass, b corresponding to mg linoleic acid (C18:2) g biomass. GAE: gallic acid equivalent. FAME: fatty acid
methyl esters.

3.3. Supercritical Fluid Extraction

Supercritical fluid extraction (SFE) has been increasingly employed, especially in
the food and pharmaceutical industries, as a green and contamination-free extractive
method [114]. SFE combines extraction and separation by strictly controlling process
parameters such as temperature, pressure, flow rate and processing time. Therefore,
this selective capacity allows products with greater purity and yields to be obtained [115].

Substances in conditions of temperature and pressure above its critical point are called
supercritical fluids (SCFs), which combine properties of liquids and gases in an effective
way. In this state, supercritical fluids show some interesting properties, such as lower
viscosity than liquids and ability to better dissolve substances than gases and with more
diffusive power. In addition, SCFs can work for some difficult or impossible extractions
using organic solvents. Knez et al. [116] made a critical review about SCFs as solvents
for the future, concluding that from an environmental point of view, SCFs are a feasible
alternative to conventional organic solvents, capable of providing products with high
purity and low energy consumption, once the high pressure technologies are advancing.

Concerning the extraction of microalgae biomolecules, SFE has been widely used
mainly for recovery of polyunsaturated fatty acids (PUFAs), pigments and vitamin, in
which the most commonly employed solvent is sc-CO2, pure or associated with some
other co-solvent. Yang et al. [117] developed a method based on a solid matrix-supported
sc-CO2 for γ-linolenic acid (GLA) extraction from Arthrospira platensis, reaching more than
34.5% GLA of the total fatty acids and 98% of extraction efficiency. On the other hand,
Feller et al. [118] compared sc-CO2 with subcritical n-butane extraction of ω-3 and ω-6
fatty acids in Phaeodactylum tricornutum, Nannochloropsis oculata and Porphyridium cruentum,
demonstrating that in all cases subcritical n-butane extracted more PUFAs, ω-3 and ω-6,
than the other solvent. In fact, they realized that sc CO2 is more selective for saturated fatty
acids (SFA) extraction. However, sc-CO2 also extracted more total carotenoids in two of the
three tested species.

Another way to improve extraction performance is by combining supercritical fluid
with a co-solvent. In this regards, Chronopoulou et al. [119] evaluated sc-CO2 extraction
of several biomolecules (alpha-tocopherol, phylloquinone, gamma-tocopherol, retinol,
canthaxanthin, phytofluene and lutein) from Tetradesmus obliquus microalgae. In this
work, the authors obtained some satisfactory results by using limonene and methanol as
sc-CO2 co-solvents. For example, the use of these co-solvents enabled the extraction of
canthaxanthin and lutein that was not possible under only sc-CO2 conditions, achieving
the maximum extraction yield of 16.14% and 1.25%, respectively. Table 6 summarizes the
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yields and operating conditions for the supercritical extraction of different components
from various microalgae species.

Table 6. Supercritical extraction of different components from microalgae species.

Microalgae Species Solvent(s) T (◦C) P (bar)
Flow Rate
(g min−1)

t
(min)

Target
Compound

Extraction
Yield (%)

Chlorella saccharophila
[59] sc-CO2 73.0 241 3 SLPM 60 FAME 17.60

Spirulina platensis [120] sc-CO2 + EtOH 55.0 78.6 52.83 a 75 Vitamin E 8.08

Spirulina platensis [121] sc-CO2 + EtOH 55.0 80 52.83 a 75 Pigments 7.94

Nannochloropsis sp.
[94] sc-CO2 75.0 550 14.48 100 Lipids 12.08 *

Tetradesmus obliquus
[119] sc-CO2 + MeOH

60.0 0.25

- 90

Phylloquinone 302.74

50.0 0.35
Canthaxanthin 16.14

Lutein 1.25

40.0

γ-tocopherol 137.43

0.30
α-tocopherol 200.15

Retinol 543

sc-CO2 + limonene Phytofluene 142.65

(mg g−1 dw)

Scenedesmus almeriensis
[122]

sc-CO2 65.0
0.55 14.48

120
Lutein 2.97 **

0.40 7.24 Lipids 15.02

Nannochloropsis
gaditana [123] sc-CO2 65.0 250 7.24 100 EPA 11.50

Nannochloropsis oculata
[118]

sc-CO2 40.0 300 0.02 a 120 Lipids

15.60

Phaeodacthylum
tricornutum [118] 14.70

Porphyridium cruentum
[118] 4.50

SLPM: Standard liter per minute. EtOH: ethanol. MeOH: methanol. FAME: fatty acid methyl esters. EPA: eicopentaenoic acid. a Calcu-
lated according to data available in the referenced paper. * 19.5% purity; ** approximately 34% purity.

Ferreira et al. [124] studied the environmental and economic aspects of a biorefinery
from Nannochloropsis sp., comparing the use of Soxhlet extraction (with n-hexane) and SFE
for oil and other co-products extraction. The study showed that despite consuming more
energy (262 MJ·MJprod−1) and generate more CO2 emissions (17 g·MJprod−1) than Sohxlet
extraction (220 M·MJprod−1 and 14 g·MJprod−1, respectively) in oil production, SFE is
more economically feasible once this technology allows the co-extraction of high-value
pigments. Thus, SFE presented a final cost (e.g., cultivation and downstream processes) of
365 €·kgoil

−1 while the Soxhlet extraction costs were estimated in 661 €·kgoil
−1. Moreover,

there are many specifications currently available for supercritical fluid extraction (Table 7),
proving the advancement of this technology in the market.
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Table 7. Examples of supercritical fluids extraction equipment available.

Company Scale Specifications

ExtrateX Supercritical Fluid Innovation a

Laboratory
Volume: 50–1000 mL; CO2 pump: 0–100 g min−1

Pressure: 0–100 bar; Temperature: up to 150 ◦C
Co-solvent pump: 24 mL min−1 at 400 bar

Small production
Volume: 5–20 L; CO2 pump: 0–24 or 0–40 kg h−1

Pressure: 0–350 bar; Temperature: 0–150 ◦C
Co-solvent pump: 100 mL min−1 at 350 bar

Large production
Volume: 25–100 L; CO2 pump: 0–150 or 0–300 kg h−1

Pressure: 0–350 bar; Temperature: 0–150 ◦C
Co-solvent pump: 30 L h−1 at 350 bar

Joda Technology Co.
(15 specifications available) b Small to large production

Pressure: 400–500 bar; Flow rate: 60–16,000 L h−1

Area: 10–700 m2; Height: 2.5–16 m
Capacity of raw material: 10–20 kg or less to 5–12 ton

Tradematt (Henan) Industry Co., Ltd. c

Small production

Extractor: 10 L × 2, ≤50 MPa;
Separator: 5 L × 2/3, ≤16 MPa
Temperature: ≤85 ◦C; Power: 20 kW
CO2 flow rate: 100 L h−1

Large production

Extractor: 25 L × 2, ≤40 MPa
Separator: 15 L × 2/3, ≤16 MPa
Temperature: ≤85 ◦C; Power: 30 kW
CO2 flow rate: 300 L.h−1

Volume: 700 L × 3; Pressure: 320–500 bar
Flowrate: 4000 L h−1; Area: 500 m2

Capacity of raw material: 1.5–3.5 ton

Volume: 1500 L × 3; Pressure: 320–500 bar
Flowrate: 800 L h−1; Area: 600 m2

Capacity of raw material: 3.5–8 ton

Green Mill Supercritical d Small production

CO2 pump: 100–500 gm min−1, pressure: 7500 psia
Extractor: 7.5 L; Separator: 3.3 L
Power requirements: 200 V, 60 Hz, 1 phase,
~67 A maximum and 14.7 kW maximum

Websites: a www.extratex-sfi.com; b www.joda-tech.com; c www.cntradematt.com; d www.greenmillsupercritical.com.

4. Analysis Method

The chromatographic methods use the differences in the characteristics of molecules
in a mixture to separate them, according to properties such as adsorption (liquid–solid),
partition (liquid–solid), affinity and molecular weights. There are several types of chro-
matography and the effectiveness of each one will depend on the nature of the molecule to
be separated [125].

4.1. Supercritical Fluid Chromatography

Similar to other chromatographic techniques, supercritical fluid chromatography (SFC)
is capable of detecting and separating the components of a given sample. In addition,
SFC combines some advantages of both gas chromatography (GC) and high-performance
liquid chromatography (HPLC) and can be particularly useful for substances that de-
compose at high temperatures in GC or have some undetectable functional groups in
HPLC systems [126]. Abrahamsson et al. [127] used the combination of SFC and SFE for
carotenoid extraction and separation from Scenedesmus sp., being able to maximize the
extraction of all compounds, except violaxanthin, by adding 10% ethanol as co-solvent to
sc-CO2. These authors obtained 72.9 μg·astaxanthin, 59.9 μg·β-carotene, 436.1 μg·lutein,
670.8 μg·neoxanthin and 89.6 μg·zeaxanthin per gram of freeze dried algae, in 60 min of
extraction at 300 bar, 60 ◦C and 2 mL·min−1 of total flow. Additionally, they achieved a
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repeatability of 2.4% relative standard deviation (RSD) and intermediate-precision of 6.4%
RSD, in extracts of SFE using co-solvent. These results are quite similar to those reported
for carotenoids, obtained through the conventional technique of HPLC analysis [128].

4.2. Column Chromatography

Column chromatography is solid–liquid adsorption chromatography. This technique
consists of a column packed with an adsorbent, commonly alumina (Al2O3) or silica gel
(SiO2), forming the stationary phase. The sample carried by the mobile phase passes
through the column and the molecules are separated based on its polarity [129]. Silica
gel is the most common adsorbent used in stationary phase for column chromatography,
although for some applications alumina has been shown to be more suitable. For a better
understanding of the particularities of each compound (i.e., silica gel and alumina) this
subject was reviewed by Nawrocki [130,131] and Claessens and van Straten [132]. Any-
how, silica gel has been successfully reported for microalgae bio-oil purification, including
compounds such as tridocosahexaenoyl glycerol (tri-DHA) [133], mono and polyunsatu-
rated fatty acids [134] from the commercial oil DHASCO® extracted from Crypthecodinium
cohnii, γ-linolenic acid from S. platensis [135], eicosapentaenoic and arachidonic acids (EPA
and AA) from Porphyridium cruentum [136] and carotenoids such as fucoxanthin from
Nitzschia sp. [137].

Hydroxyapatite Chromatography

Hydroxyapatite is a calcium phosphate commonly used in chromatographic columns
for protein and DNA separation. The adsorption of proteins on hydroxyapatite involves an-
ionic and cationic exchanges and, in order to facilitate this process, the proteins are generally
eluted by increasing phosphate gradient [138]. In this sense, several authors have reported
the use of hydroxyapatite chromatography for phycobiliproteins separation in various
microalgae and red algae species, such as Rhodella violacea [139], Arthrospira maxima [140],
Corallina elongata [141], A. platensis [142,143] and Porphyra yezoensis Ueda [144]. Other re-
ported applications of hydroxyapatite chromatography separations involve recovery of
enzyme from Pavlova pinguis [145] and phosphoprotein from transgenic Chlamydomonas
reinhardtii [146].

4.3. Gel Permeation Chromatography

Gel permeation chromatography (GPC) is a size-exclusion chromatography widely
used for macromolecules separation. In this technique, the hydrophobic stationary phase is
composed of inert particles with small pores. The sample is continuously injected into the
chromatographic column, carried by the mobile phase that is commonly an organic solvent.
The smaller the size of the molecule, the longer the retention time in the column, as long as
these small molecules permeate the pores of the stationary phase. Larger molecules, in con-
trast, pass straight through the column, presenting shorter retention times. Thus, GPC gives
the molecular weight distribution of a sample [125,147]. For microalgae, this technique is
particularly useful in the characterization of polysaccharides [148,149] that can reach levels
in the range of 8–64% DW [150] and polyhydroxyalkanoates [151].

4.4. Ion-Exchange Chromatography

The ion-exchange chromatography (IEX) uses the difference between the charge
properties of the molecules to promote their separations. Therefore, it is used to separate
biomolecules with ionizable groups, such as proteins, nucleic acids, peptides, among others.
Higher selectivity can be achieved by manipulating some process parameters such as pH,
which is capable of altering the surface net charge of charged biomolecules. It is worth
mentioning that the correlation between surface net charge and pH is unique for each
protein, allowing high levels of specificity in this application [152,153].

Chen et al. [154] developed a single-step C-phycocyanin (C-PC) extraction from
S. platensis using stirred fluidized bed ion exchange chromatography. The biomass was
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pre-treated with ultrasonication and from 10% dry weight of the disrupted cells the group
reached 59.4% of C-PC recovery yield with 3.0 of purity factor (A615nm/A280nm). However,
by combining ultrafiltration with IEX as a strategy to enhance purity of B-phycoerythrin
from Porphyridium cruentum, Tang et al. [155] achieved a purification factor (A545nm/A280nm)
of 5.1, which is considered of analytical grade, with 68.5% yield.

4.5. Affinity Chromatography

Affinity chromatography relies on very specific reversible interactions to separate
complex mixtures. The target molecule carried by the mobile phase binds to the ligand
immobilized in the stationary phase by affinity. The recovery of these molecules is accom-
plished by further washing and elution steps. In order to select the most appropriate matrix
to compose the stationary phase, besides the specific interaction of the target molecule,
some other characteristics should be taken into account, such as high physical and chemical
stability, low adsorption of undesirable molecules and good properties to maintain the
mobile phase flow throughout the whole process [156].

4.6. Thin-Layer Chromatography

In thin-layer chromatography (TLC), it is obligatory for the mobile phase to be a
liquid, but the stationary phase, the ‘thin-layer’, can be solid or a solid with a certain
amount of liquid [157]. This technique is widely used for lipid and phospholipids sepa-
ration [158–160], although PUFAs oxidation still occurs due to the long period of oxygen
contact [161]. TLC has also been reported for fucoxanthinol purification [162], separation
of final products of biocatalytic transformation [163], antioxidants [164] and for biodiesel
characterization [165].

4.7. High-Performance Liquid Chromatography

Through the use of high pressure, which forces the solvent to pass through the closed
column, packed with small particles, high-performance liquid chromatography (HPLC)
can achieve high separation resolution. The smaller the particle size that compose the
stationary phase, the greater the separation efficiency, however, high pressure is required.
The HPLC system consists of a mobile phase reservoir, mobile phase pumping system,
sample injection system, chromatographic column and detection, control, acquisition
and data recording system [166]. In microalgae-based biocomponents, HPLC has been
extensively reported for carotenoids [128,167–169], fatty acid composition [170,171] and
phenolic acids profile [172]. Recently, Hussain et al. [173] published the results of their
research discussing the use of chiral and achiral ionic liquids (ILs) in HPLC to enantiomeric
separation, an important field for biopharmaceuticals. Although the use of chiral ILs is not
a fully-elucidated technology, it has great potential to replace the conventional chiral phases
used in HPLC. Unlike IL-based phases, the conventional ones have several limitations,
such as instability at high temperatures, low solubility, high ultraviolet (UV) absorptivity
and high cost [105,174]. Figure 3 shows the most suitable mode of the HPLC method
according to biomolecule properties.

27



Processes 2021, 9, 10

Figure 3. Selection of high-performance liquid chromatography (HPLC) methods for biomolecule separation according to
bioproduct properties. MW: molecular weight [129].

4.8. Counter Current Chromatography

In addition to HPLC, another liquid chromatography technique is countercurrent
chromatography (CCC), in which both mobile and stationary phases are liquid. The princi-
ple of this technique is based on the difference in the affinity of the solutes of a mixture
for these phases, and, unlike what the name suggests, there is no countercurrent in this
process [175].

Recently, Fábryová et al. [176] developed a new protocol integrated with multi-
injection high-performance countercurrent chromatography (HPCCC) for lutein extraction
in Chlorella vulgaris biomass. The extract with the highest lutein concentration was obtained
in the lower phase of a biphasic solvent system composed of n-heptane, ethanol and water
(5:4:1.5, v/v/v), which was used for both extraction and the mobile phase for HPCCC
lutein isolation (3.20 mg·g−1 DW). In 2 g of this C. vulgaris extract, 60 mg lutein with 92%
of purity was obtained, which was subsequently taken to gel permeation chromatography
resulting in 50 mg of lutein with 97% purity. Earlier, Cheel et al. [177] reported the yield
of 4 mg of nostotrebin 6 (NOS-6) with 99% of purity from 100 mg of crude extract ob-
tained from Nostoc sp. NOS-6 has been described as an inhibitor of acetylcholinesterase and
butyrylcholinesterase, enzymes with great relevance in studies to treat Alzheimer’s disease.

Another CCC-based methodology is the high-speed counter-current chromatography
(HSCCC), which is based on hydrodynamic equilibrium. In this technique, while one phase
is pumped through the column, the other liquid phase is retained by centrifugal force.
This model has high separation efficiency and furthermore, circumvents the sample ad-
sorption problem presented by other chromatographic methods using a solid matrix [178].

HSCCC is mostly reported for plants, fruits or herbal biocomponents-based extrac-
tion [179]. However, for microalgae-based biomolecules, HSCCC has been reported for
separation of polysaccharides [180], squalene [181], carotenoids [182,183] and lipopep-
tides [184], in this last case associated with HPLC.

4.9. Gas Chromatography

Gas chromatography (GC) is widely used for detecting and separating volatile molecules.
In this system, the stationary phase can be composed of a solid (gas-adsorption) or a non-
volatile liquid absorbed on an inert powder (gas–liquid partition) whereas the sample is
carried through the column by an inert gas. Thus, the molecules are separated due to their
different migration velocity in the chromatographic column [185]. Table 8 shows the applicable
chromatographic method according to the type of biomolecule.
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Table 8. Comparison of gas chromatography (GC) applicability and the main chromatographic
methods for biomolecules separation. Adapted from Ahuja [129] (GC: gas chromatography, HPLC:
high-performance liquid chromatography, IEX: ion-exchange chromatography, TLC: thin-layer chro-
matography).

Biomolecule
Type

Chromatographic Methods

GC HPLC IEX TLC
Size-

Exclusion
Adsorption

Hydrophilic X X X X

Hydrophobic X X X X X

Ionic X X X

Non-ionic X X X X X

Volatile X

Non-volatile X X X X X

Simple X X

Complex X X X X

In microalgae-based products, GC is mostly reported as a methodology for fatty acid
methyl esters (FAME) separation in lipid extracts [31]. Over time, several variants of
conventional GC were developed in order to improve separation resolution, and broaden
the field of application. Examples include the two-dimensional GC, which is composed of
two subsequent columns containing different stationary phases [186] that can be performed
as GC–GC, when only selected fractions are re-injected in the second column, or GC×GC,
when the sample is continuously re-injected [187]. Another example is the pyrolysis gas
chromatography mass spectrometry (Py–GC/MS), in which the components are separated
on a fused silica column and detected by mass spectrometer that can work in continuous or
pulse modes, according to heating mechanism [188]. Py–GC/MS presents some advantages
over other techniques, such as Fourier-transform infrared (FTIR) and thermogravimetric
analysis (TGA), including the detection of products with low molar weight, without heating
rates limitation and providing more complete information about gaseous products. Thus,
Py–GC/MS has been used in the analysis of microalgae pyrolysis products aiming biofuel
production [189].

5. Separation and Purification Methods

After the extraction, the biomolecules are usually mixed with either solvent or com-
bined in a single phase, making it necessary to separate the compounds of interest from
those that are of least interest or to remove impurities, which lower their value or intro-
duce some type of toxicity. Thus, it is generally necessary to apply separation methods
to purify the extracted compounds. These include electrophoresis, membrane separation,
ultracentrifugation, etc., whose characteristics, advantages and disadvantages will be
presented.

5.1. Electrophoresis

Electrophoresis uses the charge of the molecules to make them migrate through an
electric field. This technique is commonly used for proteins and other macromolecules sep-
aration. Unlike GPC, where all particles are forced through the column, in electrophoresis,
smaller particles migrate through the column pores, while larger particles remain almost
immobile. Moreover, high-resolution separations can be achieved by two-dimensional
electrophoresis (2DE), which was previously reported to solve more than 1000 proteins
from Escherichia coli bacterium in a single experiment [190]. The advantage of this approach
is that in the first moment, the molecules are separated based on their charges and then
according to their molar masses [191]. In the literature it is reported that electrophoresis and
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2DE have been used in water-soluble and insoluble proteins resolution from microalgae,
such as Porphyridium cruentum [192], Haematococcus pluvialis [193] and Chlorella protothe-
coides [194]. Alternatively, Lipkens et al. [195], US patent nº 9556411B2, described a method
based on ultrasound and acoustophoresis for Dunaliella salina’s harvesting, lipid extraction
and separation. The process comprises three sequential chambers; in each one a specific ul-
trasonic transducer forms acoustic waves perpendicular to the flow in order to accomplish
harvesting, lipid extraction and lipid separation, respectively.

5.2. Membrane Separation Processes

Membrane processes allow separation of different compounds based on their size
or charge (e.g., electromembrane). In conventional membrane filtration, while molecules
larger than the pore size of membranes are retained, the lower molecules pass through the
membrane pores, regardless of their nature, that is, without selectivity.

5.2.1. Ultrafiltration

Ultrafiltration (UF) is widely used for macromolecules concentration and buffer ex-
change. For example, by using reduced pore size membranes (i.e., 1–100 nm) and mild
temperature conditions, high retention of proteins and enzymes can be achieved. However,
unlike chromatographic methods, UF has no selectivity and has the disadvantages of being
susceptible to fouling and absorption of target compounds during filtration. On the other
hand, it is a low-cost technique and easy to scale up for commercial applications [196].

Chaiklahan et al. [197] evaluated the purification of a crude C-PC extracted from
Spirulina sp. in two steps. First, performing microfiltration with 5 and 0.8/0.2 μm pore size
membranes at 150 and 100 mL·min−1, respectively, and then, membrane ultrafiltration with
50 kDa MWCO (Molecular Weight Cut Off) at 69 kPa and 75 mL·min−1 flowrate. Under
these conditions, the purity ratio increased from 0.54 ± 0.19 (before UF) to 1.07 ± 0.01,
being considered as food grade.

Still in a pigment purification approach, Gómez-Loredo et al. [198] studied ultrafil-
tration as a complementary method to alcohol-salt aqueous two-phase systems (ATPS)
for fucoxanthin (i.e., carotenoid) purification, achieving approximately 16% reduction in
impurities. In addition, they noted that by increasing the concentration of ethanol in the
biphasic system, more contaminants were trapped in the membrane. Thus, in this case,
fouling turns out to be a desirable event.

5.2.2. Electromembrane Filtration

Electromembrane filtration (EF) is an alternative to conventional membrane filtration.
The great advantage of EF is to promote separation by charge and molecular weight
without requiring pressure, being more selective than the conventional membranes [199].
Kim et al. [200] also proved electromembrane filtration as a useful tool for harvesting
Chlorella sp. KR-1, improving fourfold (6.47) the concentration factor (CF) when electricity
was applied. Meanwhile, the maximum CF achieved was 1.32 and 1.56, without electricity
and by commercial polyvinylidene (PVDF) membrane, respectively.

5.3. Ultracentrifugation

The differentiated sedimentation of molecules, according to their densities and under
the influence of gravity (g-force), is the basic principle of particles separation by centrifu-
gation. In laboratory scale, the g-force of ultracentrifugation can reach values of up to
200,000× g, being able, for example, to remove impurities (e.g., chlorophyll, cell debris) in
an extract of C-phycocyanin [201] and to estimate molecular weight of enzymes and pro-
teins from microalgae [202]. However, for this last purpose ultracentrifugation is already
outdated. Also, it is an energy-intensive procedure.
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5.4. Aqueous Two-Phase Systems

In aqueous two-phase systems (ATPS) the phases are generally formed by the com-
bination of polymer/polymer or polymer/salt as phase-forming components. However,
the combination of alcohol/salt has also been widely used due to the easy of alcohol
removal by evaporation. This technique can be used to purify several biomolecules such as
pigments, proteins, enzymes, amino acids, antibodies, etc. [203]. The principle of the ATPS
method is the mass transfer mechanisms involved in the equilibrium and phase separation
of a mixture. The phase diagram of an ATPS is distinct and provides the optimal operating
conditions (e.g., temperature, pH and concentration of the phase-forming components).
Additionally, the physicochemical properties and concentration of the crude sample, as well
as tie line length (the length of the line joining the composition of the two phases in a phase
diagram), phase volume ratio of the two phases and the presence of additives can also
affect the partitioning effect of target molecules in liquid biphasic systems and must be
taken into account [204]. A variant of this technique that has been widely used to purify
molecules from microalgal biomass is the liquid biphasic flotation (LBF). This technique
combines ATPS with solvent sublation (SS), which is based on the adsorption of molecules
in bubbles surface in aqueous phase. Briefly, the target component is carried by bubbles to
the top of the immiscible phase composed of the organic solvent. Then, the bubbles rupture,
releasing the target molecules to be recovered in the upper zone of the column [203].

Table 9 shows some recent research about purification of microalgal biomolecules
by LBF. Chew et al. [205] achieved almost 94% recovery of C-PC in Spirulina platensis
using PEG 4000 and (NH4)2SO4. Meanwhile, Chia et al. [68], members of the same group,
improved recovery in 1% by replacing salt with K2HPO4 and optimizing the pretreatment
parameters (20% power, 50% duty cycle and 7 min of irradiation time). However, the most
interesting result was that the purity factor of C-PC almost quadrupled with these adapta-
tions, increasing from 1.63 to 6.17. The purity factor of C-PC extracts is generally given by
the ratio A615nm/A280nm (absorbance at 615 and 280 nm), which correlates the presence of
C-phycocyanin and other contaminating proteins. Purity factors above 4.0 are considered as
analytical grade and can value more than US$ 15 per mg [5]. Furthermore, Safaei et al. [206]
reported four-step C-PC purification from Limnothrix sp. NS01, but achieving only 5.26 of
purity. The steps included treatments with chitosan, activated charcoal, precipitation with
ammonium sulfate and IEX. The genus Limnothrix includes filamentous cyanobacteria as
well as Spirulina, which reinforces the importance of the results obtained by Chia et al. [68].

Table 9. Purification of microalgal biomolecules by liquid biphasic flotation.

Microalgae
Species

Pretreatment
Type of

Polymers
Type of Salts

Type of
Alcohol

Bioproduct
Recovery

(%)
Purity
Factor

Chlorella
sorokiniana [207] Ultrasonication - (NH4)2SO4 2-propanol Protein 53.16 -

Haematococcus
pluvialis [208]

Mechanical
cell
disruption

- Na2CO3 2-propanol Astaxanthin 104.28 -

Spirulina platensis
[205] Ultrasonication PEG 4000 (NH4)2SO4 - C-PC 93.50 1.63

Spirulina platensis
[68] Sonication PEG 4000 K2HPO4 - C-PC 94.89 6.17

PEG: polyethylene glycol. C-PC: C-phycocyanin.

As shown in Table 9, LBF is always associated with a previous pretreatment step. How-
ever, it is possible to integrate electric cell disruption and LBF in just one step (i.e., extrac-
tion followed by purification), the so-called liquid biphasic electric flotation (LBEF) [209].
Koyande et al. [210] were able to increase separation efficiency (nearly 10%) and protein
recovery (nearly 20%) by replacing LBF with LBEF in protein extraction from C. vulgaris.
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Nevertheless, other adaptations of the methodology have been explored, such as the use of
ionic liquids (ILs) [211] or the combination of non-ionic surfactants and ionic liquids [212]
in the biphasic systems formation.

5.5. Three-Phase Partitioning

Three-phase partitioning (TPP) is a simple method for protein purification. Briefly,
t-butanol and ammonium sulfate are added to an aqueous solution containing proteins.
The ammonium sulfate promotes proteins precipitation and after mild centrifugation,
proteins are concentrated in an intermediate zone between two immiscible phases: t-
butanol on top, and water in the bottom [213]. t-butanol is usually miscible in water, but in
the presence of a certain amount of salt, such as ammonium sulfate, it becomes immiscible.
In TPP, t-butanol increases protein buoyancy by acting as a co-precipitating agent and
assisting in the triphasic formation [214]. Recently, Chia et al. [9] used a combination of
TPP and LBF (method described in 5.4), the liquid triphasic flotation system (LTF), for
protein recovery from Chlorella vulgaris biomass. In this last approach, LTF, the three phases
are formed by a mixture of microalgal biomass, salt solution and t-butanol. The proteins
are concentrated in the intermediate zone as well as in TPP and the air bubbles, also
used in LBF, facilitate its extraction, reducing process time. In this work, they achieved
approximately 90% of recovery and above 60% of separation efficiency.

5.6. Ammonium Sulfate Precipitation

The ammonium sulfate precipitation is a very well-established method applied to
protein purification. By adding a salt into an aqueous solution containing the proteins,
the salt dissociates and the water that once offered a great solvating power to proteins,
solvates the dissociated ions preferably. Thus, the charges of the protein molecules tend to
interact more, forming aggregates and precipitating, an effect called salting out. In addition,
ammonium sulfate is usually chosen for this purpose due to its high water solubility and
low cost [215]. Silva et al. [216] performed an experimental design to optimize some
parameters (i.e., (NH4)2SO4 concentration, volume and pH) in an ammonium sulfate
precipitation protocol for C-PC purification from Spirulina platensis. The highest C-PC
purity factor achieved was 0.88 at 0–20%/20–50% (NH4)2SO4 saturation, 0.52 (resuspension
volume/initial volume) and pH 7.0, with 83.8% of recovery. However, this methodology is
generally used as a pre-purification step and it is often associated with chromatographic
methods [217,218] or membrane dialysis [219,220]. Muensean and Kim [221] tested the
purification of β-glucosidase, from Trichoderma citrinoviride produced by Chlorella vulgaris,
in three steps. First, they performed the ammonium sulfate precipitation and then passed
the sample through a DEAE-Sepharose FF column. Finally, the enzymatic-concentrated
sample was loaded onto a Sephacryl S–100 HR column. As expected, yield decreases with
each step, but the specific activity of the enzyme and its purification increased more than
30-fold (5.53 to 168.74 U·mg−1 and 4.55 to 138.72, respectively). Later, Chen et al. [222]
evaluated the purification of C-PC from S. platensis by ammonium sulfate precipitation, ion
exchange chromatography and the combination of both. The best recovery was obtained
with precipitation only (91 ± 2%), while the highest purity was obtained by combining
both techniques (4.33 ± 0.10), in which the purity achieved with ammonium sulfate was
1.92 ± 0.06 and with chromatography 3.70 ± 0.06.

Table 10 summarizes the main advantages and disadvantages of several separation
and purification methods described in Section 4. Among all advantages and disadvantages
of each method, the chromatographic methods are still widely used at the laboratory scale.
On the other hand, technologies based on multi-phase fractioning (e.g., aqueous two-phase
and three-phase partitioning) despite being scalable demand large amounts of chemicals,
generating environmental issues.
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6. Conclusions

Microalgal biomass is a rich source of biomolecules with applications in several
industry sectors, such as food, pharmaceuticals and cosmetics. However, like any biotech-
nological process, it is necessary to establish strategies to make it economically viable.
Recent developments using supercritical fluids, ionic liquid and deep eutectic solvents
have shown potential substitutes for traditional extractive methods based on organic sol-
vents. Furthermore, physicochemical treatments, such as supercritical fluid extraction,
ultrasound-assisted extraction and pulsed electric fields are promising technologies for
large-scale implementation, presenting high efficiency and producing extracts with a high
purity level. In particular, the use of PEF treatments can be applied in both upstream, as
a growth stimulator, and downstream processes to enhance extraction yield. Concerning
biomolecule separation and purification, chromatographic methods are widely applied in
laboratory scale, although, improvements in non-chromatographic methods based on multi-
phase systems have been extending their application and turned them scalable. However,
the demand for large amounts of polymer or organic solvent is still the biggest drawback
of these methods. Thus, greener technologies that combine high efficiency, selectivity and
low energy demand, such as supercritical fluid extraction, are the preferable techniques
applied in large-scale microalgae processes. Moreover, the recent developments applied to
microalgal biomass have demonstrated not only the high value of microalgal biomass as
feedstock for new biorefineries, but also the viability of a new bio-based economy that is
more environmentally friendly and more sustainable. Despite the development of competi-
tive bioproducts on the market still being a challenge and requiring great dedication from
research centers, the transition from chemicals to bio-based products is an unquestionable
trend worldwide.
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163. Żyszka-Haberecht, B.; Poliwoda, A.; Lipok, J. Structural constraints in cyanobacteria-mediated whole-cell biotransformation of

methoxylated and methylated derivatives of 2′-hydroxychalcone. J. Biotechnol. 2019, 293, 36–46. [CrossRef] [PubMed]
164. Jaime, L.; Mendiola, J.A.; Herrero, M.; Soler-Rivas, C.; Santoyo, S.; Señorans, F.J.; Cifuentes, A.; Ibáñez, E. Separation and

characterization of antioxidants from Spirulina platensis microalga combining pressurized liquid extraction, TLC, and HPLC-DAD.
J. Sep. Sci. 2005, 28, 2111–2119. [CrossRef]

165. de Jesus, S.S.; Ferreira, G.F.; Maciel, M.R.W.; Filho, R.M. Biodiesel Purification by Column Chromatography and Liquid-Liquid
Extraction Using Green Solvents. Fuel 2019, 235, 1123–1130. [CrossRef]

166. Harris, D.C. Quantitative Chemical Analysis, 8th ed.; W. H. Freeman and Company: New York, NY, USA, 2007.
167. Cerón-Garcia, M.C.; González-López, C.V.; Camacho-Rodríguez, J.; López-Rosales, L.; García-Camacho, F.; Molina-Grima, E.

Maximizing Carotenoid Extraction from Microalgae Used as Food Additives and Determined by Liquid Chromatography (HPLC).
Food Chem. 2018, 257, 316–324. [CrossRef]

168. Soares, A.T.; Júnior, J.G.M.; Lopes, R.G.; Derner, R.B.; Filho, N.R.A. Improvement of the Extraction Process for High Commercial
Value Pigments from Desmodesmus sp. Microalgae. J. Braz. Chem. Soc. 2016, 27, 1083–1093. [CrossRef]

42



Processes 2021, 9, 10

169. Morowvat, M.H.; Ghasemi, Y. Developing a Robust Method for Quantification of β-Carotene in Dunaliella salina Biomass Using
HPLC Method. Int. J. Pharm. Clin. Res. 2016, 8, 1423–1428.

170. Soares, A.T.; da Costa, D.C.; Vieira, A.A.H.; Filho, N.R.A. Analysis of Major Fatty Acid Composition of Freshwater Microalgae.
Heliyon 2019, 5, e01529. [CrossRef]

171. Jones, J.; Manning, S.; Montoya, M.; Keller, K.; Poenie, M. Extraction of Algal Lipids and Their Analysis by HPLC and Mass
Spectrometry. J. Am. Oil Chem. Soc. 2012, 89, 1371–1381. [CrossRef]

172. Jerez-Martel, I.; García-Poza, S.; Rodríguez-Martel, G.; Rico, M.; Afonso-Olivares, C.; Gómez-Pinchetti, J.L. Phenolic Profile and
Antioxidant Activity of Crude Extracts from Microalgae and Cyanobacteria Strains. J. Food Qual. 2017, 1–8. [CrossRef]

173. Hussain, A.; AlAjmi, M.F.; Hussain, I.; Ali, I. Future of Ionic Liquids for Chiral Separations in High-Performance Liquid
Chromatography and Capillary Electrophoresis. Crit. Rev. Anal. Chem. 2019, 49, 289–305. [CrossRef] [PubMed]

174. Ventura, S.P.M.; Nobre, B.P.; Ertekin, F.; Hayes, M.; Garciá-Vaquero, M.; Vieira, F.; Koc, M.; Gouveia, L.; Aires-Barros, M.R.; Palavra,
A.M.F. Extraction of Value-Added Compounds from Microalgae. In Microalgae-Based Biofuels and Bioproducts; Gonzalez-Fernandez,
C., Muñoz, R., Eds.; Woodhead Publishing: Cambridge, UK, 2017. [CrossRef]

175. Berthod, A.; Ruiz-Angel, M.; Hassoun, M. Countercurrent Chromatography. Extrus. Elution 2007, 1–8. [CrossRef]
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Abstract: Saudi Arabia is one of the major producers of date (Phoenix dactylifera) fruit. Date fruit
flesh is considered a healthy food due to the presence of natural antioxidants. Green and innovative
supercritical fluid (SFE, 52.5 ◦C temperature, 27.50 MPa pressure, 5 mL CO2/min flow rate) and sub-
critical (SubCO2, 250 extraction cycles, 29 ◦C temperature, 6.8 MPa, 12 h, ethanol solvent) extraction
techniques were used to produce flesh extracts from four Saudi date fruits (Sukari (SKFE), Ambara
(AMFE), Majdool (MJFE) and Sagai (SGFE)), and extracts prepared using 6 h Soxhlet extraction at
70 ◦C for 16 h using n-hexane as solvent, were taken as control. SFE produced the highest (p < 0.05)
extract yields, whereas the SubCO2 method recovered significantly higher (p < 0.05) amounts of
phytochemicals. Total phenolics (186.37–447.31 mg GAE/100 g), total flavonoids (82.12–215.28 mg
QE/100 g), total anthocyanins (0.41–1.34 mg/100 g), and total carotenoid (1.24–2.85 mg BCE/100 g)
were quantified in all the flesh extracts. The biological properties evaluation showed that flesh extracts
had high antioxidant (17.79–45.08 μg AAE/mL), antiradical (191.36–34.66 μg/mL DPPH IC50), ferric-
reducing (2.18–5.01 mmol TE/100 g) and ABTS-scavenging (444.75–883.96 μmol TE/100 g) activities.
SubCO2 was the best technique and Majdool the best date variety, in terms of both phytochemicals
and biological properties.

Keywords: Phoenix dactylifera; date fruit flesh; date varieties; supercritical CO2; subcritical CO2;
phytochemicals; biological properties

1. Introduction

For a long time, the date palm (Phoenix dactylifera L.) has been recognized as one of the
most valuable fruiting plants in the Arabian Peninsula [1,2]. Saudi Arabia ranks among the
top date fruit producers with continuously increasing exports [3]. Date fruits are excellent
dietary sources of energy and fibre and are sometimes considered one of the staple foods of
the region. Different date palm products, such as fruits, pollens, leaves, seeds and trunks,
are considered to have medicinal properties [4]. The date fruit can be defined as a fleshy
pericarp containing one seed [5]. The date fruit is rich in carbohydrates (mainly sucrose,
glucose and fructose), vitamins (especially vitamin B complex), fiber, minerals, proteins
and many other natural products and phytochemicals, including phenolics, carotenoids,
phytosterols and flavonoids. These can be used in the promotion and protection of human
health due to their antioxidant and anti-inflammatory properties [6]. In general, date
fruits are a good source of minerals and amino acids, and they have been used for the
treatment of chronic illnesses and diseases [7]. It has been reported that the consumption
of date fruit is associated with a reduction of high blood pressure and oxidative stress.
Furthermore, date fruits also aid in the treatment of health problems such as diabetes, cancer
and atherosclerosis [8]. The presence of phytochemicals such as anthocyanins, flavonoids,
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tannins, phenolic compounds and water-soluble vitamins adds additional health benefits
to these fruits, many of which still need to be explored [6,9].

The nutraceutical industry is one of the important future industries which may target
the recovery, isolation and further utilization of various health-promoting components
from various types of fruits, vegetables and agri-products. The extraction of phytochem-
icals from plant materials is an important area of research, as their utilization and bio-
logical/functional properties depend on extraction yield and quality of the extract and
selectivity of the method [10]. The generally used solvent-based methods are nonselec-
tive, although in many cases they have high gravimetric yields [11]. In general, studies
investigating date fruit as a source of nutrients and phytochemicals have involved the
application of conventionally used organic solvents such as methanol [5,9]. There is a
scarcity of reports involving the use of innovative and green techniques to study functional
compounds and their properties in date fruit flesh. Supercritical fluid extraction (SFE) using
supercritical CO2 is a green and innovative method for the recovery of natural antioxidants
for food and pharmaceutical uses, as regulatory requirements discourage use of toxic
organic solvents [12]. CO2, being environment friendly, safe, nontoxic, noncarcinogenic,
nonflammable and cheap, is often used as a supercritical fluid, although the initial costs
of SFE setup are quite high. CO2 can be used for a wide range of chemical and biochemi-
cal extraction processes [11]. Application of subcritical CO2 in subcritical CO2 (SubCO2)
extraction is also increasing, as the apparatus used in this method is generally identical
to the Soxhlet method and may be less costly in comparison to SFE systems [13,14]. In
both states, the selectivity of CO2 during extraction processes can controlled or adjusted
through temperature, cosolvent and pressure to obtain extract fractions, particularly rich
in specific phytochemicals [11–15]. These two techniques are also generally referred to as
green methods as they work at lower temperatures and the extracts obtained are considered
safe for food applications [11,13,14].

The objectives of the present study included the application of conventional (Soxhlet)
and green/innovative (SFE and SubCO2) extraction methods for the recovery of different
phytochemicals, such as total phenolic compounds, total flavonoids, total anthocyanins and
total carotenoids from fruit samples of four (Sukari date flesh, Ambara date flesh, Majdool
date flesh and Sagai date flesh) different cultivars of date grown in Saudi Arabia. The
SFE process was optimized using response surface methodology and regression analysis
techniques. The biological activities of these flesh extracts were also studied using different
in vitro antioxidant activity assays.

2. Materials and Methods

2.1. Date Flesh Sample Preparation

Sukari, Ambara, Majdool and Sagai date fruit (Figure 1), cultivated in Saudi Arabia
and harvested during date season, were obtained from a date fruit market in Riyadh, Saudi
Arabia during 2020. Date flesh was manually removed from the fruit and dried under
vacuum at 50 ◦C. The dried flesh was made into a powder form using a blender (Panasonic,
Shah Alam, Malaysia). Analytical grade chemicals from Sigma-Aldrich (St. Louis, MO,
USA) were used in this work.
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Sukari  Ambara 

  
Majdool Sagai 

Figure 1. Date Fruits from Four Date Cultivars grown in Saudi Arabia.

2.2. Moisture Content Determination

A halogen moisture analyzer-HB43 (Mettler-Toledo GmbH, Giessen, Germany) was
used for the determination of moisture in date flesh samples following a Ca 2d- 25 AOAC
official method [16]. The instrument was fixed at 105 ◦C, followed by sample evaluation.
Date flesh sample (5 g) was placed on an aluminum plate in the sample handler for 5 min,
followed by increase of its temperature with the help of halogen light. The samples’
moisture percentage was stored in an automatic recorder.

2.3. Date Flesh Antioxidants’ Extraction
2.3.1. Conventional Extraction

The conventional method employed to extract date flesh (25 g grounded sample)
bioactive compounds (25 g) was carried out in Whatman® cellulose extraction thimbles
(28 × 100 mm) and using n-hexane (250 mL) as solvent in a Soxhlet system. The extraction
was carried out for 10–12 h at 70 ◦C. The dried extract was obtained by evaporating the
n-hexane (containing extract) at 50 ◦C using a rotary evaporator (Eyela, Tokyo Rikakikai
Co., Tokyo, Japan). The extracts were stored in airtight, light-proof containers at −20 ◦C.
The calculation of the extract yield was based on following equation:

Yield (%) =
Weight o f extract

Weight o f ground sample
× 100 (1)

2.3.2. Supercritical Fluid CO2 Extraction (SFE)

The SFE unit (Jasco Corporation, Tokyo, Japan) used in this study consisted of two
pumps: a CO2 pressurizing pump and cosolvent recovery pump. The cosolvent used was
30% ethanol and the CO2 cylinder pump was also equipped with a cooling system, whereas
the pump head was cooled using a mixture (50:50) of ethylene glycol and deionized water.
The process variables included extraction temperature (X1) (35–70 ◦C) CO2 pressure (X2)
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(15–40 MPa), and CO2 flow rate (X3) (0.5–5 mL/min). The extraction trials were based on
a central composite rotatable experimental design [11,13,17]. A total of at least 18 trials
were carried out for optimization of the extraction. In each run, a 20 g sample was placed
in the extraction vessel and CO2 was pressurized into the vessel to carry out bioactive
compounds’ extraction at different combinations of process variables. The extracts were
collected at backpressure regulator in a Schott bottle followed by vacuum drying. The
percentage yields of the extracts were estimated according to Equation (1). Extract samples
thus prepared were packaged in light-proof bottles, sealed to prevent air penetration, and
stored at −20 ◦C. In order to optimize the SFE extraction process for the extract yield, a
predictive model was designed as follows:

Y = b0 + b1X1 + b2X2 + b3X3 + b11X2
1 + b22X2

2 + b33X2
3 + b12X1X2 + b13X1X3 + b23X2X3 (2)

The response variable Y denoted the extract yield. b0 is the regression coefficient for
the offset term. The regression coefficients were also denoted using b2 and b3 (linear terms);
b11, b22 and b33 (quadratic terms) and b12, b13 and b23 (interaction terms). The process
variables of SFE temperature, pressure and CO2 flow rate were represented by X1, X2 and
X3 in the above model, respectively.

2.3.3. Subcritical CO2 Extraction (SubCO2)

The extraction of bioactive compounds from date flesh was also carried out using
SubCO2 methods, as reported earlier [14,18,19]. The extraction process was accomplished
by treating 150 g powdered date flesh with 75 mL 95% absolute alcohol (cosolvent) followed
by placement of the sample in the extraction vessels. The extraction cycles (250 cycles),
pressure (6.8 MPa) and temperatures at heating (29 ◦C) and cooling controls were set
and achieved, followed by the flow of the liquid CO2 (6 kg) into the extraction vessel.
The extract and remaining raw sample after extraction were recovered through system
depressurization; the extract was dried under reduced pressure and stored at −20 ◦C. The
extract yield was calculated according to Equation (1).

2.4. Date Flesh Bioactive Compounds
2.4.1. Analysis of Total Phenolic Contents (TPC)

The TPC determination was based on the Folin–Ciocalteu (FC) method [20]. A 10 mg
vacuum-dried extract, obtained from three different techniques, was dissolved in 100 mL
methanol. A sample of 200 μL from the extract in methanol, or a standard solution (gallic
acid in methanol) having different concentrations, was added to 400 μL of FC reagent,
followed by the addition of deionized water to make a total volume in test tube as 4.6 mL.
One mL of 10% sodium carbonate was mixed with the contents of test tubes after 10 min,
followed by further room temperature incubation for 2 h. The absorbance values were
recorded at 765 nm using a spectrophotometer (Shimadzu, Kyoto, Japan). TPC results were
expressed as mg gallic acid equivalent (GAE) per 100 g of date flesh.

2.4.2. Analysis of Total Flavonoids Contents (TFC)

The TFC were evaluated using a colorimetric method [21]. A sample of 1 mL of
extract (prepared in TPC method) was taken in a test tube sodium nitrite (5%, 0.3 mL), and
aluminum chloride (10%, 0.3 mL) solutions were added. The contents of reaction mixture
were kept at room temperature for 5 min, after which 2 mL of sodium hydroxide (1 M)
was added and the volume of the contents increased to 10 mL using deionized water. The
absorbance values were recorded at 510 nm, and quercetin was used was used as a standard
compound. The results for TFC were presented as mg of quercetin equivalent (QE)/100 g
of date flesh.

2.4.3. Analysis of Total Anthocyanins

The evaluation of total anthocyanin [22] in date flesh extract samples was carried
out by taking 1 mL of extract sample (from TPC method) and mixing it with 10 mL of
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5% ethanol. The samples were then centrifuged at 1800× g for 5 min and 200 μL of the
supernatant was mixed with 3.8 mL of HCl (1 M). The contents were then incubated for 3 h
at room temperature. The absorbance (A) values were recorded at 520 nm using HCl as a
blank. The standard used was malvidin-3-glucoside, which was dissolved in methanol and
prepared following the same procedure as that used for the extract sample. Absorbance
values (B) of standard solution were recorded. The total anthocyanins were presented as
mg/100 g of date flesh and initially calculated according to the following formula:

Total anthocyanins
(

mg g−1
)
=

A × dilution f actor × 1000
B

(3)

2.4.4. Analysis of Total Carotenoids

A previously described method [23], in which β-carotene was used as a standard, was
used for the determination of total carotenoids in date flesh extracts. The dried extract was
mixed in 500 μL of 5% NaCl by mixing at vortex, followed by centrifugation at 3000× g for
10 min. n-hexane was used to dilute the samples (supernatants) before the measurement
of absorbance values at 460 nm. Different concentrations of the standard were used to
obtain a standard curve. The total carotenoids were quantified from the standard curve
and sample absorbance values as mg of β-carotene equivalent (BCE) per 100 g of date flesh.

2.5. Biological Properties of Date Flesh Extracts
2.5.1. Phosphomolybdenum Complex Method for the Antioxidant Activity

A previously described phosphomolybdenum complex (PC) method [24] was used
for the estimation of the antioxidant activity of date flesh extracts obtained using different
techniques. A 100 μg sample of date flesh extract from each technique was solubilized in
1 mL of methanol. From this solution, a 400 μL sample of this solution was mixed with
4 mL of PC solution that contained 0.6 M sulphuric acid, 2 mM sodium phosphate and
4 mM ammonium molybdate. The blank consisted of 4 mL PC solution and of reagent
solution and 400 μL of methanol. Blank and sample tubes were capped and placed in
water bath to incubate at 95 ◦C for 1 h. Followed by cooling under tap water, samples
were measured for absorbance at 695 nm. The ascorbic acid calibration curve was prepared
following the above procedure for comparison and measurement of antioxidant activity.

2.5.2. Free Radical Scavenging Activity

The radical scavenging activity of date flesh extracts was measured using 1-diphenyl-
2-picrylhydrazyl (DPPH) method [25]. Briefly, 1 mL sample (1 mg of extract of sample was
dissolved in 100 mL methanol) was made to react with 2 mL of DPPH solution (prepared
mixing 1 mg of DPPH reagent in 100 mL of methanol). After 5 min incubation at room
temperature, the absorbance values of reaction mixture were estimated at 517 nm. The
radical scavenging activities were expressed as IC50 values, where a lower value reflected
higher ability of the extract to scavenge DPPH free radicals.

2.5.3. Ferric Reducing Antioxidant Power (FRAP)

A method described by Benzie and Szeto [26] was used for the evaluation of FRAP
of date flesh extracts, after some modifications. The FRAP reagent used in this assay
consisted of acetate buffer (300 mM and pH 3.6); ferric chloride hexahydrate (20 mM in
water) and TPTZ (10 mM in 40 mM HCl). Date flesh extract was dissolved in 3 mL of
FRAP solution, making the concentration of the extract 0.02–1 mg/mL. Once incubated
at room temperature for 30 min, the absorbance values of the reaction mixture were
recorded at 593 nm. The trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid)
was employed as a standard for calibration curve preparation. The FRAP activity was
expressed as millimole trolox equivalent (mmolTE)/100 g.
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2.5.4. Cation Radical Scavenging Assay

A 2, 2- azinobis, 3- ethylbenzothiazoline, 6- sulfonic acid diammonium salt (ABTS) was
used to measure the cation radical scavenging activity of date flesh extracts. A previously
explained method [27] was used for this assay, in which ABTS (7 mM) was reacted with
potassium persulfate (2.45 mM) under dark conditions for 12–16 h at ambient temperatures.
Diluted mixture (ethanol for dilution) was evaluated for absorbance using a spectropho-
tometer and a value of 0.700 ± 0.01 at 734 nm was achieved for the mixture. Samples from
extracts (10–100 μg/mL ethanol) were mixed with 3 mL of ABTS reagent and incubated
at 23 ◦C for 6 min, after which the absorbance values were recorded. Trolox was used for
constructing the calibration curve and the results were expressed as μmol TE/100 g.

2.6. Statistical Analyses

The analytical and extraction methods were properly replicated (at least triplicates)
and the data were expressed as means ± SD. Regression analysis and analysis of variance
(ANOVA) methods were applied to the obtained data using a statistical analysis system
(SAS, version 9.4) software and the significance was defined as p < 0.05.

3. Results and Discussion

3.1. Date Flesh Extraction Using Supercritical Fluid Technique, Optimization and Modelling of
the Method

Date flesh samples from four different date fruit verities, namely Sukari, Ambara,
Majdool and Sagai (as shown in Figure 1), were estimated for moisture contents. These
were found to be 21.71 ± 0.97, 28.35 ± 1.29, 28.42 ± 1.02 and 26.93 ± 1.10%, respectively.
Considering the possibility that SFE, using CO2 as supercritical fluid, could yield extracts of
superior quality with higher bioactive contents from date fruit flesh in comparison to other
conventional methods [11], an experiment involving 18 different sets of process variables
(temperature (X1), pressure (X2) and CO2 flow rate (X3)) was designed (Table 1). The extract
yield was selected as response variable (Y). The extracts from flesh of Sukari, Ambara,
Majdool and Sagai dates were denoted as SKFE, AMFE, MJFE and SGFE, respectively. A
similar approach was previously followed and reported on using date seed from the same
varieties [18].

Table 1. Date flesh extraction experimental design for supercritical fluid extraction (SFE).

Run

SFE Process Variables Response Variable (Yield %)

Temperature
◦C (X1)

Pressure
MPa (X2)

CO2 Flow
mL/min (X3)

Sukari Flesh
(Y1)

Ambara
Flesh (Y2)

Majdool
Flesh (Y3)

Sagai Flesh
(Y4)

1 62.91 20.07 4.09 4.85 ± 0.58 4.32 ± 0.41 6.11 ± 0.42 6.14 ± 0.47
2 62.91 34.93 4.09 4.74 ± 0.62 4.61 ± 0.18 6.23 ± 0.35 5.61 ± 0.25
3 52.50 27.50 2.75 7.62 ± 0.75 9.94 ± 0.71 8.64 ± 0.42 8.74 ± 0.92
4 52.50 40.00 2.75 7.61 ± 0.51 10.01 ± 0.68 10.83 ± 0.78 9.18 ± 0.35
5 52.50 27.50 2.75 8.62 ± 0.72 9.59 ± 0.45 9.59 ± 0.92 9.72 ± 0.45
6 52.50 27.50 2.75 9.81 ± 0.55 9.71 ± 0.64 9.72 ± 0.34 9.45 ± 0.62
7 52.50 27.50 0.50 5.93 ± 0.66 8.94 ± 0.63 6.24 ± 0.47 5.62 ± 0.374
8 62.91 20.07 1.41 4.96 ± 0.34 4.72 ± 0.24 5.45 ± 0.24 4.45 ± 0.28
9 52.50 27.50 2.75 8.79 ± 0.49 9.70 ± 0.57 9.84 ± 0.44 8.78 ± 0.34
10 62.91 34.93 1.41 5.28 ± 0.64 4.91 ± 0.72 6.53 ± 0.36 5.65 ± 0.62
11 70.00 27.50 2.75 2.10 ± 0.21 1.2 ± 0.49 1.1 ± 0.08 1.54 ± 0.09
12 52.50 15.00 2.75 7.60 ± 0.48 9.09 ± 0.45 8.75 ± 0.78 6.86 ± 0.52
13 42.09 20.07 1.41 5.91 ± 0.35 5.87 ± 0.35 6.84 ± 0.35 5.80 ± 0.37
14 42.09 34.93 4.09 8.97 ± 0.43 6.90 ± 0.40 7.61 ± 0.38 7.72 ± 0.62
15 42.09 20.07 4.09 8.55 ± 0.68 6.77 ± 0.27 10.98 ± 0.62 10.78 ± 0.66
16 42.09 34.93 1.41 5.92 ± 0.71 6.53 ± 0.42 6.24 ± 0.47 6.74 ± 0.28
17 35.00 27.50 2.75 5.86 ± 0.19 3.32 ± 0.12 3.66 ± 0.19 3.41 ± 0.18
18 52.50 27.50 5.00 11.13 ± 1.65 10.23 ± 0.46 11.86 ± 0.89 10.90 ± 0.95

Values shown here are means ± standard deviations.
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SFE process from different date varieties were invariably affected by the selected
process parameters in terms of the total extract yield. In the case of SKFE, the regression
analyses of the collected data revealed that all SFE parameters had significant effects
(p < 0.05) on the yield of SKFE and the total model was mainly affected by linear and
quadratic terms. The total model was highly significant (p = 0.001), and a full model can be
presented using Equation (4). The R2 value for this model was 0.9291.

YSKFE = −48.641575 + 1.767577X1 + 0.508405X2 + 4.228512X3 − 0.016315X2
1 − 0.0008774X2

2 − 0.0882784X2
3

−0.000356X1X2 − 0.056812X1X3 − 0.000251X2X3
(4)

Preparation of AMFE using SFE method was significantly (p < 0.05) affected by the
temperature of the extraction, whereas pressure and fluid flow rate seemed to be nonsignif-
icant. The total model was significant (p < 0.05); however, only quadratic terms showed
significant effects. A full model for AMFE can be presented using Equation (5) with R2

value of 0.9458.

YAMFE = −72.441290 + 2.839923X1 + 0.434073X2 + 2.317291X3 − 0.027195X2
1 − 0.006639X2

2 − 0.198606X2
3

−0.000501X1X2 − 0.017653X1X3 − 0.005399X2X3
(5)

MJFE was prepared from Majdool fruit flesh using the designed experiment. Tem-
perature and CO2 flow rate were significant (p < 0.05) process variables. The linear and
quadratic interaction during regression analysis revealed significant impact. The total
model (R2 value: 0.9419), as presented using Equation (6), was also significant (p < 0.05).

YMJFE = −48.828114 + 2.224780X1 − 0.437084X2 + 4.937134X3 − 0.022949X2
1 + 0.002444X2

2 − 0.070720X2
3

+0.008355X1X2 − 0.046149X1X3 − 0.046830X2X3
(6)

The SFE model (Equation (7)) for extract yield (SGFE) can be presented using the
following equation (R2 value: 0.9350), and it was observed that, like the majority of other
date flesh extract data, the linear and quadratic terms demonstrated a significant effect
on the response variable, i.e., the yield of the extract. Temperature seemed to be the most
significant (p = 0.0002) process variable during SFE for SGFE.

YSGFE = −56.097246 + 2.078330X1 + 0.274720X2 + 5.538783X3 − 0.020790X2
1 − 0.005262X2

2
−0.114781X2

3 + 0.004509X1X2 − 0.038622X1X3 − 0.071940X2X3
(7)

In general, temperature and pressure were the most important process variables during
SFE using CO2, in addition to various other factors (time, cosolvent, CO2 flow rate, etc.)
that could have affected the extraction of natural antioxidants from different types of plant
material [14,18,25]. During the extraction of carotenoids and other bioactive compounds,
temperature and pressure were observed to be the main variables affecting the extract
yield [28]. The relationship of SFE pressure and temperature for the extract yields from flesh
of four different date fruits can be presented by response surface plots (Figure 2) obtained
using regression analysis data and according to the models presented in Equations (4)–(7).
As can be observed from data in Table 1 and Figure 2, the yields of extracts first increased
with increasing temperature at fixed pressure and the maximal yields were obtained at
an SFE temperature of 52.50 ◦C and pressure of 27.50 MPs. Regarding CO2 flow rate, the
highest extract yields were obtained when the flow rate was kept at 5 mL/min and this
was the highest rate used among all 18 trials. We observed that higher temperatures (60–70
◦C) did not seem to have positive effects on the extracts’ yields. The SFE extracts prepared
during experimental run 18, demonstrating the maximal extract yields for all four types of
date fruit flesh, were considered optimal in the current study. The high extract yields in run
18 indicate that the levels of process variables chosen in this run and their combinations
proved the best to maximize extract yields from date flesh. However, as the process was
optimized only for the global, it may be important that bioactive compound (phenolics,
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flavonoids, carotenoids etc.) yields be considered a response variable in place of extract
yield.

Figure 2. Response surface graphs showing relationship of supercritical fluid (CO2) extraction (SFE)
temperature and pressure (process variables) with extract yields (response variable) from Sukari
(SKFE, (a)), Ambara (AMFE, (b)), Majdool (MJFE, (c)) and Sagai (SGFE (d)) flesh extracts.

Global extraction yield is an important response variable when it comes to optimiza-
tion of an extraction process, as it generally directly relates with the yield of individual
phytochemicals and natural antioxidants from plant matrices [29].

3.2. Compairson of Different Techniques for the Extraction Yields from Date Flesh

SFE is believed to yield extracts with greater purity and higher biological activity [28].
However, other techniques, such as subcritical CO2, can also be recommended [18]. The
optimized extraction yields, as obtained during run 18 in Table 1, were compared with
those obtained from two other techniques i.e., Soxhlet and subcritical CO2 (SubCO2), as
optimized in other studies [18,19]. The results for extraction yields from three different
techniques employed in the current study are presented in Table 2.

54



Processes 2022, 10, 2224

Table 2. Date flesh yield (%) obtained using Soxhlet, subcritical CO2 (SubCO2) and supercritical
fluid-CO2 (SFE) extraction methods.

Sample

Extract Yields (%)

Soxhlet
(70 ◦C for 12 h, n-Hexane)

SubCO2

(250 Cycles, 29 ◦C, 6.8 MPa,
Ethanol (95%) as Co-Solvent)

SFE
(52.5 ◦C, 27.50 MPa, 5 mL

CO2/min)

Sukari seed 1.92± 0.08 bC 3.68 ± 0.76 abB 11.13 ± 1.65 abA

Ambara seed 2.17 ± 0.16 aC 4.19 ± 0.57 aB 10.23 ± 0.46 bA

Majdool seed 0.44 ± 0.05 dC 2.75 ± 0.67 cB 11.86 ± 0.89 aA

Sagai seed 1.46 ± 0.13 cC 3.52 ± 0.52 bB 10.90 ± 0.95 abA

Values shown here are means ± standard deviations (SD). Means with different small letter superscripts in the
same column are significantly different (p < 0.05). Means within rows with different capital letter superscripts are
significantly different (p < 0.05).

It was observed that the extract yield obtained using SFE was significantly (p < 0.05)
higher than the other two methods in each type of date flesh. Moreover, the extract yields of
the SubCO2 method were significantly (p < 0.05) higher than those using Soxhlet method. In
addition to the effects of extraction technique used, significant differences in extract yields
were observed within date fruit cultivars within the same technique owing to the possibility
of differences in fruit matrices and compositional variations. The beneficial effects of
SubCO2 and SFE in the recovery of extracts from all the varieties were quite evident. In the
present study, SubCO2 method, an advanced technique based on Soxhlet method using
liquid CO2 and pure ethanol as cosolvent, significantly improved the solvating properties of
CO2 at 29 ◦C [15,30]. The Soxhlet method, using n-hexane along with higher temperatures
(70 ◦C), may be considered environmentally toxic and energy intensive [31]. In the present
study, the high temperature method seemed to be less beneficial (0.44–2.17% yield) for
extraction from date flesh, whereas it showed higher extraction yields (93.44–5.66%) from
date seed in a previous study [18], proving the significance of plant matrix during extraction.
Majdool flesh showed the lowest extract yields in comparison to the other three date
flesh types during the Soxhlet and SubCO2 methods. However, Majdool extract yield
was the highest when obtained using SFE, proving the importance of selection of the
appropriate optimized method for each type of plant material. A general concept that
higher temperatures positively affect extraction yields [22,32] was also contradicted here.
We inferred that solubility properties of CO2, both in subcritical (2.75–4.19% yield) and
supercritical (10.23–11.86% yield) states, showed profound improvements in date flesh
extract recovery at lower temperatures in comparison to the Soxhlet method. Extraction
pressure (SubCO2 and SFE systems) also showed positive effects on extraction yields.
The application of high pressure during extraction of phytochemicals may cause cell
disruptions and structural modification in the plant matrix, increasing the density of
solvent and improve the CO2 solubility strength [11,17,18]. Other plant matrices, such
as feijoa leaf [33] and date seed [18], also showed significant improvements in extract
yields due to pressure and the use of CO2 as solvent, as compared to low pressure and
organic solvent high temperature methods (Soxhlet). SubCO2 was previously used as
pretreatment for enhanced recovery of sugars from date fruit flesh. It is expected to
enhance the recovery of bioactive compounds from date flesh, despite the fact that the
global extract yield from date flesh is considerably lower than SFE [30]. It was clear that
the extraction yield of date flesh using the Soxhlet system was very low compared to green
extraction methods (SFE, SubCO2). Furthermore, it makes use of toxic organic solvents,
such as n-hexane in the current study, whereas ethanol was used as cosolvent or modifier
in SFE and SubCO2 systems. Organic solvents (30% ethanol in SFE and 99.9% ethanol in
SubCO2) were used as modifiers/cosolvents in current study. A modifier or cosolvent is
used to improve the solubility power of CO2 for extraction of phytochemicals [13]. Ethanol
is generally considered a nontoxic, food pharmaceutical-grade and environment friendly
alcohol [11,32].
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3.3. Phytochemicals and Their Contents in Date Flesh Extracts

Date flesh is the edible part of date fruit and contains sugars, essential and nonessential
amino acids, dietary fiber, vitamins, minerals and phytochemicals, including phenolic
antioxidants, tannin-based pigments, carotenoids and epicatechin oligomers [5,6]. In the
current study, date flesh extracts were prepared using different techniques from four
different date verities. The extracts were evaluated for total phenolic compounds (TPC),
total flavonoids (TFC), total anthocyanins (TAC) and total carotenoids contents (TCC). The
results for these quantitative analyses are presented in Table 3.

Table 3. Antioxidants and bioactive compounds of date fruit flesh extracts from four date varieties
subjected to different extraction methods.

Extraction
Technique

Date Extract
Total Phenolics
(mgGAE/100 g)

Total Flvonoids
(mgQE/100 g)

Total Anthocyanins
(mg/100 g)

Total Carotenoids
(mgBCE/100 g)

Soxhlet

SKFE 198.24 ± 1.77 i 98.67 ± 1.49 h 0.41 ± 0.01 i 1.33 ± 0.04 j

AMFE 204.37 ± 1.04 i 82.12 ± 0.98 i 0.62 ± 0.02 f 1.40 ± 0.03 i

MJFE 221.06 ± 2.94 h 123.94 ± 2.19 g 0.52 ± 0.02 g 1.24 ± 0.03 k

SGFE 186.37 ± 1.05 j 85.83 ± 0.70 i 0.48 ± 0.02 g 1.48 ± 0.03 h

SubCO2

SKFE 426.14 ± 5.30 b 199.01 ± 4.04 b 0.92 ± 0.02 e 2.15 ± 0.06 g

AMFE 316.01 ± 3.34 f 157.50 ± 2.24 e 1.38 ± 0.03 a 2.85 ± 0.04 a

MJFE 447.32 ± 4.43 a 215.28 ± 4.53 a 0.98 ± 0.03 d 2.59 ± 0.03 c

SGFE 335.51 ± 5.72 e 166.32 ± 4.07 d 1.29 ± 0.05 b 2.67 ± 0.03 b

SFE CO2

SKFE 346.35 ± 2.32 d 180.31 ± 2.03 c 0.98 ± 0.04 d 2.26 ± 0.02 f

AMFE 300.77 ± 1.77 g 152.88 ± 2.53 e 1.34 ± 0.03 ab 2.36 ± 0.01 e

MJFE 375.25 ± 5.06 c 137.45 ± 2.04 f 1.02 ± 0.05 d 2.53 ± 0.03 d

SGFE 325.71 ± 1.34 ef 123.13 ± 1.98 g 1.22 ± 0.03 c 2.39 ± 0.05 e

Values shown here are means ± SD. SubCO2: Subcritical CO2 extraction; SFE CO2: Supercritical fluid extraction;
SKFE: Sukari Flesh Extract; AMFE: Ambara Flesh Extract; MJFE: Majdool Flesh Extract; Sagai Flesh Extract. Means
with small letters superscripts in columns are significantly different (p < 0.05).

3.3.1. Total Phenolics and Total Flavonoids

Among phytochemicals, phenolic compounds are dominant. They are considered
non-nutrients, but are very important due to the health benefits associated with their
consumption [34]. TPC of date flesh extracts obtained using three different techniques
are presented in Table 1. As can be observed, date flesh is a good source of these natural
antioxidants, and extraction methods significantly (p < 0.05) affected their contents in the
extracts from the flesh of Saudi date fruit. TPC ranged between 186.37–447.32 mgGAE/100 g
among 12 extract samples, where SubCO2 extracts showed higher contents than in extracts
prepared using other methods. Significant (p < 0.05) differences in TPC of fruit from
different varieties were also observed. Majdool date flesh seemed to be particularly rich
in these compounds. Extraction methods seemed to considerably improve the recovery
of these compounds from date flesh. SKFE, when prepared using the Soxhlet method,
contained 198.24 mgGAE/100 g of TPC, which increased to 426.14 mgGAE/100 g when
the SubCO2 method was applied for their recovery from date flesh matrix.

The second most abundant group of phytochemicals detected in date flesh extract
was TFC. Similar to phenolics, flavonoids are considered as polyphenols with valuable
biological properties that are beneficial for human health [35]. Significant (p < 0.05) dif-
ference were observed in TFC of date flesh extracts depending on the variety of fruit and
the extraction methods used. Majdool seemed to be the richest source, and SubCO2 the
best extraction method, in the current study. The minimum (85.83 mgQE/100 g) TFC were
observed in SGFE, whereas those of MJFE were the highest (215.28 mgQE/100 g), among
the studied samples.

Considering the TPC and TFC of the date flesh extracts, it could be inferred that
the SubCO2 technique could be a good process for maximizing their recovery. Other
modified processes, such as subcritical water extraction (SCWE), could also be used [36].
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Application of SCWE was previously reported for the recovery of phenolic compounds
from microwave pretreated date fruit pulp (MW-FP), which significantly improved their
recovery in comparison to conventional methods [37]. Both SubCO2 and SFE techniques
were found to be more effective for the recovery of phenolic and flavonoids compounds
using less energy-extensive methods than Soxhlet. The process used lower extraction
temperatures and can be considered a green method for obtaining phytochemical-rich
extracts from date flesh [38–40].

3.3.2. Total Anthocyanins and Total Carotenoids

The total anthocyanin (TAC) and total carotenoids contents (TCC) in date fruit flesh
extracts from three different extraction methods are shown in Table 3. The detected TAC
in date fruit flesh were in the range of 0.41–1.38 mg/100 g. The recovery of TAC was
significantly (p < 0.05) higher when SubCO2 and SFE techniques were used for their re-
covery. The varietal differences among TAC were also evident, with Ambara date flesh
showing higher contents of anthocyanins. Among TCC results, the SubCO2 AMFE showed
the highest contents (2.85 mgBCE/100 g), whereas the lowest TCC (1.24 mgBCE/100 g)
was detected in Soxhlet MJFE. Similar to the TAC, TCC of SubCO2 and SFE extracts were
significantly higher than those prepared using Soxhlet. Both anthocyanins and carotenoids
are important phytochemicals with various reported health benefits. Anthocyanins, pig-
mented natural antioxidants, have been studied for their antioxidative, anti-inflammatory
and cancer-preventive properties using different in vivo and in vitro methods [41,42]. Sim-
ilar to anthocyanins, carotenoids are also colored compounds or natural pigments with
reported health benefits [43]. The TAC and TCC reported in the present study were in
accordance with other reports. Fard, Khasab, and Khalas date varieties were observed to
contain 0.24−1.52 mg/100 g and 1.31−3.03 mg/100 g of TAC and TCC, respectively [44].
Babova et al. [45] used both supercritical and subcritical CO2 for the extraction of antho-
cyanins and other polyphenolic antioxidants from bilberry fruit. A combined process
(SFE and SubCO2) was used to improve the selectivity and recovery of phytochemicals
from bilberry. This approach resulted in improved extraction selectivity for anthocyanins,
cyanidin-3-O-glucoside, and cyanidin-3-O-arabinoside. Other phenolic antioxidants, in-
cluding delphinidin-3-O-glucoside, ellagic acid pentoside, feruloyl hexoside and several
quercetin glycosides, were also selectively extracted.

3.4. Biological Activities of Date Flesh Extracts

The human body undergoes various degenerative phenomena as a result of free
radicals. These free radicals are responsible for different deleterious oxidation reactions.
Phytochemicals, such as those detected in date fruit flesh extracts, as well as certain vita-
mins, enzymes and amino acids, help in the eradication of such reactive species or help
increase the human body’s immunity [46]. The research on in vitro estimation of the abil-
ity of different phytochemical and natural extracts to fight against oxidative processes
is important. It was observed that extracts from the flesh of date fruit contained large
amounts of phytochemicals, hence, their biological activities were determined using differ-
ent in vitro assays, including phosphomolybdenum complex method (antioxidant), free
radical scavenging activity (DPPH), ferric-reducing antioxidant power (FRAP), and ABTS
cation radical-scavenging (ABTS). The results are summarized in Table 4. These assays
are based on calorimetric principles and involve finding the abilities of phytochemicals
to prevent the activities of the oxidation causing agents or reactive species such DPPH
radicals, ferric and ABTS ions [46].
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Table 4. Biological properties and antioxidant potential of date flesh extracts obtained using different
extraction techniques.

Extraction
Techniques

Date Extract
Antioxidant
(μgAAE/mL)

DPPH IC50

(μg/mL)
FRAP

(mmolTE/100 g)
ABTS

(μmolTE/100 g)

Soxhlet

SKFE 23.90 ± 1.50 f 158.41 ± 3.05 d 2.41 ± 0.05 j 474.64 ± 13.08 g

AMFE 17.79 ± 0.69 g 179.48 ± 1.51 b 2.57 ± 0.03 i 486.37 ± 9.84 g

MJFE 27.59 ± 1.60 e 170.09 ± 1.48 c 2.93 ± 0.03 h 574.22 ± 6.63 f

SGFE 22.44 ± 1.70 f 191.36 ± 2.10 a 2.18 ± 0.04 k 444.75 ± 4.92 h

SubCO2

SKFE 38.91 ± 2.89 bc 44.65 ± 1.25 h 5.01 ± 0.07 a 789.04 ± 13.65 c

AMFE 30.24 ± 2.58 e 63.15 ± 1.56 f 3.79 ± 0.06 f 669.10 ± 11.33 e

MJFE 45.08 ± 1.53 a 34.66 ± 1.68 j 4.66 ± 0.16 b 883.96 ± 10.58 a

SGFE 36.72 ± 1.60 cd 53.20 ± 1.67 g 3.8 ± 0.14 f 594.16 ± 7.26 f

SFE CO2

SKFE 29.17 ± 1.69 e 86.14 ± 1.56 e 3.61 ± 0.03 g 715.76 ± 6.24 d

AMFE 35.56 ± 2.51 d 46.43 ± 1.33 h 3.95 ± 0.04 e 655.85 ± 12.31 e

MJFE 40.17 ± 1.01 b 40.18 ± 0.44 i 4.25 ± 0.04 c 848.31 ± 22.16 b

SGFE 34.40 ± 0.73 d 54.60 ± 1.45 g 4.10 ± 0.06 d 584.31 ± 9.87 f

Values shown here are means ± SD. SubCO2: Subcritical CO2 extraction; SFE CO2: supercritical fluid extraction;
Antioxidant: phosphomolybdenum complex antioxidant activity; DPPH: DPPH free radical scavenging activity;
FRAP: ferric reducing antioxidant power and ABTS: ABTS cation radical-scavenging; SKFE: Sukari Flesh Extract;
AMFE: Ambara Flesh Extract; MJFE: Majdool Flesh Extract; Sagai Flesh Extract. Means values carrying different
small letter superscripts in columns are significantly different (p < 0.05).

3.4.1. Antioxidant Activity Using Phosphomolybdenum Complex

The data presented in Table show that the antioxidant activity of date flesh extracts was
significantly (p < 0.05) affected by the extraction technique used. The antioxidant activity
ranged from 17.79 in Soxhlet-AMFE to 45.08 μgAAE/mL in SubCO2-MJFE. The SubCO2
method seemed to be the best for SKFE, MJFE and SGFE in terms of their antioxidant
activity. The SFE method enhanced the antioxidant activities (35.56 μgAAE/mL) of AMFE
in comparison to Soxhlet and SubCO2 methods, where it was 17.79 and 30.24 μgAAE/mL,
respectively.

3.4.2. Scavenging Activity against DPPH Radicals

The ability of date flesh extracts to scavenge free DPPH radicals was expressed using
IC50 values, i.e., the antioxidants’ quantity in the extract for 50% reduction in DPPH
radicals. A lower IC50 value indicated that lesser amounts of antioxidants were needed
in free radical scavenging, indicating their higher antiradical ability [18]. Both SubCO2
and SFE extracts had significantly higher ability to scavenge free radicals or lower IC50
values than Soxhlet extracts. The lowest IC50 value was in 34.66 μg/mL in SubCO2-MJFE
followed by 40.18 μg/mL in SFE-MJFE. Under each extraction technique, MJFE showed
better antiradical activity then other date flesh extracts obtained by the same method.
Furthermore, the ability of date flesh extracts to scavenge DPPH radicals was superior
than date seed extracts, as observed in a previous study [18], in which seed extracts had
109.69 μg/mL of IC50 value in SubCO2 extracts of Majdool seed and the highest IC50 value
(353.83 μg/mL), or the weakest potential against DPPH free radicals, was observed in
extracts of Sagai date seed. We may infer that both seed and flesh extracts of Majdool dates
have good antioxidant and antiradical potential. MJFE also demonstrated the presence
of higher amounts of phenolics and flavonoids (Table 3) and it is probable that these
phytochemicals contributed to the higher antioxidant potential of these dates.

3.4.3. Reducing Ferric to Ferrous Ions

In the FRAP test, the antioxidants present in plant extracts can transfer an electron,
which results in the reduction of ferric ions (Fe3+) to ferrous ions (Fe2+) [46]. The FRAP val-
ues of date flesh extracts (Table 4) ranged from 2.18 in Soxhlet-SGFE to 5.01 mmolTE/100 g
in SubCO2-SKFE. The highest FRAP value (4.25 mmolTE/100 g) among SFE extracts was
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shown in the case of MJFE, whereas the FRAP potential of the same extract, when prepared
using Soxhlet, was 2.93). Hence, significant (p < 0.05) improvements were observed when
SFE and SubCO2 were used for extract preparation from date flesh. The FRAP values of
flesh extracts of all other dates were also higher in SFE and SubCO2 extracts in comparison
to their Soxhlet counterparts. The differences in FRAP values could be related to the date
variety; however, extraction method seemed to play a major role. Similar results were
obtained in previous studies where both extraction methods and plant variety seemed to
affect the FRAP of the extracts [47,48].

3.4.4. Antiradical Activity against ABTS Cations

This test can be referred to as a mixed assay, as it involves the transfer of both electrons
and a hydrogen atom from the main reagent, 2,2′-Azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid (ABTS), during its reaction with antioxidants present in phytochemical-rich
extracts [49,50]. The date flesh extracts prepared in the current study, using different extrac-
tion techniques and date varieties, showed substantial ABTS cations scavenging abilities.
The SubCO2 and SFE extraction methods showed significance (p < 0.05) in the abilities of
date flesh extracts to scavenge ABTS cations, when compared with Soxhlet extract. The
lowest (444.75 μmolTE/100 g) activity was observed in Soxhlet-SGFE, whereas the highest
(883.96 μmolTE/100 g) was observed in SubCO2 MJFE. MJFE showed higher ABTS cation
scavenging activity in each extraction method, whereas SGFE showed the lowest values
in each extraction category. SKFE also showed good ABTS potential among each extrac-
tion category. The use of innovative techniques for the extraction of phytochemicals can
increase their recovery which, in turn, results in improvement of their biological potential.
Bioactive compound quantities and antiradical activity against ABTS cations were reported
to increase in date fruit extracts prepared using the subcritical water extraction method in
another study [37].

The biological activities reported here have been previously studied for different fruit
extracts. Generally, they are associated with the presence of polyphenolic antioxidants and
other phytochemicals as is the case with bilberry fruit extracts prepared using SFE and
SubCO2, where the antioxidant properties were closely associated with the presence of
phytochemicals such as cyanidin-3-O-glucoside, delphinidin-3-O-glucoside, chlorogenic
acid, caffeic acid derivatives, flavonoids, proanthocyanidins, ellagic acid and other phenolic
acids [45]. These compounds have been reported to neutralize reactive oxygen species
and inhibit their formation. Furthermore, these phytochemicals, and others (such as those
reported here in SKFE, AMFE, MJFE and SGFE) may induce DPPH radical scavenging,
ferric chelation and ABTS cation scavenging [51]. The phytochemicals present in fruit
extracts are rich in phytochemicals which can impart anti-inflammatory effects, thereby
preventing cell degeneration, offering treatment of diabetes, and suppressing cancer cell
invasion [52–54]. In the current study, the SubCO2 extraction method seemed to be the
best for extracting higher amounts of phytochemicals with better bioactivities. Majdool
date, which is also known as Mejdool and Mahjool, seemed to have the highest contents
of bioactive compounds, with significantly higher antioxidant effects than the remaining
studied date varieties. Majdool is a globally-demanded date fruit due to its large size and
soft fruit. Current studies have reported it as an excellent source of nutraceuticals [55].
The higher yields of phytochemicals and increased activities in extracts from date flesh
using SFE and SubCO2 methods in comparison to Soxhlet (which may extract nonpolar
compounds) might be a result of extraction of both polar and nonpolar compounds due to
combined temperature and pressure effects (SFE and SubCO2 methods), as reported in other
studies [56,57]. Further studies may be carried out for detailed analytical characterization
of different bioactive compounds and any other toxic components, if present in the date
flesh extracts, using chromatographic analytical techniques.
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4. Conclusions

Date fruit is a good source of phytochemicals with valuable antioxidant properties,
which may make it suitable for functional food and nutraceutical applications. Such appli-
cations could be made more effective and beneficial if these phytochemicals were recovered
using safe and innovative extraction techniques. Date fruit flesh from four different date
varieties was extracted in order to analyze their bioactive compounds using conventional
and modern extraction processes—i.e., Soxhlet and supercritical/subcritical (SFE/SubCO2)
techniques. The extraction yields from modern methods were found to be significantly
higher than those from the conventional method. The SFE process was optimized using re-
sponse surface optimization technique. It was observed that low temperature SFE (57.5 ◦C)
and SubCO2 (29 ◦C) methods were more effective in the recovery of phenolics, flavonoids,
anthocyanins and carotenoids from date flesh than high temperature (70 ◦C) Soxhlet meth-
ods, as the quantities of all these bioactive compounds were higher when pressure-assisted
innovative/green methods were used. The functional qualitiesd of date flesh extracts
were also assessed using in vitro procedures for biological/antioxidant properties, i.e., the
phosphomolybdenum complex, DPPH, FRAP and ABTS methods. It was observed that
date flesh extracts prepared using both SFE and SubCO2 methods were of significantly
improved quality in terms of these properties. In addition to these beneficial effects of
extraction methods, varietal influences on the qualitative and quantitative aspects of date
flesh were also observed. Majdool date flesh extract was richer in bioactive compounds
than Sukari, Ambara and Sagai date flesh extracts. As there is generally a correlation
among bioactive compound contents and functional properties of the extracts, Majdool
flesh extracts showed better antioxidant properties. Further studies based on utilization
of these extracts in functional foods could be carried out. A more detailed analytical
characterization of date flesh extracts using chromatographic procedures would also help
in understanding the selectivity of the extraction techniques and the possible effects of
individual compounds on the antioxidant properties of date flesh extracts.
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Abstract: Yeasts are considered an extraordinary alternative source of natural carotenoids and
pigmented terpenoids with multiple applications. Production of carotenoids by yeast fermentation
technology has many benefits; it is cost-effective, easily scalable, and safe. The aim of this research is
the isolation of yeasts from natural resources and selection of the most potent bioagent for carotenoid
production. Additionally, an upgraded carotenoid extraction protocol we established, which implies
the testing of four methods for cell lysis (hydrochloric acid treatment, ultrasound treatment, milling
treatment, and osmotic pressure treatment), three extraction methods (conventional extraction,
ultrasound extraction, and conventional + ultrasound extraction), and three extraction solvents
(acetone, isopropanol/methanol (50:50), and ethanol). For the first time, the obtained results were
further modeled by an artificial neural network (ANN). Based on the obtained maximal carotenoid
yield (253.74 ± 9.74 mg/100 g d.w) for the best-performing Rhodotorula mucilaginosa, the optimized
extraction procedure involving milling treatment (for cell lysis) and conventional extraction with
acetone (for carotenoid extraction) convincingly stood out compared to the other 35 tested protocols.
Therefore, the selected carotenoid extraction protocol was verified with respect to its universality for
all other yeast isolates, demonstrating its simplicity and effectiveness.

Keywords: carotenoid-producing yeasts; Rhodotorula; carotenoid extraction; red-pigmented yeasts;
total carotenoid; artificial neural network

1. Introduction

Carotenoids belong to a class of terpenoid-pigmented, lipid-soluble compounds and
are important biomolecules for human health; in addition to their use as coloring agents,
they exhibit anticancer and antioxidant activity, as well as pro-vitamin A function [1].
Their roles have already been established in phytomedicine, chemical, pharmaceutical,
cosmetic, food, and feed industries, and demand for their production has only increased.
Carotenoids are found in a wide variety of plants and microorganisms. Most of carotenoids
are currently extracted either from plants, such as annatto, tomato, carrot, paprika, and
grapes, which entails seasonal and geographic variabilities, or are chemically produced,
generating hazardous waste [2].

Considering this high demand for carotenoids in various industries, emphasis is
also placed on optimization of extraction methods. The chosen method is important
because there are many diverse carotenoids with different levels of polarity and physical
and chemical barriers in the food matrices, in addition to their sensitivity to excess heat,
light, acids, and long extraction times. Non-polar solvents, such as hexane, are usually
a good choice for extraction of non-polar carotenes or esterified xanthophylls, whereas
polar solvents, such as methanol, ethanol, and acetone, are more suitable for extraction
of polar carotenoids [3]. The numerous extraction methods can be classified into four
main categories: ultrasound (UAE), pressurized liquid extraction (PLE), supercritical fluid
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extraction (SFE), and enzymatic extraction (EE). Additionally, certain pretreatments in
microbial biotechnology production are required to extract the targeted product, such as
cell lysis (if the product is intracellularly located) [4]. Conventional extraction procedures
are based on the extractive capabilities of different solvents and involve heating or mixing,
such as the classical use of solvents in combination with a vortex apparatus, which is
regularly used to mix samples of interest with dilutant, which helps with homogenization
of the solution, followed by centrifugation with a supernatant [5]. Ultrasound extraction
(UAE) is a modern, rapid, and inexpensive method meant to improve the extraction
yield [6]. The main effect of ultrasound is acoustic cavitation, which causes cell rupture and
increases the mass transfer of extractants. UAE is performed at relatively low temperatures,
allowing for the preservation of thermolabile carotenoids. However, the optimized range of
ultrasound intensity is a crucial parameter to obtain the highest yield of carotenoids without
a significant increase in temperature causing damage to their structure [4]. In comparison
to conventional techniques, UAE is considered to be more sensitive and selective. As
carotenoids are intracellular molecules, their extraction is difficult; therefore, UAE should
be combined with conventional methods, such as maceration and homogenization [6].

Although chemically synthesized carotenoids still dominate the market, this is starting
to change, and considering the interest in green and sustainable industrial engineering,
increasing efforts are being devoted to the search for natural sources and methods of
carotenoid production. The challenge associated with the mentioned methods for mass
production of carotenoids is that they are limited by low volume and high production
costs, so there is an obvious need for an alternative production method, such as microbial
biotechnological carotenoid biosynthesis. This alternative means of obtaining carotenoids
has shown achieved improved yields with the possibility of using agro-industrial waste
as cheap substrates and can directly affect the environmental and economic aspects of
production. The product can also be obtained relatively quickly, at any time of the year [5],
although pretreatments, such as cell lysis, are needed to extract the final product, as
carotenoids present with intracellular metabolites [7].

The mentioned group of natural pigments can be produced by a diverse range of
microorganisms, although not all are industrially or economically feasible. Therefore,
microorganisms with carotenoid-producing characteristics, such as bacteria, archaea, algae,
and fungi, are abundant in the ecosystem. Industrial production microorganisms include
Streptomyces chrestomyceticus, Blakeslea trispora, Phycomyces blakesleeanus, Flavobacterium sp.,
Phaffia sp., Actinomycetes, and Rhodotorula sp. [8]. In recent years, microalgae have been
used as a source for industrial carotenoid production, although there are other promising
candidates. For example, yeasts have the potential to produce significant amounts of
carotenoids, such as lycopene, β-carotene, astaxanthin, torulene, torularhodin, etc., through
fermentation using numerous agricultural products and byproducts. They are mainly
represented by the genera Rhodotorula sp., Rhodosporidium sp., Sporobolomyces sp., and
Xanthophylomyces sp. [9]. These yeast species grow as pigmented colonies, which is why
they are known as “red yeasts”. Red yeasts have shown good potential as biocatalysts
due to their biotransformation of carbon sources into a variety of primary and secondary
metabolites. As such, species belonging to genus Rhodotorula, among others, have piqued
the interest of many researchers with respect to carotenoid production. Their tolerance to in-
hibitory compounds occurring in natural substrates and high yields of various carotenoids,
combined with still quite unexplored metabolic pathways, motivates a search for innovative
biotechnological production of carotenoids [2].

In this research, yeasts isolated from natural sources were identified and characterized,
and the most potent representative bioagent for carotenoid production was selected based
on the widest range of biochemical and physiological characteristics. The main aim of the
research was to establish an upgraded carotenoid extraction protocol, which implies testing
four different methods for cell lysis (hydrochloric acid treatment, ultrasound treatment,
milling treatment, and osmotic pressure treatment), three extraction methods (conventional
extraction, ultrasound extraction, and conventional + ultrasound extraction), and three
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extraction solvents (acetone, isopropanol/methanol (50:50), and ethanol). The obtained
results were modelled by an artificial neural network and the defined best protocol for
carotenoid extraction from yeast cells was further verified based on its universality for all
other yeast strains from the Rhodotorula genus.

The innovation of this study is reflected in application of advanced mathematical tools
for simplification and rapid evaluation of different experimental steps to obtain the best-
performing yeast strain for carotenoid production, optimization of carotenoid extraction
protocol, and validation of the universality of the selected extraction operating parameters.
In addition to the main advantages of the proposed study, the following steps provide
an improved understanding of the differences between the tested extraction protocols for
carotenoid-producing yeast cells and utilization of time, energy, and other sources in a
microbiological laboratory, representing the first step in further scale-up and utilization of
alternative conditions for biotechnological production of carotenoids.

2. Materials and Methods

2.1. Yeast Isolates and Their Characteristics

Isolation was performed at the Laboratory for Testing Food Products (Department
of Microbiological Analysis), Faculty of Technology, Novi Sad. Red yeast originates from
food-related sources (i.e., food samples, food byproducts, agricultural soil from crops, etc.).
In order to isolate red-pigmentated yeasts, a total of more than 100 samples were tested,
which can be dived in the following groups: fresh fruit and vegetables (apples, cherries, cu-
cumbers, Jerusalem artichokes, carrots, beets, tomatoes, cherry tomatoes, peppers, potatoes,
grapefruits, lettuces, etc.), processed fruits (figs, plums, apricots, pineapples, watermelons,
mangos, bananas, oranges, etc.), dairy products (butter, cheese, natural and processed
cheese products, yogurt, sour cream, dips, ice cream, frozen desserts made with dairy
ingredients, milk powder, etc.), juices and sugar-rich solutions (orange juice, apple juice,
carrot juice, beet juice, cherry juice, elder juice, tomato juice, sugar cane, dextrose solutions,
high-fructose corn syrup, malt syrup, etc.), and agricultural soil. All food samples were
subjected to conventional microbiological analysis for isolation and determination of yeast
and aliquots of the processed sample streaked and incubated on Sabouraud maltose agar
(SMA) (HiMedia, Mumbai, India). Briefly, a series of dilutions was prepared for each
sample, and aliquots were streaked on the mentioned nutrient agar. After incubation (48 h
at 30 ◦C), all pure colonies with the targeted macromorphology (orange or red color) were
selected, and the pure red-pigmented cultures were obtained using a new batch of sterile
nutrient agar plates.

In order to identify selected red yeast isolates, an API 20C AUX yeast identification sys-
tem (BioMérieux, Marcy-l’Étoile, Lyon, France) was used according to the manufacturer’s
recommendation and scientific literature [10–12].

For permanent storage, the selected red-pigmented yeast strains were deposited in the
Collection of Microorganisms at the Faculty of Technology, University of Novi Sad, and
stored in a deep freezer at −80 ◦C (with addition of glycerol as cryoprotectant). Prior to
use, cultures were incubated in SMA medium at 30 ◦C for 48 h.

The growth curve was determined during incubation of all yeast isolates in Sabouraud
maltose broth (HiMedia, Mumbai, India) for 216 h. The initial concentration of cells was
about 4 log CFU/mL (obtained after overnight incubation and preparation of a dilation
series) in the nutrient medium, with sampling at 0 h and every 12 h during the first 3 days
and every 24 h until the end of incubation period at 30 ◦C. The total number of living
yeast cells (after biomass collection) was determined by the plate counting method using
SMA as a nutrient medium. Cell number is expressed as log CFU. In addition, kinetic
modelling was performed to determine and predict yeast behavior during incubation (see
Section 2.6.1).

In order to define biokinetic zones for growth, yeast isolates were incubated on a solid
YPD medium at various temperatures (20, 30, 37, and 44 ◦C) and in a liquid YPD medium
with different pH values (3, 5, 7, and 9) for 120 h with visual observation of growth every
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24 h. The absence of growth was categorized as a negative result (0), whereas the presence
of growth was categorized as either low (1), medium (2), or high (3). Non-inoculated
media were used as controls (blanks). Mathematical analysis was performed to interpret
the obtained results according to the methodology reported by Šovljanski et al. [13] (see
Section 2.6.2).

The obtained results of assimilation of different carbon sources during API identifica-
tion were additionally used for mathematical ranking of yeast strains (see Section 2.6.3).
For this step of selection of the most improved yeast isolate, isolates were additionally
tested in terms of extracellular enzyme production, which can be decisive during further
biowaste fermentation. Briefly, lipase activity was detected in tributyrin agar medium (48 h
at 30 ◦C), and a positive reaction was indicated by a halo zone around the colony. The pro-
tease activity was tested using skim-milk-supplemented nutrient agar (HiMedia, Mumbai,
India) during 48 h of incubation at 30 ◦C. For both mentioned tests, a positive reaction is
indicated by a halo zone around colonies. Cellulase activity was observed after incubation
for 3 days at 30 ◦C on YPD with 20 g L−1 carboxymethylcellulose (CMC, Sigma Aldrich,
St. Louis, MO, USA). YPD medium contains 10 g L−1 yeast extract, 20 g L−1 peptone,
and 10 g L−1 glucose. A positive reaction is indicated by a halo zone following Congo
red staining.

2.2. Biomass Production

Yeast cells obtained by multiplying a pure laboratory culture of the mentioned red
yeast isolates were used to obtain biomass. After the first cell passage (SMA, 30 ◦C for
72 h), the obtained biomass was used for the second passage in YP nutrient medium
(20 g L−1 yeast extract, 10 g L−1 glucose, and 10 g L−1 peptone). The mentioned nutrient
medium and conditions were selected for simultaneous production of yeast biomass and
carotenoids according to the recommendation of multiple scientific groups [14–18]. Incu-
bation was performed at 30 ◦C for 120 h hours in the dark. The obtained biomass was
collected and centrifuged twice on an ultracentrifuge at 6000 rpm for 10 min (ROTINA 380R,
Hettich, Tuttlingen, Municipality, Germany). Between centrifugations, the supernatant
was discarded, and a pellet was lyophilized by a laboratory lyophilizator (Alpha 2–4 LSC,
Martin Christ, Osterode, Germany) for 28 h.

2.3. Experimental Design for Extraction of Total Carotenoids from Yeast Cells

In order to define an improved protocol for extraction of total carotenoids from yeast
biomass, the experimental design involved three qualitative variables: a method for cell
lysis (X1), a carotenoid extraction method (X2), and a solvent extraction method(X3).
According to the principle of varying the variables relative to one another, the experimental
design involved:

• Methods for cell lysis: chemical (hydrochloric acid treatment and sodium chloride
treatment) and mechanical (ultrasound wave treatment and milling) methods;

• Carotenoid extraction methods: conventional extraction (CE), ultrasound extraction
(USE), and a combination of conventional and ultrasound extraction (CUSE); and

• Solvent extraction methods: acetone, isopropanol: methanol (50:50), and ethanol extraction.

Carotenoid yield was determined as the output of the experimental procedure using
the spectrophotometric method [19] with microtiter plates. Briefly, 200 μL sample aliquots
were applied in wells, and absorbances were immediately analyzed at wavelengths of
663, 645, 505, and 453 mm (with the application of an extraction solvent as a blank).
Carotenoid yield (mg/100 mg d.w.) was determined based on Equation (1). All analyses
were performed in triplicate, and the obtained results are presented as mean values with
standard deviations.

Carotenoid yield = 0.216·A663 − 1.22·A654 − 0.304·A505 + 0.452·A453 (1)
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2.4. Methods for Cell Lysis

Cell lysis by hydrochloric acid was performed using a 4 M acid solution. The biomass-
to-acid solution ratio was 1:5, and the mix was subjected to agitation at 150 rpm for 5 min
at 35 ◦C. Cell lysis by ultrasound was performed done using a T 25 ULTRA-TURRAX
instrument (IKA Werke, Staufen im Breisgau, Germany). Briefly, 60 g of biomass and
300 mL of NaCl solution were subjected to 4 ultrasonic cycles (50 Hz, 11,000 rpm, 20 ◦C)
for 10 min in dark glass. Cell lysis by osmotic pressure treatment was performed with
sodium chloride solution in a 1:5 ratio. The mixture was subjected to a temperature of
40 ◦C for 24 h. For all three techniques, the obtained precipitate after the centrifugation
process (10,000 rpm, 10 min) was double-washed using distilled water to eliminate chemical
residues. For milling treatment, biomass was subjected to grinding (1 min, 5000 rpm) with
a batch mill tube mill control system (LLG, Meckenheim, Germany).

2.5. Methods for Carotenoid Extraction

The extraction process was performed with conventional and ultrasound methods,
as well as a combination of conventional and ultrasound methods. These methods were
chosen due to their differing mechanisms for extraction of targeted carotenoids, as well
as the possibility of preventing the loss of the bioactivity of the targeted compounds. The
conventional method is commonly used for evaluation of other methods; however, with
a very high recovery rate of carotenoids, it can be time-consuming costly, using a large
amount of solvent [4]. On the other hand, ultrasound, as a greener method, which includes
an acoustic cavitation base for extraction, can be applied for many processes, including
intracellular metabolite extraction, as well as microbial inactivation [4]. Three solvents were
used for each extraction method, as previously mentioned. Briefly, conventional extraction
(CE) involved the addition of the solvent in a ratio of 1:2.5 (m/V) and mixture in a vortex for
2 min. After the addition of the same ratio of sample: solvent as for conventional extraction,
ultrasound extraction (USE) was performed in an ultrasound bath for 20 min. Consequently,
the combination of conventional and ultrasound extractions (CUSE) involved, first, the use
of a vortex and then an ultrasonic bath procedure. Following the extraction process, all
samples were centrifugated at 8000 rpm for 5 min, and supernatants were separated for
further analysis.

In addition to experience with extraction technologies, we followed the recommenda-
tions of Mata-Gomez et al. [20], Lopez et al. [21], Michelon et al. [22], and Nemer et al. [23]
for the selection and formation of the presented cell lysis and carotenoid extraction methods.

2.6. Statistical Analysis
2.6.1. Growth Kinetics Modelling

In this investigation, time-kill kinetics modelling was implemented by applying the
four-parameter sigmoidal computational model, which is convenient for biological systems
and described in detail by Brlek et al. [24]. The projected data should be shaped in an
S-shaped curve, and the model can be expressed in the form of Equation (2).

y(t) = d +
a − d

1 +
( t

c
)b (2)

The yeast isolate number (log CFU/mL) during incubation (hours) is denoted as y(t),
whereas the regression coefficients are denoted as follows: a, minimum of the experimen-
tally obtained values (at t = 0); d, the maximally acquired value (at t = ∞); c, the inflection
point (the point between a and d); and b, the Hill’s slope (the steepness of the inflection
point (c)).

2.6.2. Cluster Analysis of Temperature and pH Growth Profiles of Yeast Isolates

To predict the distribution of yeast isolates as a function of environmental parameters,
a cluster analysis was performed. Cluster analysis (CA) was used to determine the possible
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correlations among different yeast isolates and to classify objects according to temperature
and pH growth profiles of selected yeast isolates. The complete linkage algorithm and city
block (Manhattan) distances were used to explain the temperature and pH growth profile
of the natural isolates grouped it in different clusters.

2.6.3. Ranking Procedure

Yeast isolates were ranked based on their assimilation/enzyme production capabili-
ties [25], which were tested in the primary step of this study (see Section 2.1). The obtained
scores of yeast isolates for utilization of different C and N sources were ranked in the
following order: D-glucose, glycerol, calcium, 2-keto-gluconate, L-arabinose, D-xylose,
adonitol, xylitol, D-galactose, inositol, D-sorbitol, methyl-α-D-glucopyranoside, N-acetyl-
glucosamine, D-cellobiose, D-lactose, D-maltose, D-sucrose, D-trehalose, D-melesitosis,
and D-raffinose. With respect to the production of different enzymes, the isolates were
ranked in the following order: protease, lipase, and cellulase. A negative reaction was
coded as “0”, whereas a positive reaction of the yeast isolates was coded as “1”. Several
quality parameters were calculated within the standard score analysis for each yeast isolate:
the sum of utilization scores, the sum of production scores, the total sum of scores, the
number of positive reactions, and the number of negative reactions.

2.6.4. Artificial Neural Network (ANN) Optimization

A multilayer perceptron model (MLP) with three layers was used for modelling. This
model construction was proven accurate in approximating non-linear functions [26,27].
The experimental database for ANN was randomly divided into training, cross-validation,
and testing data (60%, 20%, and 20% of experimental data, respectively). The Broyden–
Fletcher–Goldfarb–Shanno (BFGS) algorithm was applied as an iterative method to solve
unconstrained non-linear optimization during ANN modelling. The number of repeating
steps during ANN construction was 100,000. Coefficients associated with the hidden and
output layer (weights and biases) were grouped in matrices W1 and B1 and W2 and B2,
respectively, as represented in Equation (3).

Y = f1(W2 · f2(W1 · X + B1) + B2) (3)

Weight coefficients were determined during the ANN learning cycle to minimize the
error between network results and experimental values [28,29]. The developed models
were numerically verified using reduced chi-square (χ2), root mean square error (RMSE),
coefficient of determination (r2), mean bias error (MBE), and mean percentage error (MPE).
These parameters can be calculated using Equations (4)–(7).

χ2 =

N
∑

i=1
(xexp,i − xpre,i)

2

N − n
(4)

RMSE =

[
1
N

·
N

∑
i=1

(xpre,i − xexp,i)
2

]1/2

(5)

MBE =
1
N

·
N

∑
i=1

(xpre,i − xexp,i) (6)

MPE =
100
N

·
N

∑
i=1

(

∣∣xpre,i − xexp,i
∣∣

xexp,i
) (7)

where xexp,i represents the experimental values, and xpre,i represents the predicted values
obtained by calculating the model for these measurements. N and n are the number of
observations and constants, respectively.
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2.7. Experimental Validation of the Universality of the Chosen Carotenoid Extraction Procedure

The chosen extraction procedure was experimentally verification in a microbiology
laboratory in order to demonstrate its accuracy. The best experimental procedure was tested
for all other yeast strains investigated in this study, and the obtained results were com-
pared with the best-performing yeast isolate (based on the ranking procedure described in
Section 2.6.3). All yeasts were grown under the same conditions, as described in Section 2.2.

3. Results and Discussion

Yeasts were isolated from food and food-related samples, and the obtained aver-
age number of yeast in samples was between 34 and 117 CFU/g. According to the tar-
geted macromorphology (orange–red-pigmented colonies), the total number of potential
carotenoid-producing isolates was five. All five isolates were obtained from the different
samples (Jerusalem artichoke, tomato juice, sugar cane, agricultural soil, and yogurt) and
designated as top 30, KV1105, CRV, 4/34, and FK3, respectively. Their macromorphology
after 72 h of incubation at 30 ◦C is shown in Figure 1. The obtained colonies have a typ-
ical orange color, but size, shape, surface appearance, and texture differ the strain level.
Therefore, the isolates were identified with an API identification system. Four isolates
represent Rhodotorula mucilaginosa strains (top 30, KV1105, CRV, and 4_34), whereas only
one is Rhodotorula glutinis (strain FK3). The Rhodotorula genus represents comprises envi-
ronmental basidiomycetous yeasts, and species that are commonly isolated from soil, as
well as fermented food, fruit juice, milk, and food waste [30].

Figure 1. Rhodotorula isolates on a solid growth medium after 72 h of incubation: (a) top 30;
(b) KV1105; (c) CRV; (d) 4_34; (e) FK3.

However, the significance of R. mucilaginosa and R. glutinis lies in their ability to
produce carotenoids, which has been described in numerous literature reports. Briefly,
representatives of this genus are capable of synthesizing carotenoids, such as β-carotene,
astaxanthin, torulene, and torularhodin [30–32]. Their colonies vary from coral red/salmon
to slightly orange in color (depending on the nutrient medium and incubation conditions),
with mucoid to slightly tough, smooth to wrinkled, or highly glossy to semi-glossy surface
texture [33], which is in agreement with the colonies observed in this study (Figure 1).
Figure 1a–d depicts the macromorphological details of R. muciliginosa strains, whereas
Figure 1e correspond to the only R. glutinis strain isolated in this study.

As the next experimental step, the growth curve (growth as a function of incuba-
tion time) was determined for all selected Rhodotorula isolates, as shown in Figure 2.
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Dyaa et al. [34] reported that the optimal temperature for carotenoid production in
Rhodotorula strains is around 30 ◦C, and the carotenoid rate was reduced at higher tempera-
tures. Therefore, growth was monitored at 30 ◦C. During biomass determination (Figure 2),
the cells multiplied intensively for all isolates, following the sigmoidal shape of the curve.

Figure 2. Growth curves for Rhodotorula isolates (markers signify the experimental data; lines indicate
predictive results).

A growth adjustment phase (lag phase) was observed during the first 12 h. A moment
of transition from the exponential phase (log phase) to the stationary growth phase was
observed after 4 days (96 h) for all strains, except for R. glutinis strain 4_34, for which the
starting point of the stationary phase was observed after approximately 120 h. According
to Figure 2, the highest cell concentration (approx. 8 log CFU/mL) was achieved for the
strains R. glutinis 4_34 and R. mucilaginosa top 30. In the case of all other examined yeasts,
the maximum cell concentration was 1–2 log CFU/mL lower.

To better understand the growth profile of the tested yeasts, a growth kinetic model
was developed. In Figure 2, markers indicate the experimentally obtained values of cell
concentration at a given point in time, whereas lines indicate predictive results of the
developed growth kinetic model. According to the regression coefficients of the obtained
models for yeast isolate number during incubation (Table 1) and the goodness of fit between
experimentally and model-obtained (predicted) results (Table 2), it can be concluded that the
developed models for yeast growth were accurate, with high coefficients of determination
(up to 0.989) and proposed models that fit well with experimental data. It can be concluded
that the obtained kinetic models for the growth of yeast isolates can be used for the
prediction of yeast isolate number during the whole incubation period.

Table 1. Regression coefficients for kinetic models of the growth of yeast isolates.

Regression
Coefficient

Yeast Isolate

Top 30 KV1105 CRV 4_34 FK3

d 7.977 7.059 7.421 8.152 6.393

a 3.872 3.670 3.525 3.698 4.021

c 43.335 38.766 35.446 73.525 46.521

b 2.829 2.654 1.571 5.041 3.016
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Table 2. “Goodness of fit” of the kinetic models for the growth of yeast isolates.

Parameter
Yeast Isolate

Top 30 KV1105 CRV 4_34 FK3

Reduced chi-square (χ2) 0.362 0.135 0.017 0.060 0.406

Root mean square error (RMSE) 0.578 0.353 0.124 0.235 0.612

Mean bias error (MBE) 0.000 0.000 0.000 0.000 0.000

Mean percentage error (MPE) 7.551 4.586 1.791 3.099 8.242

Coefficient of determination (r2) 0.872 0.922 0.989 0.985 0.680

Skewness (Skew) −0.382 −1.127 −0.863 −1.296 −2.090

Kurtosis (Kurt) −0.712 1.240 0.514 2.523 5.373

Mean of residuals (Mean) 0.000 0.000 0.000 0.000 0.000

Standard deviation of residuals (StDev) 0.601 0.368 0.129 0.245 0.637

Variance of residuals (Var) 0.362 0.135 0.017 0.060 0.406

The next steps involved a comprehensive study of biokinetic zones with respect to
temperature and pH values for the growth of yeasts. The elementary goal of all in vitro bio-
processes is to create an environment that, for each set of parameters, simulates the optimal
and specific environment for initiation of production of the desired metabolite. The growth
of microorganisms is a function of environmental factors, of which the most significant are
the temperature and pH values of the environment. Temperature and pH are the most im-
portant environmental factors influencing the growth of microorganisms [35]. Temperature
tolerance is an essential parameter for biotechnology processes due to significant changes
in this factor [13,36]. Therefore, it is imperative to investigate the behavior of natural
isolates at varying incubation temperatures. On the other hand, a similar dependence
can be observed for pH values as one of the most influential factors with respect to the
growth of yeasts [37]. Yeasts exhibiting pH tolerance are considered potentially beneficial
candidates for efficient biotechnology production, whereas most yeasts as bioagents show
high metabolic activity in neutral or acidic environments. Therefore, it is necessary to
evaluate the effect of pH values on yeast growth in a wide range (between 3 and 9) [38].
To determine the optimal growth rate, biomass production was monitored for 5 days at
temperatures of 20, 30, 37, and 44 ◦C and pH values of 3, 5, 7, and 9. A summary statis-
tical analysis of growth tolerance at different incubation temperatures and pH values is
presented in Supplementary Table S1. For most of the selected strains, the optimal growth
temperature is between 20 and 30 ◦C. On the other hand, a temperature of 44 ◦C is beyond
the biokinetic zone for all strains. The majority of R. mucilaginosa and R. glutinis strains are
considered mesophilic [32], in agreement the results obtained in this study. The optimal
pH value for the growth of Rhodotorula strains is 7, although growth can occur in a more
expansive biokinetic zone (pH value range of 3–7) after the total incubation time for all
isolates. In terms of the production of carotenoids by Rhodotorula representatives, many
researchers have indicated that a pH value of 7 is optimal not only for growth but also for
carotenoid production [39,40].

We further analyzed the behavioral similarity between natural yeast isolates by cluster
analysis of temperature and pH growth. According to results presented in Supplementary
Table S1, two dendrograms of temperature and pH growth profiles of yeast isolates are
plotted in Figure 3, using complete linkage as an amalgamation rule and a city block
(Manhattan) distance as a measure of the proximity between yeast isolates. Two dendro-
grams based on the growth profile over time showed a proper distinction between yeast
isolates. According to the temperature profile, yeast isolates R. mucilaginosa top 30 and
R. glutinis 4_34 showed a similar growth profile, as did yeast isolates R. mucilaginosa CRV
and R. mucilaginosa FK3. Based on the pH profile, yeast isolates R. mucilaginosa top 30 was
similar to R. mucilaginosa FK3, whereas sample R. glutinis 4_34 corresponded most closely
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to the R. mucilaginosa CRV isolate. As shown in Figure 3, the R. mucilaginosa KV1105 strain
is the least similar to the other tested strains in both cases.

 

Figure 3. Dendrograms of cluster analysis of (a) temperature and (b) pH growth profiles of
yeast isolates.

For further selection of the best-performing yeast isolate with respect to application in
engineered bioprocesses, the assimilation of different C and N sources, as well as enzyme
production, was tested (Figure 4). The data are indicated as positive reactions (green
circle) or negative reactions (red circle). Interestingly, the tested yeast isolates do not utilize
inositol, methyl-α-D-glucopyranoside, N-acetyl-glucosamine, or D-lactose. It has been
proven that inositol has a positive effect on fermentation performance, cell growth, and
tolerance to negative environmental conditions in the case of Saccharomyces cerevisiae [41],
but the tested strains in this study remain neutral to this source, as was the case for strains
M14, M22, M23, and M24 in a study by Allahkarami et al. [42]. The negative response of
the tested strains was also confirmed in the case of methyl-α-D-glucopyranoside. Taking
into account that methyl-α-D-glucopyranoside is usually added to the production medium
as an inducer of amylases in microorganisms [43], it can be concluded that the yeasts used
in the present study do not have the ability to produce amylase. The same negative results
were obtained for N-acetyl-glucosamine and D-lactose, indicating that these sources of C
and N atoms cannot be utilized by the tested yeasts. On the contrary, according to Figure 4,
there are three common sources of C atoms: D-glucose, D-sucrose, and D-raffinose, all of
which were found to be fermented by all tested yeast strains.

 

Figure 4. Biochemical and physiological tests (red color indicates a negative result, whereas green
color indicates a positive result).
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In order to determine the best-performing strain, tested yeasts were statistically ranked
based on the mentioned characteristics presented in Figure 4. We evaluated the response
of the yeast strains to the assimilation of different C and N sources, as well as enzyme
production. In yeast biotechnology, it is believed that wild isolates with high fermentation
capabilities in terms of different sources of C and N atoms are a potentially suitable choice
for biotechnological processes at the industrial level [44]. The ranking procedure was
performed as a method of selection based on the maximum of defined functions (the sum
of utilization scores, the sum of production scores, the total sum of scores, and the sum
of utilization scores), representing the optimal processing parameters. If the value of the
specific function reaches its maximum for a specific yeast isolate, it shows indicates the
tendency of the tested parameters to be optimal.

The ranking procedure was based on the discrimination criteria described in Figure 4,
and the ranking results are presented in Table 3. According to the ranking procedure, yeast
isolate R. mucilaginosa top 30 achieved the best performance, showing the highest number
of positive reactions (13) and the fewest negative reactions (9). Positive reactions for yeast
isolate R. mucilaginosa top 30 were observed for D-glucose, glycerol, L-arabinose, D-xylose,
xylitol, D-galactose, D-maltose, D-sucrose, D-melesitosis, and D-raffinose assimilation,
as well as protease, lipase, and cellulase production. Similar results were obtained for
isolate R. glutinis 4_34 (which showed 11 positive and 11 negative reactions) and isolate
R. mucilaginosa FK3 (which showed 12 positive and 10 negative reactions). The scoring of
yeast isolates coincides with the cluster analysis (Figure 3).

Table 3. Ranking procedure results.

Yeast Isolate
Sum of

Utilization
Scores

Sum of
Production

Scores

Total Sum of
Scores

Number of
Positive

Reactions

Number of
Negative
Reactions

top 30 10 3 13 13 9
KV1105 4 1 5 5 17

CRV 6 1 7 7 15
4_34 9 2 11 11 11
FK3 11 1 12 12 10

Therefore, R. mucilaginosa top 30 was selected as the best-performing yeast for further
biotechnological application and used for the experimental design to establish a carotenoid
extraction procedure. In this study, 36 cell lysis method–extraction method–solvent combi-
nations were tested to determine the maximum carotenoid yield (Figure 5). Additionally,
ANN modelling (Figure 6 and Table 4) was performed to verify the best extraction proce-
dure according to the predicted maximum.
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Figure 5. The obtained carotenoid yield (mg/100 g d.w.) using different carotenoid extraction proce-
dures (acetone—red colour; isopropanol:methanol (50:50)—yellow colour; ethanol—blue colour).

Figure 6. Experimental and predicted values of carotenoid yield for the R. mucilaginosa top 30 strain.

Prior to extraction procedure, the obtained biomass was lyophilized. According to
Saini and Keum [4], this step enables a high water content in the system (from yeast cells).
Because a water environment can be unfavorable for efficient extraction of carotenoids due
to their hydrophobic nature, dehydration of samples is an efficient step in yield improve-
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ment. Additionally, thermal degradation and isomerization of some dehydration process
can be harmful to carotenoids; thus, lyophilization is the most adequate pretreatment for
carotenoid extraction.

The experimentally obtained and calculated maximum for carotenoid yield was
253.74 mg/100 g d.w. The optimal output was obtained using milling treatment as a
method for cell lysis, conventional extraction as the extraction method, and acetone as the
extraction solvent. Cell disruption might be the key step in the production and purification
of intracellular compounds from yeast cells, as it exerts important effects on their recovery
and quality [45,46], as well as for analytical aims. Owing to its large size and varying cell
wall structure, disruption of the ascomycetous yeast cell wall is generally easier than that
of other microorganisms, such as bacteria. Various methods, such as mechanical, chemical,
or enzymatic approaches, can be used to disrupt cell walls; the optimal method depends
on both the yeast characteristics (culture time, specific growth rate, etc.) and the target
substance [47–49].

As demonstrated by the results presented in Figure 5, among all chosen methods
for cell lysis applied in the present study, the milling treatment showed a significantly
higher carotenoid yield than the other methods. This mechanical treatment coupled with
conventional extraction with acetone as the extraction solvent led to the highest carotenoid
yield, i.e., 253.74 ± 9.74 mg/100 g d.w. According to Nemer et al. [23], a significant
advantage of mechanical cell disruption techniques is that they can generally be scaled-up
with relative ease, in addition to being quite effective. This is a crucial step for industrial
applications, but special attention needs to be directed to potential heating during the
process, as well as carotenoid degradation. Aksu and Eren [50] used a milling process and
acetone-dependent extraction (specific procedure data not available) to obtain carotenoids
from Rhodotorula mucilaginosa cells, achieving a yield of 69.8 mg L−1, which is lower than
that achieved in the present study.

In the case of all other tested methods for cell lysis, the carotenoid content was
10–1000 times lower in comparison to the milling treatment. In the present study, the
conventional extraction method achieved better results than ultrasonic extraction and
the combination of conventional and ultrasound extraction methods, possibly because
during the ultrasound treatment, the temperature usually increased, and heat shocks
may have a negative influence on carotenoid content [51]. The answer to this hypothesis
might be a further crucial moment for optimizing the extraction time and combining
classic and modern methods of extraction. Methods for cell lysis for the extraction of
pigments in the available literature are divided between ultrasound and milling treatments,
emphasizing that the obtained results may vary depending on the culture type, pigment,
and experimental parameters [23,49]. Owing to differences in experimental setups and the
used yeast cultures, it is impossible to compare results between studies. It is additionally
difficult to compare the results reported in the literature owing to the fact that different
commercial and alternative substrates with complex compositions are used for yeast
cultivation, which significantly affects the yield of carotenoids.

As previously mentioned, ANN modelling was also performed for analysis of carotenoid
yield during the tested extraction procedures, with all three categorical variables for ANN
contributing to the anticipation of carotenoid content:

1. Cell lysis methods (hydrochloric acid treatment, ultrasound treatment, milling treat-
ment, and osmotic pressure treatment);

2. Extraction methods (conventional extraction, ultrasound extraction,
conventional + ultrasound extraction); and

3. Solvent extraction methods (acetone, isopropanol/methanol (50:50), and
ethanol extraction).

The ANN technique proved to be a beneficial method for prediction of the yield of
different microbiological products [51,52], but it has not been used to date for the selection
of a total carotenoid extraction protocol based on the highest carotenoid yield from yeast
cells. For the first time, the obtained results of different extraction protocols were involved

75



Processes 2022, 10, 1699

in this advanced mathematical analysis, and the optimal number of neurons in the hidden
layer was four (network MLP 10-4-1) to obtain high values of coefficients of determination
(overall r2 is 0.86) and low values of the sum of squares (SOS). The obtained r2 values for
training, testing, and validation sequences of ANN modeling were 0.94, 0.98, and 1.00,
respectively. BHGS 6 was used as a training algorithm, and the error function was SOS
(sum of squares). The optimal hidden and output layer activation function was the logistic
function. An ANN model was used to predict experimental variables reasonably well
for a broad range of process variables (as shown in Figure 5, in which the experimentally
measured and ANN-model-predicted values are presented). The accuracy of the ANN
model was visually assessed by the dispersion of points in the diagonal line shown in the
graphics presented in Figure 6.

The predicted values were very close to the desired values in most cases in terms
of the value of the coefficient of determination [29]. The qualities of the model fit were
tested in Table 4; the coefficient of determination (r2) should be close to 1, whereas the
values of other tests (χ2, RMSE, MBE, and MPE) should be lower to achieve a good fit with
the experimental values [53,54]. The obtained results indicate the possibility of using the
ANN model in the presented experimental setup. This is in agreement with the results
reported by Shafi et al. [55], who emphasized that using ANN modelling for analysis of
natural sources of bioactive compounds is more flexible and accurate than the response
surface methodology.

Table 4. “Goodness-of-fit” kinetics models for the yeast isolate number.

Yeast Isolate χ2 RMSE MBE MPE r2

R. mucilaginosa
top 30

3.1 × 104 17.49 −13.27 14.29 0.89

Skew Kurt Mean StDev Var

2.22 11.62 −13.27 17.68 3.1 × 104

Legend: Reduced chi-square (χ2), root mean square error (RMSE), mean bias error (MBE), mean percentage error
(MPE), coefficient of determination (r2), skewness (Skew), kurtosis (Kurt), mean of residuals (Mean), standard
deviation of residuals (StDev), variance of residuals (Var).

In order to reduce the time and reagents required for analysis, the universality of the
milling treatment coupled with acetone as an extraction solvent using a conventional extrac-
tion procedure was validated for all other yeast isolates in terms of comparative achieved
carotenoid yield. A simple, rapid, universally applicable, and reproducible procedure is
indispensable in order to reduce laboratory time and cost. This is important for studies
involving multiple isolates. Furthermore, spectrophotometric analysis of carotenoids was
selected as the output. This method is among the cheapest and most useful methods for
quantification of carotenoids [56]. Within the field of yeast biotechnology, experimental
validation of the universality of some processes or procedures in a laboratory does not
rely on the extensive use of expensive resources, but the obtained data confer multiplied
benefits for further applications of bioagents in semi-industrial and industrial processing.
The results presented in Figure 7 show that for all tested yeast strains, the accomplished
carotenoid yield was significant (above 227 mg/100 g d.w.) under the same extraction
conditions compared to R. mucilaginosa top 30. Slight variations in the carotenoid content
were observed between strains, which positively correlated with the diversity in the results
obtained in terms of the ranking of yeast isolates (Table 4.). Nevertheless, in this experiment,
a similar carotenoid content was recorded across all tested yeast strains when the milling
treatment was applied in combination with conventional extraction with acetone as the
extraction solvent; therefore, the universality of the best extraction procedure in this study
is acknowledged.
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Figure 7. Experimental validation of the universality of the chosen carotenoid extraction procedure
for all Rhotodorula strains.

Based on the results of the present study, it can be concluded that beneficial effects
of carotenoids on human health and their widespread application in various industries
have led to increased interest in biotechnological study of these substances. This work
can contributes to current research oriented toward the identification, quantification, and
optimization of microbial carotenoid production. Various possibilities for the isolation of
carotenoid-producing yeasts and multiple sets of extraction procedures should be further
explored in order to define the biological activity of effective substances in yeast resources
for utilization in the biotechnological field. One such approach involves the use of advanced
mathematical tools, as explored in the present study for the selection of yeast isolates
by determination of growth characteristics, pH, and temperature profiles to optimize
carotenoid production protocols and verify the universality of the selected procedures.

4. Conclusions

Following isolation and identification of five carotenoid-producing yeasts, the best-
performing strain, identified as Rhodotorula mucilaginosa (strain name: top 30) was selected
based on an advanced ranking procedure. Using this strain, we optimized an experi-
mental design for carotenoid extraction. Based on the obtained maximal carotenoid yield
(253.74 ± 9.74 mg/100 g d.w), this procedure, which involves milling treatment (for cell
lysis) and conventional extraction with acetone, convincingly stood out compared to the
other 35 tested protocols. Finally, we validated the universality of the optimized procedure.

Based on a statistical ranking of microorganisms, the universality of an experimental
design to obtain an optimized procedure for carotenoid extraction from yeast cells was
validated. This method represents an economically feasible calculation approach to an
experimental setup involving multiple natural isolates and tested protocols.

Future research should investigate the use of agro-industrial waste as a substrate for
biomass and carotenoid production by the best-performing yeast isolate, R. mucilaginosa
top 30. Coupled with the optimized extraction procedure, this step will contribute to an
economically and ecologically acceptable solution for carotenoid production.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pr10091699/s1, Table S1: Temperature and pH growth
profiles of Rhodotorula isolates during incubation.
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G.Ć.; data curation, B.L. and L.P.; writing—original draft preparation, O.Š. and A.T.; writing—review
and editing, A.T.; visualization, B.L. and O.Š.; supervision, J.Č.-B. All authors have read and agreed
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16. Kot, A.M.; Błażejak, S.; Kieliszek, M.; Gientka, I.; Bryś, J. Simultaneous Production of Lipids and Carotenoids by the Red Yeast
Rhodotorula from Waste Glycerol Fraction and Potato Wastewater. Appl. Biochem. Biotechnol. 2019, 189, 589–607. [CrossRef]

17. Hien Ly, T.M.; Nga Pham, T.H. Effects of some factors on carotenoid biosynthesis by Rhodotorula Mucilaginosa. Ho Chi Minh City
Open Univ. J. Sci. 2019, 9, 62–69.

18. Rovinaru, C.; Pasarin, D.; Capra, L.; Stoica, R. The effect of ZnSO4 in the cultivation medium of Rhodotorula glutinis CCY
020-002-033 yeast biomass growth, β-carotene production and zinc accumulation. J. Microbiol. Biotechnol. Food Sci. 2019, 8,
931–935. [CrossRef]
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Abstract: Dowex® HCR-S ion-exchange resin was used to adsorb ectoine in a batch system under
varying operation conditions in terms of contact time, temperature, pH value, initial concentration of
ectoine, and type of salt. Six adsorption isotherm models (Langmuir, Freundlich, Temkin, Dubinin–
Radushkevich, Sips, and Redlich–Peterson) and three kinetic models (pseudo-first-order, pseudo-
second-order, and intraparticle diffusion) were used to investigate the ectoine adsorption mechanism
of ion-exchange resin. According to the experimental results, the mechanism of ectoine adsorption
using an ion exchanger includes the ion-exchange reaction and physisorption. Both the Langmuir
and Freundlich models were found to have a high fitting. For the kinetic analysis, the pseudo-second-
order and intraparticle diffusion models were suitable to describe the ectoine adsorption. Dowex®

HCR-S resin has an average saturated adsorption capacity of 0.57 g/g and 93.6% of ectoine adsorption
at 25~65 ◦C, with an initial concentration of 125 g/L. By changing the pH of the environment using
NaOH solution, the adsorbed ectoine on the ion-exchange resin can be desorbed to 87.7%.

Keywords: ectoine; ion exchange; separation and purification; kinetic and isotherm simulation

1. Introduction

In recent years, because of increasing ultraviolet ray exposure and changes in social
awareness, people have gradually paid more attention to skin and health care products.
Ectoine (C6H10O2N2) [(S)-2-methyl-1,4,5,6-tetrahydropyrimidine-4-carboxylic acid]) is a
chemical with a potentially high value and promising biotechnology, agriculture, pharma-
ceutical, and cosmiceutical applications. With its strong water-binding ability, ectoine can
have a long-term moisturizing effect on human skin that is better than that of glycerol and
relieve inflammation symptoms in allergic conjunctivitis. Ectoine can also block and protect
biomolecules from the exposure damage of UV radiation and oxidative stress. Cosmetics
became the first commercial product containing ectoine, giving them super hydrophilic
characteristics, anti-wrinkle effects, and delayed skin-aging effects. Ectoine, which is an
extremolyte, maintains the osmotic balance to protect biomolecules and cell structures
by forming and stabilizing protective water layers around them. It can also protect skin
under conditions of extreme dehydration, heating, drying, and freezing [1,2]. Accordingly,
ectoine works as a multifunctional agent and demonstrates protective effects for proteins,
DNA, food, human cells, and tissues. Ectoine has potential in other fields as well, and
further research and innovations are possible [3,4].

Ectoine is one of the most widely present compatible solutes throughout various
halophilic and halotolerant microorganisms in a broad range of Gram-negative and Gram-
positive bacteria, such as α- and γ-Proteobacteria, Actinobacteria, and Firmicutes [4,5]. Het-
erotrophic bacteria usually produce it in the genera Halomonas, Halorhodospira, Vibrio,
Chromohalobacter, and Pseudomonas of the γ-Proteobacteria class [4,6–8]. Commercially, ec-
toine is usually synthesized by a bioprocess technique called “bacterial milking” using the
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halophilic bacterium H. elongata [5,9]. At present, in order to meet the increasing demand
for commercial-scale production of ectoine, batch culture, fed-batch culture, bacterial milk-
ing [3,10], or non-halophilic bacteria (e.g., E. coli) are used in the fabrication process. These
methods avoid high-salinity concentration strategies that would cause corrosion damage
to equipment and reduce growth rates. However, ectoine fabrication still suffers from low
production, whether halophilic or non-halophilic bacteria are used, with ectoine titers of
65 g/L and a specific productivity of 1.16 g/L/h (120 mg/g/h) achieved [11]. Hence, the
isolation and purification of ectoine is the most critical step in improving downstream
processing and reducing manufacturing costs.

Owing to its broad applications, ectoine it is a highly priced chemical, with a current
sales price of USD 100/g when provided by Echochemical, Taiwan. Whether ectoine
production is performed by bacterial milking, leaky mutants, or recombinant genes on
non-halophilic bacteria, the loss of ectoine from the downstream processes, such as during
separation and purification, must be reduced. Because ectoine is a highly hydrophilic
compound, current separation methods, such as solvent extraction and salt extraction,
cannot easily separate it from the fermentation broth. It is challenging to separate ectoine
with high purity and low loss using mass separation methods like extraction or energy
separation methods like distillation. Kunte et al. reported the production stages of in-
dustrial production of the cell protectant ectoine to include fermentation, microfiltration,
desalting, capture, and refining [3]. The capture stage includes cation exchange and crystal-
lization. Hence, many researchers use ion-exchange technology to separate it [2,12]. Sauer
et al. described the use of Dowex 50 WX8 cation-exchange resin (Na+ form) packed in a
2.8 × 18 cm cation-exchange column to elute ectoine [10]. Fülberth et al. reported that the
ion-exchange resins used in ectoine separation include Dowex Marathon C, Dowex HCR-S,
Dowex50WX8, Amberlite IR 122, and Fractogel EMD SE Hicap (M) [13].

Ion exchange is an interface-based process that is particularly efficient for low-concentr-
ation systems, and it involves mass transfer without the creation of byproducts. There is
currently little in the literature in terms of detailed research on ectoine kinetic and isotherm
parameters using ion exchangers, nor their adsorption/desorption behavior. Therefore,
this study aimed to find the optimal operating conditions for ectoine purification from
an aqueous solution using an ion-exchange strategy and reveal the underlying adsorp-
tion/desorption mechanism. Adsorption experiments were designed in a batch system
with alternations in reaction time, pH, type of salt, temperature, and initial ectoine concen-
tration. The adsorption isotherm and kinetic study were used to understand the nature of
the sorption process, depending on the adsorbent characteristics, and inform the design of
industrial sorption columns. The desorption process was performed with changes in pH,
temperature, and NaOH concentration, and the desorption mechanism, parameters, and
cost evaluation are also discussed.

2. Materials and Methods

2.1. Materials

Ectoine ((S)-2-methyl-1, 4, 5, 6-tetra-hydropyrimidine-4-carboxylic acid, CAS 96702-
03-3, >95%) was purchased from Sigma-Aldrich, Munich, Germany; it was produced by
the natural Gram-negative bacteria Halomonas elongate. Dowex® HCR-S is a strong acid,
styrene-divinylbenzene cation-exchange resin (CAS 64082-73-1, mesh size: 20–50 mesh,
ionic form: H, moisture: 50–56%, capacity: 4.8 meq/g, Sigma-Aldrich, Munich, Germany).
Dowex®50WX8 is a strong acid, styrene-divinylbenzene cation-exchange resin (CAS 69011-
22-9, mesh size: 100–200 mesh, ionic form: Na, moisture: 54%, capacity: 4.8 meq/g, Sigma-
Aldrich, Munich, Germany). HCl (35%) and NaOH (97%) were purchased from SHOWA
(Tokyo, Japan). NaCl (99.8%) was purchased from Sigma-Aldrich (Munich, Germany). The
water was deionized. All reagents were used as received, except for the resin.
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Pretreatment of Resin

The resin (10 g) was washed using deionized water (20 mL) at least three times until
the residual solution became colorless. The resin was regenerated using 15% HCl (120 mL)
with a flow rate of 120 mL/h, then washed using deionized water (240 mL) with a flow rate
of 240 mL/h. Next, we immersed the resin in acetone for 30 min to remove compounds
such as alkylbenzenes, styrene, and uncrosslinked polymers, then dried the resin at 45 ◦C
in an oven.

2.2. Batch Adsorption of Ectoine

Batch adsorption experiments were conducted by mixing the ion-exchange resin (1 g)
and ectoine solution (10 mL) in a 30 mL flask. The desired concentration of ectoine solution
(1000 mg/L) was prepared by diluting from the stock solution in a 30 mL sample bottle. The
concentration of the stock solution was 10,000 mg/L. The solution was agitated at 100 rpm
at a selected temperature from 25 ◦C to 65 ◦C in a reciprocating water bath shaker (DK W-20,
DENG YNG, Taipei, Taiwan). The mixture was shaken at a selected contact time, varying
from 0.5 to 6 h for the kinetic experiment and 8 h for the equilibrium isotherm experiment.
After adsorption, the samples were filtered through a polyvinylidene difluoride (PVDF)
filter with a pore size of 0.45 μm. The residual concentration of ectoine in the filtrate was
determined using HPLC with a wavelength of 210 nm.

Since ectoines are biomolecules and act as energy resources for microorganisms, they
are easily decomposed when dissolved in water. Hence, capture or release of ectoine was
performed in as short a time as possible.

The ectoine ion-exchange reaction is:

(
R − SO−

3
)
H+ + Ectoine ion+

aq ↔ (
R − SO−

3
)
Ectoine ion+ + H+

(aq) (1)

The adsorption percentage of ectoine ions was calculated using Equation (2):

Ectoine adsorption (%) =

(
C0 − Ct

C0

)
× 100 (2)

where C0 is the initial ectoine concentration (mg/L) and Ct is the ectoine concentration at
time t (mg/L).

Equilibrium isotherm experiments were performed with various ectoine concentra-
tions ranging from 1000 mg/L to 9000 mg/L at selected times. The amount of ectoine
adsorbed per unit dried mass of adsorbent qe (mg/g) was calculated using Equation (3):

qe =
(Co − Ce)V

m
(3)

where V is the volume of the solution (L); C0 and Ce are the initial and equilibrium
concentrations of ectoine ion residuals in the aqueous solution (mg/L), respectively; and m
is the dry weight of the adsorbent (g). SigmaPlot software (Systat Software, Inc., San Jose,
CA, USA) was used to fit the nonlinear analysis of the isotherm models.

2.2.1. Kinetic Study of Ectoine Adsorption

Resin (1 g) was added to a 10 mL ectoine solution (1000 mg/L) and agitated at 100 rpm
at 35 ◦C in a reciprocating water bath shaker. The adsorbed rate of ectoine was investigated
by measuring the ectoine ion concentration at predetermined time intervals using the HPLC
method. The amount of adsorbed ectoine ions qt (mg/g) at time t (min) was calculated
using Equation (4):

qt =
(C0 − Ct)V

m
(4)
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where qt is the adsorption capacity of ectoine in the resin phase at time t (mg/g); and
C0 and Ct are the initial concentration and concentration of ectoine ion at time t (mg/L),
respectively.

2.2.2. Preparation of Saturation Concentration of Ectoine in Ion-Exchange Resin

The saturation experiments were carried out in a 2 mL solution with 0.5 g dried
resin (solution/resin = 4:1) under a selected concentration, referenced from the isotherm
simulations. The saturation of ectoine in the resin was obtained, and subsequently, the
desorption experiments proceeded for the next separation/purification procedure. The
saturation capacity, qsat (g/g), of ectoine was calculated using Equation (5):

qsat =
(C0 − Ce)V
m × 1000

(5)

where qsat is the saturation capacity of ectoine in the resin phase at equilibrium (g/g).

2.2.3. Desorption of Ectoine

The desorption experiments were performed identically to the adsorption tests. Sat-
urated resins were added to 10 mL of the desired desorbed agents, such as pure water,
NaOH, or NaCl solution. The mixture of saturated resin and solution with a ratio of
0.1 g/mL was agitated at 100 rpm and at a selected temperature. The ectoine concentration
of the solution was determined using HPLC. After the experiment, resins were collected
for recycling in a new sorption-desorption cycle. The solution’s pH value was adjusted
with HCl (or NaOH). The pH was measured by using a digital pH meter (SUNTEX, New
Taipei, Taiwan). Because ectoine possesses an isoelectric point with amino acids, the pH
value was manipulated to transform the ectoine into the desired positively or negatively
charged molecules. The desorption percentage of ectoine was:

Ectoine desorption (%) =

(
Ce·V

qsat × 1000

)
× 100 (6)

where Ce is the concentration after reaching desorption equilibrium in the solution
phase (mg/L).

2.3. Swelling Index of the Ion Exchanger

The dry resin was mixed with pure water at 25 ◦C for 2 h, and we then removed the
surface water of the resin using filtration. The weight of the wet resin was measured. The
swelling index, X, was calculated using Equation (7).

X =
Weight of wet resin − Weight of dry resin

Weight of dry resin
(7)

2.4. Determination of the Zeta Potential of Ectoine in the Solution

Ectoine solution (10,000 mg/L) was diluted to the desired concentration using deion-
ized water, and the pH value was adjusted using diluted HCl and NaOH solution. After
this, we carefully washed it with deionized water and assembled the flow cell, where the
solution contained analyte injects. Scanning of cells containing analytes at a high enough
intensity or concentration was conducted to measure the zeta potential using NanoPlus
(Norcross, GA, USA), with the software Particulate Systems (Norcross, GA, USA).

3. Models of Adsorption and Desorption

3.1. Adsorption Kinetic Models

Ion exchange and adsorption share various standard features regarding application
of the batch and fixed-bed processes, which can be grouped as sorption for a unified
treatment. These processes involve the transfer and equilibrium distribution of one or
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more solutes between a fluid phase and particles [14]. Adsorption kinetics are based
on the relationship between the adsorbate–adsorbent and the reactor’s operation in the
adsorption reaction, which plays a vital role in designing the plant column. Common
adsorption kinetic equations are the pseudo-first-order model, pseudo-second-order model,
and intraparticle diffusion model.

(i) Pseudo-first-order model

In 1898, Lagergren proposed a pseudo-first-order model describing a liquid–solid
phase adsorption system, which showed that the adsorption rate is constructed based on
the adsorption capacity [15]. The nonlinear form can be expressed as:

dqt
dt

= kpf
(
qe − qt

)
(8)

where kpf is the adsorption-rate constant (min−1), qe is the equilibrium adsorption capacity
(mg g−1), and qt is the adsorption capacity (mg g−1) at time t (min). We can plot the log
rate (qe–qt) vs. t to calculate the adsorption rate constant [16].

(ii) Pseudo-second-order model

In 1995, Ho established a pseudo-second-order model in a batch reactor system [17].
The differential form is:

dqt
dt

= kps
(
qe − qt

)2 (9)

where kps is the adsorption-rate constant (g mg−1 min−1).

(iii) Intraparticle diffusion model

The intraparticle diffusion kinetic model focuses on the diffusion process and was
proposed by Weber and Morris in 1962 [18]. During the solid–liquid adsorption reaction,
the solute moves from the solution to the pores of the solid-phase adsorbent. This process
is usually the rate-determining step in the entire adsorption reaction [16,19]:

qt = kipt
1
2 + C (10)

where kip is the intraparticle–diffusion constant (mg g−1 min−1/2) and C is the intercept
constant (mg g−1) of the model, which is proportional to the thickness of its boundary
layer. The larger C is, the more significant the adsorption boundary layer’s effect [19,20].

(iv) Elovich model

Elovich kinetics are widely applied to chemisorption (chemical reaction) to describe
its mechanism and are suitable for heterogeneous adsorption systems. They were first
formulated to describe the kinetics of the oxidation process and later developed for adsorp-
tion kinetics by Elovich and his collaborators from 1934 to 1939 [21]. Equation (11) covers
an extensive range of adsorption systems with a mildly rising tendency.

dqt
dt

= αe−βqt (11)

where t is the adsorption time (min), α can be considered the initial adsorption rate (mg
g−1 min−1) because (dqt/dt) approaches α when qt approaches 0 [22], and β is the Elovich
constant (g mg−1).

In the kinetic system, the differential equation is integrated first. We can plot the
integral form of the adsorption capacity, qt, with adsorption time. SigmaPlot software
(Systat Software, Inc., San Jose, CA, USA) was used to fit the nonlinear analysis to obtain
the parameters.

(v) Arrhenius activation energy
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The adsorption activation energy is calculated from the Arrhenius equation:

ln k = ln A − Ea

RT
(12)

where k is the adsorption rate constant; A is the frequency factor and is independent of the
temperature variable; Ea is the adsorption activation energy (J mol−1); R is the universal
gas constant (8.314 J mol−1 K−1); and T is the solution temperature (K).

3.2. Adsorption Isotherm Models

(i) Langmuir isotherm

In 1916, Langmuir deduced the isothermal adsorption model based on the equilib-
rium between adsorption and desorption and concluded the relationship between the
equilibrium adsorption, qe, and the equilibrium concentration, Ce, of the liquid phase as a
nonlinear form:

qe =
qmKLCe

1 + KLCe
(13)

where qm is the maximum adsorption capacity of the monolayer (mg g−1); Ce is the
equilibrium concentration in the solution (mg L−1); and KL is the Langmuir equilibrium
parameter (L mg−1), defining the affinity of binding sites and the energy of sorption.

Furthermore, the constant RL can determine whether the adsorption process is sponta-
neous [23,24]. The RL equation is defined as:

RL =
1

1 + KL × C0
(14)

(1) When 0 < RL < 1, adsorption proceeds in a favorable direction. (2) When RL > 1, the
adsorption process proceeds in an unfavorable direction. (3) When RL = 1, the adsorption
process is linear. (4) When RL = 0, the adsorption process is irreversible [25–27]:

(ii) Freundlich isotherm

In 1906, Freundlich deduced an empirical formula based on isothermal equilibrium
experiments which that widely employed to describe solid–liquid adsorption [28]. Fre-
undlich isotherm theory supports reversible and nonideal adsorption on uneven surfaces.
The Freundlich isotherm equation can be described as:

qe = KF × C
1
n
e (15)

where KF and n are Freundlich constants and the adsorption intensity, respectively.

(iii) Temkin isotherm

The Temkin isotherm is generally applied to describe monolayer adsorption behavior
in a nonideal sorption system. By ignoring the extremely low and large value of concentra-
tions, this isotherm assumes that the adsorption heat of all molecules in the layer would
decrease, rather than logarithmically, with the increased coverage of the adsorbent surface.
The Temkin isotherm model is:

qe =
RT
bT

ln(ATCe) (16)

where bT is the Temkin constant related to the sorption heat (J mol−1) and AT is the Temkin
isotherm constant related to equilibrium binding (L mg−1).

(iv) Dubinin–Radushkevich isotherm

Dubinin and Radushkevich proposed the D–R isotherm adsorption model in 1947,
which is a semi-empirical model. The D–R model assumes multilayer adsorption, which
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relates to Van der Waal’s forces, and thus, it can be utilized in the simulation of the
physisorption process [27]. The D–R isotherm equation is:

qe = qm

[
exp

(
−Bε2

d

)]
(17)

where qm is the maximum adsorption capacity (mg g−1); B is the energy constant (mol2 kJ−2);
and εd is the D-R constant (mol2 kJ−2). The D–R model is usually applied to distinguish
adsorption types among chemisorption, physisorption, and ion exchange.

(v) Redlich–Peterson isotherm

Redlich–Peterson (R–P) is a hybrid isotherm with three parameters and is charac-
terized by the combination of the Freundlich and Langmuir isotherm models. It can be
described using Equation (18):

qe =
KRCe

1 + αRCg
e

(18)

where KR is the R–P isotherm constant (L g−1); αR is the R-P isotherm constant (L mg−1);
and g is the R–P isotherm exponent.

(vi) Sips isotherm

Sips isotherm also features the heterogeneity factor βS. The general expression of the
Sips isotherm equation is:

qe =
KSCβs

e

1 + αSCβs
e

(19)

where KS is the Sips isotherm constant (L g−1); αS is the Sips isotherm constant (L mg−1);
and βS is the Sips isotherm exponent. A summary of the adsorption isotherm and kinetic
models is listed in Table 1.

Table 1. Summary of the adsorption isotherms and kinetic models.

Kinetic Model Ref.

Elovich dqt
dt = α exp(−βqt) [21]

Intraparticle diffusion qt = kipt1/2 + C [18]
Pseudo-first-order dqt

dt = kpf
(
qe − qt

)
[15]

Pseudo-second-order dqt
dt = kps

(
qe − qt

)2 [29]

Isothermal Model Ref.

Dubinin–Radushkevich qe = qme−Bε2 [30]
Freundlich qe = KFCe

1/n [28]
Langmuir qe =

qmKLCe
1+KLCe

[31]
Redlich–Peterson qe = KRCe

1+αRCg
e

[32]

Sips qe = KSCβs
e

1+αSCβs
e

[33]

Temkin qe = RT
bT

ln(ATCe) [34]

3.3. Adsorption Thermodynamics

In order to describe the thermodynamic behavior of ectoine ion sorption on cation-
exchange resin, the thermodynamic parameters were calculated, including the Gibbs
free energy (ΔG), entropy change (ΔS), and heat of adsorption (ΔH), using equilibrium
constants at different temperatures (298–338 K). They can be obtained by using the follow-
ing equations:

ΔG = −ΔH − TΔS (20)

ΔG = −RT ln KD (21)
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KD =
Cs

Ce
(22)

ln KD =
−ΔH

RT
+

ΔS
R

(23)

where KD is the equilibrium distribution constant and Cs (mg L−1) and Ce (mg L−1) are
the ectoine equilibrium concentration in the resin and aqueous phase, respectively. ΔH (kJ
mol−1), ΔG (kJ mol−1), and ΔS (kJ mol−1) can be calculated from a plot of ln KD versus
1/T. Inglezakis and Zorpas reported that ion exchange could be endothermic or exothermic
with the involvement of heat of adsorption in the range of −24 to 38 kJ/mol, while the
adsorption energy limits are found to be in the range of 0.6 kJ/ to 25 kJ/mol, and the
activation energy is higher than 40 kJ/mol [35].

3.4. Desorption Kinetic Models

The external diffusion model (EDM) describes the desorption of ectoine from ion-
exchange resin.

The EDM model assumes the ion-exchange reaction of ectoine molecules through the
external film by a liquid-phase diffusion mechanism. The mass transfer is expressed as:

d
dt

qt =
kF

ρP
(Ct − Ce) (24)

where qt is the ectoine concentration on the resin (mg g−1) at time t; kF is the volumetric
mass-transfer coefficient in the external liquid film (min−1); ρP is the resin particle density
(g/mL); and Ct and Ce are the ectoine concentrations, desorbed in the aqueous phase at
time t [36].

4. Results and Discussion

4.1. Adsorption of Ectoine Using Ion-Exchange Resin
4.1.1. Effect of Types of Ion-Exchange Resin on the Adsorption of Ectoine

This study used two kinds of strong-acid cation-exchange resins (Dowex® 50WX8 and
Dowex® HCR-S) to conduct adsorption experiments on ectoine in an aqueous solution.
Figure 1 shows the effect of adsorption time on the strong-acid cation-exchange resin ad-
sorption in a reciprocating water bath shaker. Dowex® 50WX8 showed a poor equilibrium
adsorption efficiency in ectoine adsorption. The adsorption rate of ectoine using Dowex®

50WX8 was greater than that using Dowex® HCR-S. The swelling index (X) was calculated
using Equation (7). The swelling index of Dowex® 50WX8 (X = 0.68) was lower than that
of Dowex® HCR-S (X = 0.88). This finding explains why the adsorption capacity was low
for Dowex® 50WX8, while the equilibrium time for Dowex® HCR-S was 120 min. Hence,
Dowex® HCR-S was chosen as the candidate for adsorption, and the adsorption time was
set at 8 h to reach the equilibrium state.

4.1.2. Effect of pH on Ectoine Adsorption

The solution’s pH value is crucial to adsorption, especially for ion exchangers. Ectoine
is a Zwitterion compound and can transform between cationic and anionic forms based
on the pH, as shown in Figure 2. A zwitterion, also called an inner salt, contains an equal
number of positively and negatively charged functional groups. Therefore, zwitterions are
mostly electrically neutral; the whole molecule’s net charge is zero. The isoelectric point
is derived from its inner-salt structure. Hence, the pH can affect the adsorption capacity
by changing the property of adsorbent and solution analytes. In this work, the initial pH
of the solution was adjusted using HCl and NaOH, with and without the ion-exchange
resin. Table 2 shows that the initial pH of the solution without ion-exchange resin does
not affect the equilibrium adsorption capacity (qe) of ectoine (mean = 9.83 mg/g). This
demonstrates that the surface charge of both the exchanger and analyte is not affected by
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the surrounding pH, but the concentration gradient of H+ inside the resin overwhelmed
the solution’s pH. The acidity of Dowex® HCR-S itself was pH 3.3 when 1 g of dry resin
was immersed in 10 mL of neutral water. This demonstrates no effect on ectoine adsorption
from adjusting the initial pH in the solution without resin. Therefore, we determined we
should adjust the pH in the solution with resin before the experiment.

Figure 1. Effect of adsorption time on ectoine adsorption using ion-exchange resin
(ectoine = 1000 mg/L, solution/resin = 10 mL/g, reaction time = 6 h, stirring rate = 100 rpm, temper-
ature = 35 ◦C).

Figure 2. Zwitterion form of ectoine containing both acid and base centers and its isomer.

The pH of the solution with resin was adjusted using NaOH solution (3 M) with a
long enough time for equilibrium to be reached. Table 2 indicates that the equilibrium
adsorption capacity of ectoine (qe) is affected by pH values. qe remained stable before
the pH rose to over 3, slightly decreased at pH 4, and dramatically dropped at pH values
over 4. After adsorption, the pH was reduced when it was lower than 4; in contrast, it
increased when it was higher than 4. Therefore, the maximum adsorption was a 9.8 mg/g
(0.07 meq/g) adsorption capacity of ectoine under pH < 3 when using an initial ectoine
concentration of 1000 mg/L.
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Table 2. Effect of pH in the solution with and without Dowex® HCR-S on ectoine adsorption.

Initial pH
without Resin

pH after
Adsorption

Ce

(mg/L)
qe

(mg/g)
Initial pH
with Resin

pH after
Adsorption

Ce

(mg/L)
qe

(mg/g)

2.00 1.98 15.73 9.84 2.00 1.95 19.90 9.80
3.00 2.82 15.94 9.84 3.00 2.90 18.04 9.82
4.00 3.18 14.44 9.86 4.00 3.80 80.23 9.20
5.00 3.29 16.87 9.83 5.00 6.70 740.76 2.59
6.00 3.30 20.79 9.79 6.00 6.89 869.34 1.31
7.00 3.33 15.23 9.85

Conditions: initial ectoine = 1000 mg/L, reaction time = 8 h, temperature = 35 ◦C, stirring rate = 100 rpm.

When the counterion H+ of the resin is replaced with Na+, OH- can neutralize the H+

released from the resin to adjust the pH in the solution. Equilibrium pH can be attained
in both the resin and aqueous phases. The results in Table 2 reveal that ectoine exists as a
cationic form under pH < 4, known as its isoelectric point. The acidic nature of the resin
results in preferential protonation of the ectoine molecules and thus more favorable ion
exchange so that ectoine can exchange with hydrogen ions and maintain electroneutrality.

Aside from the surface-charged state of ectoine, the electrostatic affinity between the
ion-exchanger (R-SO3

−) and ectoine is assumed to be good. The pH in the solution will
modify the adsorbent to become negatively charged to enhance the attraction to the desired
ions, especially metal ions [37–39]. Dowex® HCR-S ion-exchange resin binding with the
sulfonic group (SO3

−) possesses a positive charge on the surface. This means that the
surface charges of ectoine and the ion-exchanger have an opposite trend under pH < 4 in
the aqueous medium.

4.1.3. Zeta Potential in Ectoine Solution

The Zeta potential is defined as the magnitude of charge at the slipping plane, separat-
ing the mobile bulk fluid from the ionic layer attached to the particle surface. Since the sur-
face charge is the primary key for using ion-exchange as the separation strategy of ectoine
from bacterial broth, zeta potential analysis provides the results for the differentiation-
charged situation on the particle surface under different pH conditions. Figure 3 shows
that the pH of samples containing ectoine with a concentration of 2000 mg/L was titrated
to pH = 2, 3, 4, 5, and 6 to determine the zeta potential. The isoelectric point of ectoine is
located in the pH range between 3 and 4, close to 3.2.

According to the structure of ectoine in Figure 2, ectoine carries a positive charge
when the pH value is below its isoelectric point (pI) and carries a negative charge when the
pH value is over its pI. The pI of ectoine is 3.2 when the zeta potential equals 0, as shown
in Figure 3. Therefore, the adsorption conditions should be set at a pH value below 3.2 to
apply the use of a cation-exchanger as the ectoine separation strategy.

The decline of adsorption capacity with increasing pH resulted from the change of
ectoine’s surface charge from positive to negative. A considerable electrostatic repulsion
between ectoine (Ect−) and the ion-exchanger surface (R-SO3

−) under a high pH (>4)
confirms the contribution of electrostatic interactions to the adsorption phenomenon. On
the other hand, for pH values below 4, ectoine ions take on a cationic form, leading to an
electrostatic attraction towards the ion-exchanger matrix, and an ion-exchange reaction
occurs between hydrogen ions and ectoine ions. The result of the zeta potential of ectoine
corresponds to that in Table 2. Moreover, we proved that the separation mechanism of
ectoine using Dowex® HCR-S involves ion exchange and electrostatic force.

4.1.4. Effect of Initial Ectoine Concentration

Figure 4a shows the isotherms of ectoine on Dowex® HCR-S at 25 ◦C and 65 ◦C with
an initial ectoine concentration from 1000 mg/L to 9000 mg/L. The sequence of adsorption
capacity for the effect of temperature was 65 ◦C > 25 ◦C > 55 ◦C > 35 ◦C > 45 ◦C. The
ion-exchange process of ectoine onto Dowex® HCR-S was only slightly dependent on the
operating temperatures because the differences in adsorption capacities among the different
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temperatures were small (<3%), as shown in Figure 4b. Consequently, the ion-exchange
capacity of ectoine might depend on temperature, with a greater adsorptive uptake of
ectoine at a higher temperature. The adsorption at 65 ◦C exhibited the best result in the
range of 25 ◦C to 65 ◦C.

Figure 3. Plot of ectoine’s zeta potential and adsorption capacity of ectoine on pH (Dowex® HCR-S
resin/aqueous = 0.1 g/mL).

Figure 4. (a) Adsorption isotherm of ectoine using Dowex® HCR-S and (b) effect of adsorption capacity of ectoine on
temperature at different initial ectoine concentrations (initial ectoine = 1000~9000 mg/L, dry resin/aqueous = 0.1 g/mL,
agitated rate = 100 rpm, time = 8 h, temperature = 25~65 ◦C).

The adsorption that occurred can be divided into two temperature ranges: group I
(25~45 ◦C) and group II (45~65 ◦C), as shown in Figure 4b. The adsorption performance de-
creased with rising temperatures in group I, while an enhancement of adsorption occurred
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with increasing temperatures in group II. For group I, the poor adsorption efficiency with
increasing temperature can be explained by physisorption. The reduction in equilibrium
adsorption capacity (qe) with increasing temperatures suggests a weak adsorption interac-
tion between the ion-exchanger surface and the ectoine ion, supporting the physisorption
assumption. Due to the higher mobility of ectoine ions, there was an increasing tendency
for ectoine ions to escape from the ion-exchanger surface in the bulk solution. Hence,
decreasing adsorption performance was observed as the temperature increased. Moreover,
the thickness of the boundary layer decreases with higher temperatures, leading to poor
adsorption efficiency [40].

For group II, the adsorption capacity strengthened with increasing temperature. This
phenomenon indicates that it is an endothermic reaction that is enhanced at higher temper-
atures. Additionally, it shows favorable intermolecular forces between ectoine ions and
ion-exchange resin, making the adsorbate easier to adsorb. Chemisorption supports the
adsorption in group II. Therefore, the adsorption of ectoine onto ion-exchange resin could
be considered on the basis of two groups with the effect of temperature. Group I exhibited
the characteristic of physisorption, but group II tended to show chemisorption.

4.1.5. Isotherm Studies of Ectoine

This research used six models to describe the ion-exchange reaction: the Langmuir,
Freundlich, Temkin, Dubinin–Radushkevich (D–R), Sips, and Redlich–Peterson (R–P)
models. Nonlinear regression is a more general method that can be used to estimate
model parameters [38]. For the three-parameter isotherm Sips and Redlich–Peterson
models, nonlinear regression is easier than linearizing to find the optimal conditions. This
study aimed to utilize a three-parameter isotherm because ectoine adsorption fits both
the Langmuir and Freundlich models, while Sips and R–P isotherms, which are known
Langmuir–Freundlich isotherms, combine Langmuir with Freundlich and thus exhibit both
characteristics. Table 3 lists the parameters using all six isotherms for nonlinear regression.
The R–P and Sips isotherms exhibited good fitting, like Langmuir and Freundlich, with the
highest R2 of 0.98 for R–P and 0.99 for the Sips model. Based on the parameters of the R–P
isotherm, g was not equal to 1 but was close to it under some temperatures, which means
that ectoine adsorption does not follow the Langmuir isotherm fully. In other words, it is
not a pure ion-exchange reaction.
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The Langmuir equation was found to fit well to the experimental data, with a co-
efficient of determination (R2) ranging from 0.94 to 0.99. The Langmuir constants (RL)
calculated by Equation (14) using the Langmuir equation, ranging from 0.038 to 0.454, were
between 0 and 1, which indicates that the ion-exchange process proceeded in a favorable
direction. The adsorption of ectoine increased concomitantly with the initial concentration.

Figure 5 shows the direct prediction using the qe vs. Ce diagram fitted with the
Langmuir, Freundlich, Temkin, D–R, Sips, and R-P isotherms. One of the benefits of using
nonlinear isotherm regression is direct simulation, showing the actual trend. A conclusion
could be made that nonlinear regression is more general than linear fitting. Still, under
some circumstances with restricted conditions, such as non-saturated curves, linearization
provides easier and fast prediction with raw data.

Figure 5. Nonlinear regression fitting curve using the isotherm models (a) Freundlich, (b) Langmuir, (c) Temkin, (d) D–R,
(e) R–P, and (f) Sips for the simulation of ectoine adsorption.

Since nonlinear regression can reflect a more accurate and real system than linear
regression, the nonlinear regression results exhibited a smaller and more precise range of
data. In conclusion, the mechanism of ectoine capture using Dowex® HCR-S resin is not
a pure ion-exchange reaction but a mixture of physisorption (van der Waals force) and
ion exchange (Coulomb’s force). This explains the result from Section 4.1.4 for the effect
of temperature on ectoine adsorption, which could be divided into groups I (25~45 ◦C)
and II (45~65 ◦C). Physisorption based on the van der Waals force was dominant when
the temperature was below 45 ◦C, but chemisorption-like ion exchange based on the
electrostatic force dominated when the temperature was above 45 ◦C.
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Based on the isotherm results, the adsorption of ectoine is suggested to include
physisorption and ion exchange. The strong hydrophilic force that emanates from the
hydrogen bonds that exist between ectoine molecules explains physisorption. In terms
of the ion exchange, ectoine as a cation had a higher affinity for exchanging sites than
hydrogen ions. The following effect can influence the adsorption of ectoine by using
ion-exchange resin: (i) hydrogen bonds existing between ectoine ions; (ii) the mass transfer
of ectoine diffuses from the bulk solution to the boundary layer on the surface of the
ion-exchange resin; (iii) the pore size of the ion-exchanger. As the temperature increased,
physisorption based on hydrogen bonds became weaker due to the higher mobility and
the increasing tendency for ectoine ions to escape from the surface of the ion exchanger. In
contrast, chemisorption-like ion exchange became stronger when the temperature increased
due to the higher mass transfer rate of intraparticle diffusion. Further, Dowex resin is a
gel-type resin that is a microporous exchanger. Therefore, the rate-determining phase is
either counterion interdiffusion within the ion exchanger (particle diffusion), or counterion
interdiffusion in the adhering film (film diffusion).

4.1.6. Effect of Adsorption Time

Adsorption kinetics involve the adsorption uptake concerning the time for measure-
ments of the adsorbate diffusion in the pores of the adsorbent. This study conducted kinetic
adsorption experiments in a batch system at different temperatures and adsorption times.
The effect of contact time on ectoine adsorption was studied at pH 3.3 and agitating times
of 30, 60, 90, 120, 240, and 360 min (Figure 6). The adsorption percentage of ectoine (%)
was calculated by Equation (2) and was proportional to adsorption time until equilibrium
was reached. Fast adsorption was spotted through the first 90 min of the process, reaching
91.7%, 97.5%, and 91.2% at 35 ◦C, 45 ◦C, and 55 ◦C, respectively. Fast adsorption might
reflect the high accessibility of ectoine ions at the ion-exchange sites when the resin was
immersed with ectoine molecules and swelled in the aqueous medium. Simultaneously,
the stronger driving force resulting from the concentration gradient moved fast ectoine
ions to the exchanging sites on the surface of the Dowex® HCR-S resin. On the other hand,
with increasing time, the adsorption rate decreased and gradually reached equilibrium
due to the crosslinking limit from the ion-exchange resin and the lower availability of the
remaining exchange sites.

When the operating temperature was 45 ◦C, the adsorption rate was the highest;
the adsorption percentage reached equilibrium faster than at 35 ◦C and 55 ◦C. However,
there was no significant effect of temperature on the equilibrium adsorption percentage,
which is close to 100% removal. Therefore, the effect of temperature is demonstrated in
Figure 6: (1) the adsorption rate was influenced by different temperatures with the trend of
45 ◦C > 35 ◦C ≈ 55 ◦C; (2) there was no obvious effect of temperature on the equilibrium
adsorption, which was almost 100% adsorption, resulting from the unsaturated adsorption
of ectoine on the ion-exchange resin because of insufficient loading of the initial ectoine
concentration.

Therefore, the adsorption of ectoine on the cation-exchange resin is affected by reaction
time and temperature. A reaction time of 120 min is required to reach equilibrium. The
adsorption rate was influenced by different temperatures, while the equilibrium adsorption
did not significantly differ at different temperatures.
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Figure 6. Effect of adsorption time on ectoine adsorption percentage at different temperatures
(Dowex® HCR-S = 1 g, initial ectoine = 1000 mg/L, aqueous solution = 10 mL).

4.1.7. Adsorption Kinetics of Ectoine onto the Ion-Exchanger

Adsorption kinetics are a crucial factor in determining the mass-transfer constant and
kinetics parameters. This information is essential for the design of an adsorbent-packed
column in actual industrial applications. The adsorption kinetics simulation depicted the
adsorbate’s retention rate or release from the bulk solution to the solid-phase surface of
adsorbents at a given adsorbent dose, temperature, flow rate, and pH [41]. When designing
an adsorption system, the adsorption rate, adsorbent surface complexity, concentration of
adsorbate, and flow rate can affect the adsorption kinetics.

The simulation results obtained by the pseudo-first-order model, pseudo-second-order
model, Elovich equation, and intraparticle diffusion model are shown in Figure 7. The
activation energy of the physisorption process was lower than 40 kJ/mol. The activation
energy was between 24 and 40 kJ/mol for the ion-exchange reaction [35]. According to
Table 4, the activation energies of the pseudo-second-order and intraparticle diffusion
models were 36.5 kJ/mol and 35.1 kJ/mol, respectively. The pseudo-second-order model
can describe the electrostatic interaction between ectoine and sulfonic groups (SO3

−)
covalently bonded in the ion-exchange matrix because it is related not only to ectoine ions
or exchange sites but also to the attractions and repulsions between them.

Figure 7d shows two-step adsorption by plotting qt against t1/2. The first half of the
curve belongs to the diffusion during the solid-liquid adsorption process. The second
half of the straight line is the saturation condition. The adsorption reaction mechanism
usually consists of three consecutive steps, starting from the adsorption on the outer
surface of the solid phase, moving the solute in the liquid phase to the solid surface layer,
and then performing intraparticle diffusion, transferring from the solid surface layer to
the pores. The solute slowly moves from the large pores to the small pores to reach an
equilibrium state among the pores. The intercept is usually a positive value, indicating a
rapid adsorption reaction in a short period of time.
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Figure 7. Regression analysis of the adsorption of ectoine by the (a) pseudo-first-order equation, (b) pseudo-second-order
equation, (c) Elovich equation, and (d) intraparticle diffusion model.

Table 4. Kinetic parameters for ectoine ions using Dowex® HCR-S as the adsorbent.

T (◦C)

Pseudo-First-Order Pseudo-Second-Order

qe
a

(mg g−1)
kpf

(Min−1)
qe

b

(mg g−1)
R2 Ea

(kJ Mol−1)
kps

(g mg−1 Min−1)
qe

b

(mg g−1)
R2 Ea

(kJ Mol−1)

35 10.03 0.04 18.00 0.98
3.72

0.0012 14.90 0.97
36.545 10.01 0.07 32.34 0.99 0.0049 11.67 0.99

55 9.95 0.04 16.50 0.92 0.0028 12.25 1.00

T (◦C)

Elovich Intraparticle diffusion

α (mg g−1

min−1)
β

(mg g−1)
R2 Ea

(kJ mol−1)
kid (initial)

(mg g−1 min1/2)
R2

(initial)
E

(kJ mol−1)

35 0.49 0.27 0.97
1.12
0.77
0.79

0.97
0.93
0.94

35.1

45 1.86 0.44 0.90 23.1
55 0.83 0.35 0.97

kid (initial): rate constant before equilibrium using the intraparticle diffusion model; a: experimental, b = simulated. Resin = 1 g,
ectoine = 1000 mg/L.
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4.1.8. Effect of Salt Concentration

Ectoine is produced using fermentation from halophilic and halotolerant bacteria;
thus, salts, such as NaCl, occur in the ocean. While the liquid was maintained at a neutral
pH, salt was dissolved in the ectoine solution at different concentrations to study ectoine
adsorption with ion-exchange resin. Furthermore, the desorption was conducted after
capturing ectoine with an ion-exchange resin. Figure 8 shows that the ectoine residual
concentration increased with salt in the liquid phase. This shows that ectoine ions compete
with sodium ions at the ion-exchange sites.

Figure 8. Effect of salt on adsorption of ectoine using a cation-exchange resin (Dowex® HCR-S = 1 g,
initial ectoine = 1000−9000 mg/L, aqueous solution = 10 mL).

4.1.9. Adsorption Thermodynamics

Equilibrium adsorption was used to investigate the thermodynamic properties of
ectoine adsorption, and the thermodynamic parameters, including the equilibrium distri-
bution coefficient (KD), Gibbs free energy (�G), enthalpy (�H), and entropy (�S), were
calculated. According to the results in Table 5, the negative ΔH values demonstrated that
ectoine adsorption is an exothermic process at temperatures between 25 and 45 ◦C, whereas
positive values revealed an endothermic reaction at temperatures between 45 and 65 ◦C.
This supports the idea that ectoine adsorption in group I could be more favorable at lower
temperatures and is a physisorption and exothermic process. In contrast, chemisorption in
group II exhibits endothermic characteristics. Similarly, in group I, the values of ΔS were
negative, indicating that the system’s randomness at the boundary layer of a solid solution
decreased during the adsorption process. In contrast, positive values of ΔS indicate that
the randomness at the resin-solution interface increased. At all experiment temperatures,
the values of ΔG were negative, showing that the adsorption process was spontaneous.
The ΔG for physical adsorption is usually between −20 and 0 kJ mol−1, while it is be-
tween −400 and −80 kJ mol−1 for chemical adsorption. Ectoine adsorption had a ΔG of
–14.6 kJ mol−1 on average, indicating it was mostly physisorption. The heats of adsorption
(�H) were −256 and 351 J/ mol, which corresponds to the heat range of adsorption of
−24–38 kJ/mol [35].
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Table 5. Thermodynamic parameters of ectoine adsorption at different temperatures (group
I = 25~45 ◦C; group II = 45~65 ◦C).

Co (g/L)
ΔH (J/mol) ΔS (J/mol) ΔG (kJ/mol)

I II I II 25 ◦C 35 ◦C 45 ◦C 55 ◦C 65 ◦C

1 −302 129 −19.22 74.8 −15.2 −14.2 −13.9 −14.3 −14.4
2 −352 319 −29.74 116.0 −15.4 −14.7 −13.9 −14.6 −15.1
3 −401 422 −41.39 137.5 −15.4 −14.5 −13.6 −14.6 −15.3
4 −243 401 −7.08 133.9 −14.9 −13.7 −13.9 −14.8 −15.4
5 −118 240 24.31 101.8 −15.4 −15.1 −14.9 −15.0 −15.9
6 −248 430 −8.16 138.7 −14.7 −14.2 −13.6 −14.3 −15.2
7 −217 450 −1.55 143.4 −14.5 −14.1 −13.6 −14.4 −15.3
8 −231 390 −4.19 130.5 −14.7 −14.2 −13.7 −14.4 −15.2
9 −193 379 3.35 127.6 −14.3 −13.9 −13.5 −14.3 −14.9

Average −256 351 −9.30 122.7 −14.6

4.2. Saturation of Ectoine in the Ion-Exchange Resin

Saturation experiments were carried out to confirm the maximum ectoine loaded in
the cation-exchange resin and for further the desorption investigation. According to the
isotherm results in Section 4.1.5, the predicted saturation capacities of ectoine on Dowex®

HCR-S were 0.22–0.67 and 0.20–0.36 (g/g) based on the nonlinear Langmuir maximum
adsorption capacity in Table 3, respectively. Therefore, the experiments were performed
by mixing 0.5 g resin with 2 mL solution of ectoine, with the concentrations set as 0.12,
0.125, 0.135, 0.15, 0.17, and 0.20 g/mL. As shown in Figure 9a, there was no significant
effect of initial concentration on ectoine saturation at 25 ◦C, and the adsorption capacity
ranged from 0.55 to 0.60 (g/g). Therefore, the adsorption capacity can be confirmed as the
saturation capacity (qsat) since no more ectoine could be loaded with the amplification of
the concentration gradient. Based on the results in Section 4.1.5, the mechanism of ectoine
adsorption is not a pure ion exchange but a mixture of ion exchange, electrostatic force, and
physisorption (van der Waals force). The Langmuir isotherm assumes adsorption occurs
under a homogeneous system with monolayer adsorption, and thus, the predicted maxi-
mum adsorption lacks multilayer adsorption based on the Freundlich theory. Multilayer
adsorption can be attributed to physisorption (van der Waals), with ectoine stacked on the
first layer sorption (ion exchange). The conclusion that the Sips isotherm, also known as the
Langmuir–Freundlich model, can describe the ectoine adsorption by using Dowex® HCR-S
shows that the experimental saturation capacity is larger than the Langmuir adsorption
capacity. According to Figure 9b, the effect of temperature on ectoine saturation is not
significant either, which means ectoine adsorption is not dependent on temperature.

According to Figure 9c, the resin weight did not affect the saturation capacity of
ectoine in the ion-exchange resin significantly, and the ectoine-saturated capacity was
around 0.56 (g/g) under the same temperature and initial ectoine concentration, which
equaled an average of 3.9 (meq/g). The saturation percentage of the resin was 81.8%
(=3.9/4.8) based on Dowex® HCR-S’s total exchange capacity of 4.8 (meq/g).

4.3. Desorption of Ectoine from Saturated Ion-Exchange Resin

Adsorption and ion exchange are feasible alternatives for the separation and purification
processes. These interface-based methods involve mass transfer and are particularly efficient
for low-concentration systems, such as ectoine produced from bacteria with low concentra-
tions. In addition to a separate desired compound from the original stream, the recovery of
adsorbate and adsorbent regeneration must be considered. The desorption of ectoine from
the acidic cation-exchange resin was studied with different NaOH concentrations.
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Figure 9. Effect of saturation adsorption capacity of ectoine using Dowex® HCR-S on (a) initial ectoine
concentration, (b) temperature, and (c) resin dosage (aqueous/resin = 4 mL/g, agitation = 100 rpm,
reaction time = 8 h).

4.3.1. Effect of pH on Ectoine Desorption

Based on the principle of using an ion exchanger to separate and purify amino acids,
pH is the critical factor in modifying the analyte’s surface charge to become cationic or
anionic. To use a cationic-exchange resin in desorption, ectoine is supposed to transform
to its anionic form to achieve electrostatic repulsion from the functional group (SO3

−)
fixed in the ion-exchange matrix. Therefore, the pH should be set above the isoelectric
point of ectoine to manipulate the charged property on the molecule surface. Based on
Figure 3, the pI of ectoine was 3.2 and became the standard for designing the experiments.
The experiments were performed under pH = 2, 3, 4, 5, and 6 to investigate the effect on
ectoine desorption.

Table 6 shows that not much ectoine was released from the saturated resins with
a desorption percentage < 10%. This can be explained by the residual H+ ions inside
the saturated resin. Since the saturation capacity ranges from 0.55 to 0.60 g/g, the resin
efficiency ranges between 80.6% and 87.9%, which means that 12.1% to 19.4% of hydrogen
ions remain inside the resin. Therefore, the desorption capacity of 0.3~0.4 meq/g can be
attributed to the salt desorption (exchanging with Na+), and a more basic condition is
required to allow the charged property of ectoine to change.

Table 6. Effect of pH on ectoine desorption from saturated Dowex® HCR-S resins.

pH Ce (g/L) mect,e (g) mect,e (meq) Desorption (%)

2 5.42 0.06 0.42 9.96
3 4.05 0.04 0.31 7.44
4 3.72 0.04 0.29 6.84
5 3.58 0.04 0.28 6.58
6 3.99 0.04 0.31 7.33

mect,e = mass of ectoine in solution at equilibrium. Condition: resin/aqueous = 0.1 g/mL; temperature: 20 ◦C;
qsat = 0.60 g/g = 4.2 meq/g; time = 8 h.
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4.3.2. Effect of NaOH Concentration

The desorption equilibrium of ectoine released from saturated Dowex® HCR-S resin
was found in a batch reactor, as shown in Figure 9. The sequence of temperatures for
ectoine desorption was 15 ◦C ≈ 25 ◦C > 35 ◦C > 45 ◦C > 55 ◦C. The desorption performance
was higher at lower temperatures. The desorption of ectoine was greatest at 15 ◦C, with
89.7% desorption. Theoretically, with a higher NaOH concentration, better desorption
results could be obtained and a plateau reached due to the higher driving force provided
with larger OH− concentrations. The best desorption performance was found at an NaOH
concentration of ≈0.5 mol/L, as shown in Figure 10. Furthermore, the ectoine ions were
transferred from the solid to the liquid phase when the eluent solution exchanged the
ectoine molecules. This phenomenon is a consequence of mass transfer, which was boosted
by the high concentration gradient between resin and solution phases and maximized by the
ionic strength of the basic eluent. NaOH solution can promote a very high ectoine removal
as a desorbed agent since even the lowest concentrations in the resin phase correspond to
high concentrations in the solution, resulting in favorable desorption. When the NaOH
concentration is larger than 0.5 mol/L, the desorption percentage of ectoine is decreased
(Figure 10). This results from ectoine denaturation under extreme alkaline conditions.

Figure 10. Effect of NaOH on the equilibrium desorption of ectoine using Dowex® HCR-S at different
temperatures (saturated resin: 1 g, NaOH solution: 10 mL, time: 8 h).

4.3.3. Effect of Desorption Time and Temperature

The effect of temperature on the equilibrium and the desorption kinetics using NaOH
as an adsorbed agent was assessed to study the desorption rate. Figure 11 shows the
effect of desorption time on the release of ectoine ions from Dowex® HCR-S resin. Ectoine
ions were rapidly released from the acidic cation exchanger before 180 min, followed by
slow desorption and equilibrium being attained. Desorption of ectoine ions was found
to be proportional to the desorbed time before equilibrium was reached. The sequence of
temperatures for ectoine desorption was 25 ◦C > 15 ◦C > 45 ◦C > 55 ◦C > 35 ◦C. This shows
no trend for the temperature effect. Desorption and ion exchange may simultaneously
control the reaction kinetics.

101



Processes 2021, 9, 2068

Figure 11. Effect of time on ectoine desorption from Dowex® HCR-S with different temperatures
(saturated resin/NaOH solution = 0.1 g/mL, NaOH concentration: 0.5 mol/L).

The desorption of ectoine released from ion exchangers in the first 180 min can be
attributed to the strong driving force resulting from the concentration gradient of ectoine
between the solid and solution phases and the fact that the resin was saturated first, which
means the initial ectoine concentration was null (C0 = 0) in the solution phase. At the same
time, the desorbed agent NaOH played an essential role in converting ectoine from the
cationic to anionic form in order to lose the electronic attraction and even repel the sulfonic
functional group (SO3

−) covalently fixed in the ion-exchanger matrix. On the other hand,
the desorption process decreased as the reaction time increased. This can be explained
by the structure of the ion-exchanger synthesized by polystyrene-divinylbenzene since
crosslinking can hinder and slow down the immersion and swelling of resin.

4.3.4. Desorption Kinetics of Ectoine from the Ion-Exchange Resin

Mathematical modeling of experimental data from the batch reactor was undertaken
to construct a robust and trustworthy mathematical model that could predict the kinetics
of desorption in a fixed-bed column [36]. Table 7 shows the desorption results using
the external diffusion model (EDM); the simulated parameters were not reliable based
on the unstable R2. Except for the data under 35 ◦C, the EDM rate constant, kd, had an
average value of 1.13 min−1, and the ectoine desorption was more favorable under lower
temperatures. More desorption kinetic models are required for the investigation of ectoine
desorption in order to find the rate-limiting step.

Table 7. Parameters of the external solid diffusion model calculated at different temperatures.

Temp. (◦C) kd (min−1) R2

15 0.31 0.92
25 1.08 0.82
35 4.90 0.64
45 1.64 0.91
55 1.48 0.98
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4.3.5. Mechanism of Ectoine Desorption from Ion-Exchange Resin

Desorption using the ion-exchange method can be classified into two types: pH
desorption and salt desorption. Desorption of amino acid depending on pH value is
built on the use of the isoelectric point of its nature. When the pH value is over the pI of
ectoine, the anionic form is exhibited. In contrast, the cationic form is shown when the
pH is below its pI. As for salt desorption, by using the exchange priority depending on
their affinity towards ion-exchanging sites, salt ions with a stronger affinity compete with
targeting analytes, and thus, analytes can be exchanged out. The effect of pH (Section 4.1.1)
and NaOH concentration (Section 4.1.2) on ectoine desorption shows that the desorption
strengthened with the increase of the OH− concentration. Moreover, ectoine desorption
relies on the mechanism of pH desorption, with 90% desorption. NaOH solution can
promote a strong ectoine removal, resulting in favorable desorption.

Figure 12 shows that the desorption efficiency when using NaCl (54.5%) was not as
high as when using NaOH (78.1%) at 35 ◦C. The desorption of ectoine showed a higher
rate in the first 120 min when using NaCl, based on the mechanism of salt desorption, and
a higher equilibrium desorption was obtained by using NaOH, which relies on both pH
and salt desorption. Therefore, NaOH promotes stronger desorption of ectoine than NaCl
since there are two mechanisms that support using NaOH as a desorption agent.

Figure 12. Comparison of NaOH and NaCl in ectoine desorption (temperature: 35 ◦C).

According to the results of the isotherm analysis, the adsorption of ectoine using
Dowex strong-acid cation-exchange resin achieved the best fit to the Sips model, implying
that the sorption process is built on both ion exchange and physisorption. Ectoine desorp-
tion from the saturated resin using NaOH as a desorbed agent was assumed to have three
steps, based on the sorption phenomena and desorption results: concentration-dependent
desorption, salt desorption, and pH desorption (Figure 13). The desorption of ectoine under
pH values ranging from 2 to 6 was an average of 7.63%, as shown in Table 5. Physisorption
resulted in concentration-dependent desorption of ectoine. Secondly, an NaCl solution
was applied to the ectoine desorption, represented by salt desorption, obtaining 54.5%
desorption under neutral conditions. Finally, using NaOH solution as a pH desorption
strategy, the best ectoine desorption reached (89.7%). Van der Waals desorption (concentra-
tion desorption) was weaker than electrostatic desorption (salt and pH desorption), and
this supports the sorption theory that physisorption is more accessible than ion exchange.
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Therefore, ectoine desorption using NaOH solution included ion exchange mechanisms as
the significant driving force to repel ectoine from the ion-exchanger phase (pH and salt
desorption) and concentration-dependent desorption.

Figure 13. Mechanism of ectoine desorption using Dowex® HCR-S. : adsorbed ectoine ion, : free ectoine ion,

: sodium ion, : hydroxide ion.

5. Conclusions

In this research, adsorption, saturation, and desorption were utilized to capture
ectoine using ion-exchange resin in a batch system in order to investigate ectoine’s ad-
sorption/desorption behavior. Regression of isotherms and kinetic models were carried
out to elucidate the adsorption behavior and optimum operating conditions. The anal-
ysis results showed that the adsorption of ectoine using Dowex® HCR-S resin fits best
when using the Sips isotherm. Thus, the ectoine adsorption mechanism is ion exchange,
based on electrostatic force (monolayer), and physisorption based on van der Waal’s force
(multilayer). Moreover, the effect of temperature indicates that the adsorption of ectoine
can be divided into two outcomes: group I (25 ◦C~45 ◦C) was exothermic, and group II
(45 ◦C~65 ◦C) was endothermic. In group I, ectoine adsorption is more favorable at lower
temperatures, establishing physisorption. In group II, adsorption uptake is enhanced at
higher temperatures, supporting ion exchange via the Coulomb force. For the kinetic study,
the results indicate that pseudo-second-order models could explain the ectoine adsorption
reaction using Dowex® HCR-S resin, and the activation energy was 36.5 kJ mol−1. The
intraparticle diffusion model can explain the kinetic mechanism for the multilinear plot
and the resin structure (gel-type). The values of ΔG, ΔH, and ΔS were also calculated.
The negative values of ΔG at the experimental temperatures indicate that the adsorption
was spontaneous, and the negative values of ΔH and ΔS show that the adsorption was
exothermic. The randomness decreased during adsorption for group I but increased for
group II.

The saturation of ectoine on Dowex® HCR-S resin was independent of both temper-
ature and resin dosage. On average, the saturation capacity was 0.58 g/g, with 93.6%
adsorption using 125 g/L of initial ectoine concentration. Desorption of ectoine reached
89.7% of desorption with 0.51 g under an NaOH concentration of 0.5 mol/L and at 15 ◦C.
Comparing the desorbed agent with both NaOH and NaCl, more ectoine ions were des-
orbed using NaOH, which confirmed that both pH and salt desorption are the mechanisms
of ectoine desorption. The thermodynamic and kinetic parameters obtained from this study
can be used for adsorption/desorption of the fix-bed column, designed for larger-scale
production. The optimal condition of separating the ectoine from the fermentation broth in
a fix-bed column can reduce the separation cost of ectoine.
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Abstract: Oil palm leaves (OPL) containing flavonoid C-glycosides are abundantly generated as
oil palm byproducts. The performances of three macroporous resins with different physical and
chemical properties for the enrichment of isoorientin, orientin, vitexin, and isovitexin from acid-
hydrolyzed OPL (OPLAH) extract were screened. The XAD7HP resin exhibited the best sorption
capacities for the targeted flavonoid C-glycosides and was thus selected for further evaluation.
Static adsorption using the XAD7HP resin under optimal conditions (extract adjusted to pH 5,
shaken at 298 K for 24 h) gave adsorption kinetics that fit well with a pseudo-second-order kinetic
model. The adsorption of isoorientin and orientin was well described by Langmuir isotherms, while
vitexin and isovitexin fit well with the Freundlich isotherms. Dynamic sorption trials using the
column-packed XAD7HP resin produced 55–60-fold enrichment of isovitexin and between 11 and
25-fold enrichment of isoorientin, vitexin, and orientin using aqueous ethanol. The total flavonoid
C-glycoside-enriched fractions (enriched OPLAH) with isoorientin (247.28–284.18 μg/mg), orientin
(104.88–136.19 μg/mg), vitexin (1197.61–1726.11 μg/mg), and isovitexin (13.03–14.61 μg/mg) showed
excellent antioxidant free radical scavenging activities compared with their crude extracts, with IC50

values of 6.90–70.63 μg/mL and 44.58–200.00 μg/mL, respectively. Hence, this rapid and efficient
procedure for the preliminary enrichment of flavonoid C-glycosides by using macroporous resin
may have practical value in OPL biomass waste utilization programs to produce high value-added
products, particularly in the nutraceuticals, cosmeceuticals, pharmaceuticals, and fine chemicals
industries.

Keywords: oil palm leaves; total flavonoid C-glycosides; acid hydrolysis; macroporous resin; enrich-
ment; antioxidant free radical scavenging activity

1. Introduction

The oil palm (Elaeis guineensis Jacq.) tree was introduced into Malaysia in 1875, with
the first oil palm tree plantation established at Tennamaran Estate in Kuala Selangor [1].
Fueled by full support from Malaysian government agricultural diversification initiatives,
palm oil plantations expanded tremendously and now cover a large acreage of agricultural
land areas [2]. Currently, Malaysia is the second-largest oil palm producer in the world after
Indonesia [3]. In fact, the latest statistics show that Malaysia was reaching 20 million tons of
crude palm oil production in 2020 [4]. However, in the wake of this massive cultivation, a
huge amount of oil palm biomass is generated as agricultural waste. Apart from mesocarp
fibers (MF), empty fruit bunches (EFB), and palm kernel shells (PKS) from downstream
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processing in oil palm mills, in parallel, oil palm trunks (OPT), oil palm fronds (OPF), and
oil palm leaves (OPL) were also generated, presenting a huge environmental problem if
left unutilized [5].

Like many other species in the plant kingdom, OPL byproduct is an excellent source of
phytochemicals which could be used for some applications. OPL have in fact been reported
to contain bioactive compounds that are responsible for various medicinal properties, such
as treating kidney diseases, cancer, cardiovascular diseases, and wounds [6]. A previous
study on OPL revealed the presence of both flavonoid O- and C-glycosides [7]. In general,
flavonoid C-glycosides are not widely present in plants, and due to this, they have received
less attention in comparison with their O-glycosyl counterparts. Nevertheless, several
recent biological and pharmacological studies have shown that flavonoid C-glycosides
also possess a wide spectrum of biological properties, which include anticancer, hepato-
protective, antioxidant, and antidiabetic properties [8]. Flavonoid C-glycosides differ from
flavonoid O-glycosides in that they are more resistant to hydrolysis, since the aglycone is
linked to the anomeric carbon of the sugar moiety via an acid-resistant C-C bond. Figure 1
shows the structures of four flavonoid C-glycosides of OPL, which include orientin, isoori-
entin, vitexin, and isovitexin. These flavonoid C-glycosides were present in considerable
amounts in comparison with other luteolin and apigenin derivatives in OPL [7,9–12]. It
is worth noting that the global demand for flavonoids, including flavonoid C-glycosides,
is forecasted to reach USD 1.2 billion by 2024 [13]. Therefore, their presence in a widely
available and abundant biomass material warrants further investigation into the develop-
ment of efficient methods for the preparative purification for downstream purposes and
applications.

 

Figure 1. (A) Structures of C-glycosyl flavonoids identified in oil palm leaves (OPL): orientin (1), vitexin (2), isoorientin (3),
isovitexin (4). (B) Structure of the XAD7HP resin. R = polyfunctional aliphatic residue.

Utilization of macroporous resins (MARs) in separating and purifying the flavonoid
C-glycosides present in plant extracts has been practiced in recent years. It offers an alter-
native to conventional methods, which often start with solid-liquid extraction, followed
by liquid-liquid extraction and eventually column chromatography [14]. These conven-
tional approaches are not only time-consuming and inefficient, but they also require high
consumption of solvents and energy [15,16]. The chemical nature of MARs allows them
to selectively adsorb through hydrogen bonding and Van der Waals interactions with
benzene rings and hydrogen groups present in the molecular structure of the targeted
flavonoids [17]. The entrapment of these flavonoids on MARs is due to similarity in
their physical and chemical characteristics, such as the appropriate surface area, average
pore diameter, and polarity of both the MARs and the targeted flavonoids [18–20]. The
high flavonoid sorption capacities made MARs a useful and practical adsorbent to enrich
and purify flavonoid C-glycosides from various plants such as Cajanus cajan (L.) Millsp.
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(pegionpea) [19], Ficus microcarpa L.f leaves [20], Abrus mollis (Jigucao) [18], and many
others. Additionally, compared with silica gel, which is commonly used as the adsorbent of
choice for compound separation, MARs are reusable, fast, simple, and efficient in trapping
compounds of interest, particularly flavonoids from various plant materials [18–20].

Previously, we reported the adsorption behavior of the total flavonoids of OPL extract
on different macroporous resins [9]. As an extension of this study, we further examine the
adsorption and desorption properties of flavonoid C-glycosides, specifically (1) orientin,
(2) vitexin, (3) isoorientin, and (4) isovitexin on a selection of MARs. The MARs with
the best sorption properties for the target compounds were then used to develop a rapid
and efficient method for the enrichment and purification of C-glycosyl flavonoids from
acid-hydrolyzed OPL (OPLAH) extract. Factors affecting the sorption properties of the
individual flavonoids C-glycoside were optimized, and their kinetics and isotherms were
simultaneously evaluated. The method developed in this study presents an improved
process for converting OPL biomass into fine chemicals at a high purity for potential
applications.

2. Materials and Methods

2.1. Chemicals and Reagents

For the selected macroporous resins (MARs), n-(1-naphthyl) ethylenediamine dihy-
drochloride; quercetin; sodium acetate; sulphanilamide; 1,1-diphenyl-2-picrylhydrazyl
(DPPH); and phosphoric acid were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Hydrochloric acid (HCl), dimethyl sulfoxide (DMSO), sodium hydroxide (NaOH), formic
acid, acetonitrile, and ammonium formate were acquired from Merck (Darmstadt, Ger-
many). Sodium nitroprusside was obtained from Bendosen Laboratory Chemicals (Ben-
dosen, Norway), methanol (MeOH) and ethanol (EtOH) were acquired from R&R Chemi-
cals (Essex, UK), and aluminum chloride was procured from HmbG Chemicals (Hamburg,
Germany). With purities greater than 98.0%, isoorientin, orientin, vitexin, and isovitexin
were obtained from Wuhan ChemFaces Biochemical Co., Ltd. (Wuhan, China). Milli-Q
ultrapure water (Millipore Lab, Bedford, MA, USA) was used in all experiments.

2.2. Pretreatment of MARs

The chemical and physical properties of the selected MARs (XAD7HP, DAX-8, and
XAD4) are summarized in Table 1. All MARs were pretreated prior to use to remove
residual monomers and porogenic agents, which could be trapped in the pores of the
resins during manufacturing. The MARs were soaked in 95% EtOH at a 1:20 ratio and
washed with deionized water. The resins were then immersed in 1 mol/L NaOH and
washed several times with deionized water to remove the base. Subsequently, the resins
were subjected to a second immersion in 1 mol/L HCl and then washed thoroughly with
deionized water to remove the acid. For each stage of the pretreatment, the resins were
allowed to soak for 24 h before washing. The washed resins were then dried in a drying
oven (model 100–800, Memmert, Schwabach, Germany) at 60 ◦C until reaching a constant
weight.

Table 1. Chemical and physical properties of different macroporous resins (MARs).

XAD7HP DAX-8 XAD4

Functional group Acrylic Acrylic ester Styrene-divinylbenzene
Particle diameter (mm) 0.250–0.841 0.250–0.420 0.250–0.841

Surface area (m2/g) 380 140 750
Pore size (Å) 300–400 225 100

Polarity Moderate Moderate Polar
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2.3. Preparation of Crude and Acid-Hydrolyzed Extracts

Mature OPL were harvested from oil palm trees growing in the University Agricultural
Park at the Universiti Putra Malaysia (UPM). A voucher specimen (SK 3332/18) was placed
in the mini herbarium of the Institute of Bioscience (IBS) at UPM after the species was
authenticated by an appointed botanist. The optimized procedures of preparing crude and
acid-hydrolyzed OPL extract were described in our recent publication [10]. Briefly, the
powdered OPL was mixed with aqueous MeOH (4:1 MeOH:water, v:v) and vortex-mixed
for 0.5 min at 3000 g/min. The mixture was ultrasonicated at a frequency of 40 Hz for
30 min at 25 ◦C.

Subsequently, the crude OPL extract was mixed with distilled water and 6 mol/L
HCl in a ratio of 1:10:10 (w:v:v). The mixture was incubated for 45 min at 95 ◦C. At 25 ◦C,
40 mL MeOH was added. After centrifuging at 4000 g/min for 15 min, the supernatant
was separated, vacuum-evaporated to dryness, and then freeze-dried at 0.064 mbar and
−50 ◦C using a Labconco® FreeZone Freeze Drier System (Kansas, MO, USA) to yield
acid-hydrolyzed OPL extract (OPLAH).

2.4. UHPLC Analysis of Orientin, Isoorientin, Vitexin, and Isovitexin

Chromatographic separation was carried out with an ultra-high performance liquid
chromatography (UHPLC) system consisting of an Ultimate 3000 LC system (Thermo
ScientificTM DionexTM (Sunnyvale, CA, USA) equipped with a photodiode array detector
(PDA-3000) scanning from 200 nm to 600 nm, a thermostatted column compartment, and
an autosampler (ExactiveTM, Thermo Fisher Scientific, Waltham, MA, USA). An Acquity
UPLC® BEH C18 column (2.1 × 100 mm, 1.7 μm) (Waters, Manchester, UK) was used for
analysis. The mobile phase was comprised of solvent A (water containing 0.1% formic acid
and 0.063% ammonium formate) and solvent B (acetonitrile containing 0.1% formic acid)
flowing at 0.30 mL/min.

The gradient program employed was performed according to the previously reported
method [9,12]. Briefly, the program was started with 10% solvent B for 0.6 min, gradually
increased to 11.3% until 1.5 min, maintained isocratically until 5.5 min, and slightly in-
creased to 11.4% until 8.0 min and 11.8% until 8.2 min. Solvent B was further increased to
12% until 12.0 min and then decreased to 10% for 1.0 min and maintained until 25 min. The
column temperature was maintained at 25 ◦C, and the UV detector was set to a wavelength
of 340 nm. Peak identification was based on the retention time and comparison of UV
spectra with the respective reference standards. For sample analysis, 5 mg/mL of each
sample solution was prepared and filtered through a 0.22 μm membrane filter. A 2 μL
sample injection volume was used for all sample analysis.

The quantification method was developed and validated based on the following char-
acteristics: specificity, linearity, limit of detection (LOD) and quantification (LOQ), accuracy,
repeatability, intermediate precision, and robustness, according to the International Confer-
ence on Harmonization (ICH) guidelines [21]. The full information with regard to method
validation has been recently published [22]. Briefly, the developed method displayed good
calibration curves with linearity (R2 = 0.999) in the ranges of 16–500 μg/mL for isoorientin,
31–800 μg/mL for orientin, 47–1500 μg/mL for vitexin, and 16–500 μg/mL for isovitexin.
In addition, the LODs for isoorientin, orientin, vitexin and isovitexin were 17.99, 30.22,
80.63, and 17.69 μg/mL, respectively while the LOQs for these compounds were 54.52,
91.58, 244.35, and 53.61 μg/mL, respectively. The recovery percentages were between 95%
and 105% for all tested compounds, while for the inter- and intraday precisions, the relative
standard deviation (RSD) values were found to be below 5%. For robustness, the chromato-
graphic conditions, such as the detected changes in wavelength, column temperature, and
sample stability showed insignificant changes, as indicated by t-test results (p > 0.05).

2.5. Preliminary Selection Macroporous Resin as an Effective Adsorbent

The static adsorption capacities of the resins were first screened to select the best
resin for flavonoid enrichment. An accurately weighed amount (0.1 g) of each of the
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pretreated resins was transferred into 15 mL centrifuge tubes. A 5 mL aliquot of OPLAH
was then added into the tubes. These centrifuge tubes were capped, placed horizontally,
and taped tightly in an orbital shaker (Wisube WIG-10RL Precise Shaking Incubator,
Wisd Laboratory Instruments, Wertheim, Germany). The mixture was shaken for 24 h
at 298 K with an agitation speed of 150 g/min to reach adsorption equilibrium. The
filtrates were then analyzed by UHPLC. To desorb the flavonoid C-glycosides from the
resins, 5 mL of 95% EtOH was added into each tube, and the mixing was repeated using
the same conditions, followed by filtering and the filtrates being analyzed by UHPLC.
Three individual experiments were performed. Selection of the optimal MAR for use in
subsequent studies was made based on the adsorption and desorption capacities of each
MAR.

2.6. Optimization of Sorption Conditions Using Batch Adsorption Tests

In the present study, the four main operating parameters of temperature, pH, equi-
librium time point, and initial concentration were optimized. The optimum conditions
for the adsorption of flavonoid C-glycosides from OPLAH were performed using batch
adsorption tests, where the 15 mL OPLAH solution was mixed with a selected adsorbent
(0.3 g) and subjected to continuous agitation using an orbital shaker with a agitation speed
of 150 g/min. All experiments were carried out in triplicate. The optimal conditions were
selected based on the quantification of orientin, isoorientin, vitexin, and isovitexin using a
developed and validated UHPLC-UV/PDA method. Simultaneously, sorption behaviors
such as the kinetics and isotherm were assessed.

To select a suitable sorption temperature, the adsorption and desorption were per-
formed at different oscillation temperatures (298 K, 308 K, and 318 K). The OPLAH solution
was adjusted to a pH of 5, and the mixture was then agitated for 24 h. EtOH (95%) was
used as a desorbing solvent.

To optimize the pH solution of the OPLAH, three different pHs (5, 7, and 9) were
adjusted with 1 mol/L HCl or 1 mol/L NaOH. Concurrently, the equilibrium time point
was monitored by withdrawing an aliquot of supernatant at 0, 15, 30, 60, 120, 180, 240, 300,
360, 480, and 1440 min. The adsorption kinetics curves for the target flavonoid C-glycosides
on the XAD7HP resin were constructed. The kinetic data were subjected to two common
kinetic models—pseudo-first-order [23] and pseudo-second-order models [24]—and one
particle diffusion kinetic model [25].

To optimize the suitable initial concentration, different OPLAH concentrations with a
known amount of target flavonoid C-glycosides were prepared, whereby the concentra-
tions of isoorientin, orientin, vitexin, and isovitexin, were in ranges of 1.62–45.12 μg/mL,
12.64–89.76 μg/mL, 66.76–863.22 μg/mL and 1.00–12.06 μg/mL, respectively. The OPLAH
solution was adjusted to the optimized pH and temperature. Simultaneously, the isotherm
data was subjected to two well-known theoretical isotherm models: the Langmuir [26] and
Freundlich models [27]. The RL is a dimensionless constant that was applied to signify the
important equilibrium parameter of the Langmuir isotherm [28].

2.7. Dynamic Sorption Experiments on the Chromatography Column

The dynamic sorption procedure was carried out according to our recent publica-
tion [9] with modifications. By using a 2.5 cm × 46 cm glass column wet-packed with
4.4 g of dried XAD7HP resin, the dynamic adsorption and desorption experiments were
performed. The resin bed volume (BV) was kept at 200 mL. The 750 mg of OPLAH was
mixed with 150 mL of deionized water to form a 5 mg/mL solution. The pH of the filtered
solution was adjusted to pH 5, applied to the glass column, and allowed to elute at a flow
rate of 0.3 mL/min. The eluates were collected every 10 mL for UHPLC analysis. The 5%
breakthrough and 95% saturation points were set based on the final to the initial concentra-
tion ratio (C/Co) of each flavonoid C-glycoside. After reaching the saturation point, the
desorption process proceeded by first washing the column with 30 mL of deionized water
to remove the residue and eluting with EtOH, which acted as desorbing solvent, at a flow
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rate of 0.3 min/mL. The eluates were collected every 10 mL for UHPLC analysis. All dy-
namic sorption experiments were carried out in triplicate and at an optimized temperature.
The breakthrough and desorption curves were plotted to determine the breakthrough and
saturation points.

To select a suitable ethanol concentration for optimal desorption, both the isocratic
and gradient elution modes were performed. For the isocratic mode, upon reaching
equilibrium, 20% EtOH was loaded to elute the adsorbed flavonoids. The experiment
was repeated by using different EtOH concentrations (40%, 60%, 80%, and 95%). For
the gradient elution mode, a separate set of experiments was performed by eluting the
adsorbed flavonoids using different EtOH concentrations of 20%, 40%, 60%, 80%, and
95%. The collected fractions for both modes were concentrated using a rotary evaporator,
freeze-dried, weighed, and subjected to UHPLC analysis.

2.8. Adsorption and Desorption Capacity, Kinetics, and Isotherm Model Equations

Adsorption capacity:

qe =
Co − Ce

W
× V (1)

Desorption capacity:

qd =
CdVd

W
(2)

Pseudo-first-order:
ln(qe − qt ) = −k1t + lnqe (3)

Pseudo-second-order:
t
qt

=
1

k2qe2 +
t
qe

(4)

Intraparticle diffusion:
qt = kp · t

1
2 + C (5)

Langmuir:
Ce

qe
=

KL
qm

+
Ce

qm
(6)

Freundlich:
qe = K f Ce

1
n (7)

RL:

RL =
1

1 + KLCo
(8)

where qe, qd, qm, and qt are the adsorption capacity, desorption capacity, maximum ad-
sorption capacity, and adsorption capacity at different contact times (t, min), respectively,
which are stated as mg/g of dry resin; Co and Ce, are the initial and equilibrium sample
concentrations, respectively, while Cd is the sample concentration in the desorption solution
(these concentrations are measured in mg/mL); V, W, and C are the volume of the initial
sample solution (mL), weight of the resin (g), and the constant representing the boundary
layer diffusion effects (mg/g), respectively; k1, k2, and kp are the pseudo-first-order rate
constant (1/min), pseudo-second-order rate constant (g/mg.min), and particle diffusion
rate constant (mg/g.min1/2), respectively; KL is the Langmuir constant (mg/mL), and Kf

and 1/n are the Freundlich constant ((mg/g)(mL/mg)1/n).

2.9. Determination of the Total Flavonoid Content and Antioxidant Free Radical Scavenging
Activities

Evaluation of the total flavonoid content (TFC) was conducted using an aluminum
chloride complex colorimetric assay [9]. Briefly, a 125 μL aliquot of 0.1 mg/mL OPL extract
was transferred into a 2 mL microcentrifuge tube. Subsequently, 375 μL of 95% EtOH, 25 μL
of a 10% aluminum chloride solution, 25 μL of a 1 mol/L sodium acetate solution, and
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700 μL of distilled water were added, and the mixture was vortex-mixed (Vortex IKA MS 3
Basic, Selangor, Malaysia). A 200 μL aliquot of the mixture was then transferred into 96
well plates and incubated for 40 min at 25 ◦C, and the absorbance was recorded at 415 nm
on a Tecan Infinite F200 Pro plate reader (Tecan Group Ltd., Männedorf, Switzerland).
All tests were performed in triplicate. The TFC values were expressed in milligrams of
quercetin equivalents per gram of extract (mg QCE/g extract).

The antioxidant assays, such as 1,1-diphenyl-2-picrylhydrazyl (DPPH), and nitric
oxide (NO)-free radical scavenging activities were carried out according to the previous
report [9]. The samples were prepared at 1000 μg/mL as a stock solution and serially
diluted. For the DPPH assay, aliquots of 50 μL of the sample working solution were
pipetted into a microtiter well plate, and each was added with 100 μL of a 59 μg/mL DPPH
solution. The reaction mixtures were mixed well and incubated in the dark for 30 min, after
which their absorbances were recorded at 515 nm. Similarly, for the NO assay, aliquots
of 60 μL of the test concentrations were pipetted into the microtiter well plate, and each
was added with 60 μL of a sodium nitroprusside solution. The reaction mixtures were
mixed well and incubated for 150 min at 25 ◦C. Griess reagent (60 μL) was then added to
each well, and the absorbance was measured at 550 nm. The scavenging activity (SA) was
assessed as SA% = [(Ao − As)/Ao] × 100%, where Ao and As are the absorbances of the
blank and test sample, respectively. In this experiment, quercetin was used as a positive
control. The experiment was carried out in triplicate, and the results were expressed as
IC50 values in μg/mL.

2.10. Statistical Analysis

The InStat V2.02 statistical package (GraphPad Software, San Diego, CA, USA) and
Minitab statistical software (Version 16, Minitab Inc., State College, PA, USA) were em-
ployed for all data analyses. For analysis of significance differences, one-way analysis
of variance (ANOVA) done by Tukey’s test was employed. The significant level was
determined at p < 0.05. All data are shown as the mean of three replicates (n = 3).

3. Results and Discussion

3.1. Adsorption and Desorption Capacities of Selected MARs

The sorption capacities of the three MARs (XAD7HP, DAX-8, and XAD4) for the four
flavonoid C-glycosides in OPLAH are shown in Figure 2. The adsorption capacity of the
XAD7HP resin was 7.62 mg/g, which was considerably higher than those of DAX-8 and
XAD4 at 7.41 mg/g and 0.92 mg/g, respectively. With a value of 6.73 mg/g, the desorption
capacity of the XAD7HP resin was also higher than that of DAX-8 at 4.89 mg/g. Meanwhile,
no desorption of flavonoid C-glycosides was observed for XAD4. Referring to these data,
the XAD7HP resin had the best sorption capacities, demonstrating that an acrylic matrix,
moderately polar resin, medium surface area, and large average pore diameter are the most
suitable characteristics of MARs for the adsorption and desorption of the major OPLAH
flavonoid C-glycosides. The findings are consistent with the previous findings, which
reported high sorption capacities of the XAD7HP resin and low sorption capacities for
XAD4 for grapefruit polyphenols [29] and oleuropein from olive (Olea europaea) leaves [30].
Therefore, the XAD7HP resin was selected for further evaluation.
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Figure 2. Adsorption (A) and desorption (B) capacities of three different macroporous resins (MARs) for major flavonoid
C-glycosides in acid-hydrolized oil palm leaves (OPLAH). Each value is the average reading from three replicates (n = 3).

3.2. Effect of Oscillation Temperatures on the Sorption Capacities

The oscillation temperature is crucial for the optimum sorption properties of the resins,
as the intermolecular forces between the adsorbates and adsorbents could be altered by
subjection to a suitable temperature. According to the results shown in Figure 3, there was
no significant difference in the adsorption capacity of flavonoid C-glycosides at the three
different oscillation temperatures. However, the results were different for the desorption
capacity, which decreased with an increase in the oscillation temperature. Similar results
were reported in a study using MARs to enrich C-glycosyl flavonoids found in trolliflowers
and Abrus mollis [18,31]. Within the evaluated temperature range, the sorption process
is thermopositive [32]. Hence, the optimal oscillation temperature selected was 298 K,
due to it demonstrating the highest adsorption and desorption capacities for flavonoid
C-glycosides.

Figure 3. Adsorption (A) and desorption (B) capacities of XAD7HP resin for major flavonoid C-glycosides in OPLAH at
three different temperatures. Each value is the average reading from three replicates (n = 3).

3.3. Adsorption Kinetics of the XAD7HP Resin

The pH is a factor affecting the ionization capability of certain compounds in the
solvent, which ultimately influences their adsorption affinity. Hence, it is vital to perform
the sorption at the right pH [33]. Figure 4 shows that the adsorption capacities (qe) of the
XAD7HP resin for isoorientin, orientin, vitexin, and isovitexin were higher at a pH of 5 than
at pHs of 7 and 9. The qe values for isoorientin, orientin, vitexin, and isovitexin decreased
linearly as the pH increased. Based on the observations, hydrogen bonding was deemed to
play a significant role in the sorption of the XAD7HP resins. The reduction in adsorption
capacity at higher pH values may have been due to the decrease of hydrogen bonding
interactions, caused by the deprotonation of hydroxyl groups in the flavonoid C-glycosides
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and the formation of their corresponding anions [19]. On the other hand, a low pH led to
an abundance of hydronium ions at the surface of the resins, which may have enhanced the
hydrogen bonding between hydroxyl groups present in the flavonoid C-glycosides with
the XAD7HP resin, subsequently enhancing the adsorption capacity. The better adsorption
capacity of flavonoid C-glycosides in acidic rather than basic conditions has been reported
previously [18,19].

Figure 4. Adsorption kinetic curves of C-glycosyl flavonoids on the XAD7HP resin at pH levels of 5 (A), 7 (B), and 9 (C),
and the total of four C-glycosyl flavonoids present in the OPLAH at different pH levels (D). Each value is the average
reading from three replicates (n = 3).

The kinetics of adsorption, which explains the solute uptake rate governing the contact
time of the sorption reaction, is an important characteristic that defines the sorption effi-
ciency [34]. Hence, the adsorption behavior of the XAD7HP resins could be comprehended
by accessing the adsorption kinetics of the flavonoid C-glycosides. Figure 4D presents the
adsorption capacity qt versus contact time (t, min) curves for the XAD7HP resin at different
pH levels at 298 K. Overall, the qt values were enhanced with an increase in time before
achieving equilibrium [34]. The equilibrium time for the flavonoid C-glycosides was up to
24 h on the XAD7HP resin.

There are three commonly suggested kinetics models for adsorption: pseudo-first-
order, pseudo-second-order, and intraparticle diffusion kinetic models [24,25]. Overall, the
correlation coefficient (R2) values revealed that the adsorption of flavonoid C-glycosides
on the XAD7HP resin fit better to a pseudo-second order kinetic model compared with a
pseudo-first-order model. In addition, Table 2 also reveals the multilinear characteristics of
adsorption of the flavonoid C-glycosides on the XAD7HP resin, based on the R2 values of
the intraparticle diffusion kinetics model. The intraparticle diffusion curves of the XAD7HP
resin show poor linear curves over time. By taking a pH of 5 as an example, the whole
process was divided into three major phases: boundary layer diffusion (0–30 min), where
the adsorption took place rapidly; a gradual adsorption phase (30–240 min), where the
adsorption happened slowly; and finally, the equilibrium phase (240–1440 min), where
the adsorption reached equilibrium. Similar results were reported in previous studies
that showed intraparticle diffusion took place in the adsorption phase [35]. In the present
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study, the whole adsorption phase could not be represented by the particle diffusion
kinetic models due to weak R2 values. Nevertheless, it could still explain the adsorption
mechanism up to a certain phase [36]. However, it is important to note that different
flavonoids, including isoorientin, orientin, vitexin, and isovitexin, will have different ratios
of their molecular status to ionic status in various pH environments. This will probably
result in a more complex adsorption mechanism and kinetics, which will require more
extensive future studies for greater insights into the mechanisms involved.

Table 2. Pseudo-first-order and pseudo-second-order kinetic equations and the intraparticle diffusion equation for the major
C-glycosyl flavonoids in the OPLAH extract on the XAD7HP resin.

Compound pH
qe (exp)
(mg/g)

Pseudo-First Order Pseudo-Second Order IntraParticle Diffusion

R2 qe (mg/g)
k1

(1/min)
R2 qe (mg/g)

k2

(g/mg.min)
R2 C (mg/g)

kp

(mg/g.min1/2)

Isoorientin
5 2.5668 Aa 0.7935 Aa 2.0738 Aa 0.0063 Aa 0.9995 Aa 2.5813 Aa 0.0416 Aa 0.5133 Aa 1.6715 Aa 0.0485 Aa

7 0.5916 Ba 0.8134 Ba 3.1817 Ba 0.0050 Ba 0.9971 Ba 0.6007 Ba 0.0403 Ba 0.8506 Ba 0.1468 Ba 0.0218 Ba

9 0.1866 Ca 0.9322 Ca 8.6789 Ca 0.0048 Ba 0.9640 Ca 0.1851 Ca 0.1102 Ca 0.9196 Ca 0.0701 Ca 0.0048 Ca

Orientin
5 5.2571 Ab 0.8178 Ab 1.2216 Aa 0.0085 Ab 0.9995 Aa 5.3362 Ab 0.0238 Ab 0.5008 Ab 3.5373 Ab 0.0978 Ab

7 1.8269 Bb 0.7892 Bb 1.3399 Bb 0.0059 Ba 0.9980 Bb 1.8643 Bb 0.0195 Bb 0.7597 Bb 0.6503 Bb 0.0613 Bb

9 0.2947 Cb 0.8829 Cb 4.9644 Cb 0.0014 Cb 0.9641 Ca 0.2024 Cb 0.0881 Cb 0.8223 Cb 0.0703 Ca 0.0054 Ca

Vitexin
5 1.6622 Ac 0.9158 Ac 3.7371 Ac 0.0090 Ab 0.9999 Aa 1.6793 Ac 0.0967 Ac 0.5653 Ac 1.2447 Ac 0.0233 Ac

7 0.8356 Bc 0.8718 Bc 5.0799 Bc 0.0075 Bb 0.9999 Ac 0.8457 Bc 0.1137 Bc 0.8157 Bc 0.3242 Bc 0.0235 Ac

9 0.2481 Cc 0.9252 Cc 6.8244 Cc 0.0064 Cc 0.9959 Bb 0.2683 Cc 0.0703 Cc 0.8229 Cb 0.0518 Cb 0.0101 Bb

Isovitexin
5 9.5296 Ad 0.8763 Ad 1.9927 Ad 0.0072 Ac 0.9998 Aa 9.5877 Ad 0.0120 Ad 0.6099 Ad 6.4869 Ad 0.1639 Ad

7 2.5159 Bd 0.8952 Ad 1.1389 Bd 0.0078 Ab 0.9983 Bb 2.6185 Bd 0.0143 Bd 0.7582 Bb 1.0526 Bd 0.0772 Bd

9 1.4779 Cd 0.9261 Bc 1.0830 Cd 0.0101 Bd 0.9974 Cc 1.5564 Cd 0.0195 Cd 0.8568 Cc 0.5758 Cc 0.0464 Cc

Values marked with different uppercase letters (A–C) indicate a comparison between pH levels for the same compound. Values marked
with different lowercase letters (a–d) indicate a comparison between different compounds for the same pH. Each value is the average
reading from three replicates (n = 3).

3.4. Adsorption Isotherms on the XAD7HP Resin

The adsorption isotherms of flavonoid C-glycosides on XAD7HP resins was performed
at room temperature (298 K) after taking into consideration several factors, including the
practicality and energy conservation. Figure S1 shows the isotherm curves for the individ-
ual flavonoid C-glycosides in OPLAH. The adsorption behaviors of flavonoid C-glycosides
on the XAD7HP resin were further assessed by using two adsorption isotherm equa-
tions, namely Langmuir and Freundlich equations. The equations revealed the interaction
between the compounds and the resin [37].

The Langmuir and Freundlich parameters are listed in Table 3. The R2 values of the
two models were relatively higher for isoorientin, orientin, and vitexin. With R2 values
of 0.9977 and 0.9519, the adsorption behavior of isoorientin and orientin, respectively, on
the XAD7HP resin followed the Langmuir equation. The results indicated that these two
compounds displayed monolayer adsorption on the resin, suggesting that orientin and its
isomer were in contact with the surface layer of the XAD7HP resin. Meanwhile, vitexin
and isovitexin followed the Freundlich equation with R2 = 0.9700 and 0.8418, respectively,
indicating the adsorption of these isomeric compounds followed a multilayer process
wherein the XAD7HP resin accommodated more than one layer for the adsorption of
vitexin and its pair to take place. This situation could be related to the molecular structures
of vitexin/isovitexin and orientin/isoorientin [38]. As shown in Figure 1A, the molecular
sizes of the vitexin and isovitexin structures were relatively smaller compared with orientin
and isoorientin, due to the lack of one hydroxyl group (-OH). This could have reduced
the steric hindrance in the interaction between vitexin/isovitexin and the XAD7HP resin,
thus favoring a multilayer adsorption process. In the Freundlich equation, the value of
RL indicates the isotherm shape, which is either unfavorable (RL > 1), linear (RL = 1),
favorable (0 < RL <1), or irreversible (RL = 0) [39]. Hence, the present findings showed that
the adsorption of the flavonoid C-glycosides on the XAD7HP resin was favorable. The
1/n value is a measure of the adsorption intensity [38]. A value of 1/n above 2 indicates
that adsorption is unlikely to happen [40]. In this study, the 1/n values of the flavonoid
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C-glycosides were all above 2, suggesting that the XAD7HP resin was a suitable resin to
use for absorbing the flavonoid C-glycosides from OPLAH.

Table 3. Langmuir and Freundlich models for the adsorption of OPLAH flavonoid C-glycosides on XAD7HP resin.

Compound

Langmuir Equation Freundlich Equation

qm (mg/g) R1
2 KL (mg/mL) RL 1/n

Kf ((mg/g)
(mL/mg)1/n)

R2
2

Isoorientin 476.1905 a 0.9977 a 0.2381 a 0.2929 a 0.3754 a 366.090 a 0.9260 a

Orientin 2000.000 b 0.9519 b 0.6000 b 0.0480 b 0.3757 a 1075.70 b 0.9247 a

Vitexin 50000.00 c 0.9624 c 30.000 c 0.0001 c 0.9538 b 1422.10 c 0.9700 b

Isovitexin 204.0816 d 0.5187 d 0.2653 d 0.5120 d 0.4149 c 138.930 d 0.8418 c

Values marked with different letters (a–d) indicate a comparison between compounds in each tested parameter. Each value is the average
reading from three replicates (n = 3).

3.5. Dynamic Sorption Properties of the XAD7HP Resin

On an open column, information of the breakthrough volume is important in estimat-
ing the optimum volume of sample-containing compounds of interest that can be loaded
onto the column. The breakthrough point was set at 5% of the inlet concentration [9]. As
shown in Figure 5A, the dynamic breakthrough curves on the XAD7HP resin were attained
for isoorientin, orientin, vitexin, and isovitexin. The breakthrough volume of isoorientin on
the XAD7HP resin was 100 mL, while that of orientin, vitexin, and isovitexin was 30 mL.
Meanwhile, the saturation point was defined, at which the exit solute concentration reached
95% of the inlet concentration [9]. The saturation volume of isoorientin and isovitexin was
150 mL, while that of orientin and vitexin was 130 mL. The dynamic desorption curves for
isoorientin, orientin, vitexin, and isovitexin on the XAD7HP resin are shown in Figure 5B,C.
The results indicate that at 150 mL, the flavonoids could be sufficiently desorbed and eluted
off of the XAD7HP resin column.

Figure 5. Dynamic breakthrough curves for flavonoid C-glycosides (A) and dynamic desorption curves for isoorientin,
orientin, and isovitexin (B) and vitexin (C) in OPLAH on XAD7HP resin. Each value is the average reading from three
replicates (n = 3).

3.6. Comparison between Isocratic and Gradient Elution Modes for Optimal Flavonoid C-Glycoside
Enrichment

Enrichment of the OPLAH flavonoid C-glycosides was carried out via isocratic and
gradient elution modes by using EtOH as a desorbing solvent after considering its low cost,
ease of removal, and low toxicity [41]. Previous studies have also used EtOH to desorb
flavonoid C-glycosides from other various MARs [20,31,42]. The desorbed fractions from
the XAD7HP resin were analyzed qualitatively and quantitatively and compared to the
original OPLAH. For the isocratic elution mode, a single desorbing solvent system was
applied. As shown in Figure 6A, the amount of desorbed flavonoid C-glycosides increased
with an increase in the EtOH concentration (from 20% to 95%). Orientin and vitexin were
enriched the most when 80% EtOH was used as a single desorbing solvent system, as
a further increment to 95% EtOH gave insignificant changes. Their respective isomers,
isoorientin, and isovitexin were found in the highest fold at 95% EtOH. Meanwhile, a

117



Processes 2021, 9, 659

multiple desorbing solvent system was employed in the gradient elution mode. Figure 6B
shows that orientin, isoorientin, vitexin, and isovitexin started to desorb rapidly from 20%
to 40% EtOH concentrations and started to decrease as the EtOH concentration increased
from 60% to 95%. Thus, the results revealed that the flavonoid C-glycosides found in
the OPLAH solution could be desorbed optimally at 95% and 40% for the isocratic and
gradient desorption techniques, respectively. The desorption of flavonoid C-glycosides
from the XAD7HP resin into the solvent was attributed to the competition between the
interaction of intermolecular forces and dissolution into the solvent used [9,42].

Figure 6. Enrichment of flavonoid C-glycosides from OPLAH by the isocratic elution mode (A) and gradient elution mode
(B) on the XAD7HP resin. Each value is the average reading from three replicates (n = 3).

The UHPLC chromatograms of the OPLAH and enriched fractions obtained from the
isocratic desorption (95% EtOH) and gradient desorption modes (40% EtOH) are shown in
Figure S2A. Comparing the chromatogram of the enriched fractions and OPLAH, it could
be observed that some impurities present in the original extract were eliminated, while the
relative peak areas of the four major flavonoid C-glycosides were increased by different
degrees. The compounds assigned to peaks 1–4 were confirmed by commercial standards
and characterized by liquid chromatography tandem mass spectrometry (LC-MS/MS)
(Figure S2B) [10]. The rest of the unassigned peaks have been comprehensively discussed
in our previous publications [7,9,12].

Table 4 summarized the quantitative information of the OPLAH and the enriched
fractions obtained through the isocratic (with 95% EtOH) and gradient elution modes (with
40% EtOH). The XAD7HP resin was able to increase the TFC from 88.98 mg QCE/g up to
284.18 mg QCE/g dried extract by 3.2-fold. Among the four flavonoid C-glycosides, at the
optimum EtOH concentrations, isovitexin was enriched the most, followed by isoorientin,
vitexin, and orientin. As illustrated by Figure 6A for the isocratic elution mode, with 95%
EtOH, isovitexin was enriched almost 55-fold while isoorientin, vitexin, and orientin were
enriched by 11- to 20-fold. A similar trend was also observed in the gradient elution mode,
where at 40% EtOH, isovitexin was enriched by 60-fold, isoorientin by 25-fold, vitexin by
20-fold, and orientin by 15-fold (Figure 6B).
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Table 4. Quantification and free radical scavenging activities of flavonoid C-glycosides in OPLAH, enriched OPLAH
fractions and individual compounds.

Extract or Compound TFC (mg QCE/g)
Flavonoid C-Glycosides (μg/mg) Antioxidant Activities (IC50, μg/mL)

Isoorientin Orientin Vitexin Isovitexin DPPH NO

OPLAH 88.98 a 2.34 a 9.35 a 84.11 a 0.25 a 200.00 a 44.58 a

Enriched OPLAH (Isocratic) 247.28 b 46.27 b 104.88 b 1197.61 b 13.03 b 69.16 b 6.90 b

Enriched OPLAH (Gradient) 284.18 c 55.98 c 136.19 c 1726.11 c 14.61 b 70.63 b 7.32 b

Isoorientin 14.70 c 68.19 c

Orientin 57.60 d 42.72 a

Isovitexin >1000 e 0.73 d

Vitexin >1000 e 4.31 e

Values marked with different letters (a–e) indicate a comparison between OPLAH, enriched OPLAH and individual compounds for each
flavonoid content and antioxidant activities. Each value is the average reading from three replicates (n = 3).

3.7. Antioxidant DPPH and NO Free Radical Scavenging Activities

The antioxidant activities of OPLAH, enriched fractions, and the individual flavonoid
C-glycosides were tested using DPPH and NO free radical scavenging assays, and the
results are shown in Table 4. The DPPH results revealed that the total flavonoid C-glycoside
enriched fractions, obtained using the isocratic and gradient desorption methods, exhibited
stronger antioxidant activity, with IC50 values of 69.19 and 70.63 μg/mL, respectively. In
comparison with the original OPLAH extract, the IC50 value was much lower (200 μg/mL).
The results for the NO free radical scavenging assay were also similar, as the enriched
fractions exhibited significantly improved activity compared with the original extract.
This increase in antioxidant activity indicated the substantial contribution of the enriched
flavonoid C-glycoside contents to the overall activity. The results highlighted that both the
DPPH and NO free radical scavenging assays were in good agreement for evaluating the
antioxidant activities in both the original and enriched fractions. Previous studies have
also reported the positive correlation between the free radical scavenging activity and the
presence of high amounts of phenolic constituents [43,44].

The single flavonoid C-glycoside was also assayed for the free radical scavenging
activities. Isoorientin with an IC50 value of 14.70 μg/mg exhibited superior DPPH free
radical scavenging activity. Its isomer, orientin, was moderately active, with an IC50 value
of 57.60 μg/mg, while isovitexin and vitexin were weakly active in comparison. The
results are in agreement with previous studies that reported vitexin and isovitexin were
poor DPPH free radical scavengers [45,46]. The structural differences of these flavonoid
C-glycosides, such as the position of glycosidic linkages and the number or position of
hydroxyl groups at play, will have a significant effect on the bioactivity. For example, the
presence of a single hydroxyl group on the B ring of both vitexin and isovitexin may be
the reason for their lower activity, in comparison with isoorientin and orientin, which
have two hydroxyl groups on the same ring (Figure 1A). Additionally, the weaker activity
of isovitexin could be due to steric hindrance associated with glycosylation on C-6, as
compared with on C-8 for its isomer, vitexin [47].

Meanwhile, the NO free radical scavenging activity was quite different from the DPPH
free radical scavenging activity. All tested apigenin and luteolin C-glycosides had good
antioxidant activity by showing a great ability to inhibit nitric oxide and superoxide anion
at low concentrations. In contrast to the DPPH assay results, isovitexin and vitexin exhib-
ited strong NO scavenging activity, with IC50 values of 0.73 and 4.31 μg/mg, respectively,
whereas orientin and isoorientin exhibited weaker values. These results reflect the superi-
ority of isovitexin and vitexin in scavenging nitric oxide and superoxide radicals, which
have also been similarly reported in the study of Trigonella foenum graecum L. (fenugreek
seeds) [47].

3.8. Adsorption Mechanisms

The efficiency of the adsorption and desorption processes primarily relies on the
polarity of the MARs. In this experiment, the tested MARs comprised both nonpolar
(XAD4) and moderately polar (XAD7HP and DAX-8) resins. The data obtained showed
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that moderately polar resins were more appropriate to entrap and release flavonoid C-
glycosides from OPL extract. The polarity matching between the extract and resin was
related to the multiple interactions between the targeted metabolites and the surface
chemistry of the resin [9,19,29,48]. Being a nonpolar resin, XAD4, with its smaller pore size,
has low wettability and thus is not well-dispersed in an aqueous solution, which explains
the low adsorption and no desorption of polar compounds (flavonoid C-glycosides (29)).
Figure 7 displays the possible interactions between the isoorientin, orientin, vitexin, and
isovitexin and the moderately polar XAD7HP resin under acidic conditions. The early
part of the study indicated that isovitexin showed the highest adsorption and desorption
capacities, followed by vitexin, orientin, and isorientin, suggesting multiple interactions,
such as electrostatic interaction, intramolecular and intermolecular hydrogen bonding,
ion-dipole interactions, cation- interaction, and Van der Waals forces of the adsorbent.
The XAD7HP resin was more favorable in isovitexin compared with the other compounds
(Figure 7). More specifically, the hydroxyl groups at C-4′, C-5, or C-7 of the flavones have
been reported to be more acidic than the hydroxyl groups attached at other positions [49].
Thus, it is highly likely that the electrostatic interactions of the flavonoids on the surface
of the resins could have resulted from the attraction of protons dissociated from the
hydroxyl groups at these positions. The hydroxyl groups of the flavonoid C-glycosides can
also interact with the resin through the formation of intramolecular and intermolecular
hydrogen bonds [50]. Furthermore, polar adsorbates can cause ion-dipole interactions
with the polar segment of the moderately polar resin. Other than that, adsorption can
also be facilitated by cation- interaction [29], which can occur between hydronium ions
(H3O+) surrounding the XAD7HP resin and the benzene ring from flavonoids. Lastly, the
main driving force for the sorption process on polymeric XAD7HP resin is the existence
of Van der Waals forces in an aqueous solvent system. Therefore, based on the high
sorption capacities obtained in the study, the efficient simultaneous sorption of isoorientin,
orientin, vitexin, and isovitexin was suggested to be substantially contributed by multiple
interactions [9,42].

Figure 7. Schematic representation of the postulated interactions between targeted flavonoid C-glycosides for orientin (a),
isoorientin (b), isovitexin (c), and vitexin (d) and the XAD7HP resin under acidic conditions.

The findings from both the isocratic and gradient elution experiments showed that
isovitexin was enriched between 55- and 60-fold, while isoorientin, vitexin, and orientin
were enriched by 20–25, 15–20 and 11–15-fold, respectively. This phenomenon could be
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due to strong hydrogen bonding interactions between the hydroxyl groups attached to the
aglycones and the surface of the cross-linked polymeric resins [9,19]. The studied flavonoid
C-glycosides shared similar flavone aglycone with differences in the sugar moiety position,
as shown in Figure 1A. It was previously reported that a flavonoid molecule with sugar
moiety attached to it could reach approximately 2.0 nm in size [50], and with additional
hydroxyl groups contributed by glucosides, this collectively enhanced the sorption process
to the large pore size and moderately polar resin XAD7HP.

Moreover, in between isomeric compounds, isovitexin/vitexin had higher enrichment
than isoorientin/orientin. This could be explained by the steric hindrance [48,51,52].
Referring to Figure 1A, vitexin isomers have one hydroxyl group bonded at C-4′ (para
position) of ring B, whereas orientin isomers have two hydroxyl groups attached at C-
3′ (meta position) and C-4′ (para position) of the same ring. Since the hydroxyl group
is one of the para directing groups, attachment of these hydroxyl groups onto the para
position lessened the steric hindrance, resulting in less repulsion between the groups and
lastly assisting the interaction of these groups with the resin through hydrogen bonds.
However, the addition of one hydroxyl group onto the C-3′ position of the orientin isomers
increased the steric hindrance, as the hydroxyl group was larger than the hydrogen atom,
causing congestion that may have slowed down the interaction of the atom with the surface
of resins.

4. Conclusions

The present study provides experimental data on the enrichment of the total flavonoid
C-glycosides content via a process combining acid hydrolysis and adsorption and desorp-
tion on MARs. The XAD7HP resin showed the best sorption capacities. The enrichment of
the flavonoid C-glycosides content of OPL extract was conducted at optimal conditions,
where the leaf extract, prehydrolyzed with acid and adjusted to a pH of 5, was shaken
at 298 K for a period of 24 h for static adsorption. The adsorption process of the target
flavonoids on the XAD7HP resin could be well-described with the pseudo-second-order
kinetic model. The equilibrium experimental data of the adsorption of isoorientin and
orientin on the XAD7HP resin at 298 K were well fitted to the Langmuir isotherm model,
while those of vitexin and isovitexin were well described by the Freundlich isotherm model.
The enriched fractions recovered using the isocratic (with 95% EtOH) and gradient elution
modes (with 40% EtOH) produced up to 60-fold flavonoid enrichment with excellent
antioxidant free radical scavenging activities. The enriched OPLAH contained isoorientin
(247.28–284.18 μg/mg), orientin (104.88–136.19 μg/mg), vitexin (1197.61–1726.11 μg/mg),
and isovitexin (13.03–14.61 μg/mg), as compared to OPLAH with isoorientin (2.34 μg/mg),
orientin (9.35 μg/mg), vitexin (84.11 μg/mg), and isovitexin (0.25 μg/mg). Additionally,
the enriched OPLAH also showed excellent antioxidant free radical scavenging activities
compared with OPLAH, with IC50 values of 6.90–70.63 μg/mL and 44.58–200.00 μg/mL,
respectively. Strong hydrogen bonding may explain the efficient enrichment of the tar-
get flavonoid C-glycosides. The results indicated the combination of acid treatment and
MARs could selectively and effectively enrich flavonoid C-glycosides from OPL. This study
presents a simple, rapid, and efficient method for enriching the flavonoid C-glycoside con-
tent of oil palm leaf extract, a major type of agriculture waste, which has been underutilized.
This method provides several potential applications, such as for further purification of ma-
jor flavonoid C-glycosides as fine chemicals or pharmaceuticals or the use of the enriched
fraction as bioactive ingredients in nutraceutical, cosmeceutical, and other healthcare or
personal care products.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr9040659/s1. Figure S1: Adsorption isotherms of isoorientin (A), orientin (B), vitexin (C) and
isovitexin (D) present in OPLAH at 298 K on XAD7HP resin; Figure S2: (A) UHPLC chromatograms
(340 nm) of OPLAH and OPLAH-enriched fractions obtained via isocratic and gradient elution
desorption modes. (B) Compound confirmation using UHPLC-MS/MS analysis.
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Abstract: Mushrooms have a long history of use as food and medicine. They are rich in var-
ious nutrients and bioactive compounds, particularly phenolic compounds. In this study, ten
mushroom species were selected, and solvent extraction using 80% ethanol was used to extract
phenolic compounds. Total phenolic content (TPC), total flavonoid content (TFC) and total con-
densed tannin content (TCT) were measured to evaluate phenolic content in different mushroom
varieties. In the mushroom varieties tested, brown portobello mushroom had the highest TPC
(396.78 ± 3.12 μg GAE/g), white cup mushroom exhibited the highest TFC (275.17 ± 9.40 μg CE/g),
and shiitake mushroom presented the highest TCT (13.80 ± 0.21 μg QE/g). Antioxidant capac-
ity was evaluated using 2,2-diphenyl-1-picrylhydrazyl (DPPH), ferric reducing antioxidant power
(FRAP), 2,2′-azino-bis-3ethylbenzothiazoline-6-sulfonic acid (ABTS) and total antioxidant capacity
(TAC) assays. The highest DPPH free radical scavenging ability was found in white cup mushroom
(730.14 ± 55.06 μg AAE/g), while the greatest iron-reducing ability (FRAP) was recorded for shiitake
mushroom (165.32 ± 10.21 μg AAE/g). Additionally, Swiss brown mushroom showed the highest
ABTS antioxidant capacity (321.31 ± 5.7 μg AAE/g), and the maximum TAC value was found in
shiitake mushroom (24.52 ± 1.2 μg AAE/g). These results highlight that most of the mushroom
varieties studied showed high phenolic contents and demonstrated strong antioxidant activity, with
shiitake mushrooms standing out due to their high TCT and FRAP values, and the highest TAC value
among the varieties studied. In addition, LC-ESI-QTOF-MS/MS was used to characterize the mush-
room samples, and tentatively identified a total of 22 phenolic compounds, including 11 flavonoids,
4 lignans, 3 phenolic acids, 2 stilbenes and 2 other phenolic compounds in all mushroom samples.
The research results of this study showed that mushrooms are a good source of phenolic compounds
with strong antioxidant potential. The results can provide a scientific basis for the development of
mushroom extracts in functional food, health products, and other industries.

Keywords: mushroom; solvent extraction; phenolic compound; antioxidant potential; LC-ESI-QTOF-MS/MS

1. Introduction

Mushrooms are a common type of fungi found in nature and are one of the most widely
consumed foods worldwide. They are popular for their unique flavor, rich nutritional
value, and extensive commercial cultivation. According to a report by Expert Market
Research (2023), the global mushroom market reached USD 54 billion in 2020. The market
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is expected to grow at a Compound Annual Growth Rate (CAGR) of 8%, in the forecast
period of 2023–2028, to reach a value of USD 86 billion by 2026 [1].

The nutritional value of mushrooms has been extensively studied. In recent years,
evidence has shown that mushrooms can reduce the risk of certain chronic diseases, in-
cluding cancer, cognitive impairment, inflammatory bowel disease, and metabolic-related
diseases [2]. The benefit of mushrooms is that they are rich in bioactive compounds, such
as vitamins (vitamin B and vitamin D), minerals (selenium, phosphorus, and copper),
and polysaccharides (β-glucans) [3]. Moreover, Kalaras et al. showed that mushrooms
rich in endogenous ergosterol, which is converted to vitamin D2 (ergocalciferol) under
sunlight or ultraviolet radiation, are a good source of vitamin D2 [4]. In recent years,
researchers have become increasingly interested in studying the antioxidant properties
of mushrooms. Some studies have shown that mushrooms are capable of accumulating
secondary metabolites, such as phenolic compounds, carotenoids, and steroids, which give
them potent antioxidant properties [5,6]. For instance, Barros et al. detected a variety of
phenolic acids, such as protocatechuic acid, p-hydroxybenzoic acid, p-coumaric acid, and
vanillic acid, in 16 different wild mushrooms from Portugal [7].

Polyphenols are important secondary metabolites in the plant kingdom. They can be
classified into the following four categories based on their structure: flavonoids, phenolic
acids, stilbenes, and lignans [8]. Polyphenols are known for their strong antioxidant
properties. They have the capacity to inhibit lipoxygenase, chelate metals, and scavenge free
radicals [9,10]. In addition, polyphenols play a defensive role in plants and are important
substances with antibacterial, antiviral, and antifungal activities [11]. There are many
methods for extracting polyphenols from food, with the most common being the traditional
solvent extraction method. In addition, new extraction technologies, including pressurized
liquid extraction, ultrasound-assisted extraction, microwave extraction, and supercritical
fluid extraction, have also been gradually applied to polyphenol extraction [12]. To evaluate
the amount of polyphenolic compounds in food, it is useful to measure the contents of
total phenols, total flavonoids, and total tannins concurrently. Assays used to identify
the potential antioxidant activity of polyphenol compounds in food typically involve
free radical scavenging assays, such as ABTS (2,2′-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid)) and DPPH (2,2-diphenyl-1-picrylhydrazyl), as well as TAC (total antioxidant
capacity) and FRAP (ferric reducing antioxidant power) assays. Due to the wide variety and
complex structures of polyphenol compounds, the liquid chromatography–electrospray
ionization quadrupole time-of-flight mass spectrometry (LC-ESI-QTOF-MS/MS) method is
commonly used to tentatively characterize extracts [13].

While some studies have explored the antioxidant properties of mushrooms, the ma-
jority have focused on the antioxidant properties of multiple wild mushroom species or a
single species of cultivated mushrooms. As a result, there is still a significant research gap
in the comprehensive analysis and comparative discussion of phenolic compounds across a
variety of commercially cultivated mushrooms. This article explores the diverse phytochem-
icals found in mushrooms, including nutrients, phenolic compounds, and their biological
activities, as well as the potential commercial applications of mushroom polyphenols. To
this end, the study selected 10 common commercial mushrooms in the Australian market
to extract phenolic compounds. Various methods were used to determine the phenolic
compound content in mushroom samples and evaluate their antioxidant capacity. The
study also tentatively characterized the phenolic compounds in mushrooms using LC-ESI-
QTOF-MS/MS, a powerful analytical technique used to identify and characterize phenolic
compounds in food samples [14]. It can detect a wide variety of phenolic compounds,
including phenolic acids, flavonoids, lignans, stilbenes, and other polyphenols [15]. The
goal of this study was to comprehensively compare the phenolic compound content and
potential antioxidant capacity of common commercial mushroom varieties in the Australian
market. The findings can help optimize their utilization and development for commercial
applications.
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2. Materials and Methods

2.1. Chemical and Reagents

Almost all of the chemicals used for sample extraction and characterization were of
analytical grade and obtained from Sigma Aldrich (Castle Hill, NSW, Australia). Quercetin,
catechin, gallic acid, and L-ascorbic acid used for the standard curve were purchased from
Sigma Aldrich (St. Louis, MO, USA). In addition, 2,2-diphenyl-1-picrylhydrazyl (DPPH),
aluminium chloride, Folin–Ciocalteu’s phenol reagent, 2,4,6-tripyridyl-s-triazine (TPTZ),
ferric (III) chloride anhydrous, and 2,2′-azino-bis(3-ethylbenz-thiazoline-6-sulphonate)
(ABTS) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Sodium carbonate
anhydrous was purchased from Gillman, SA, Australia, and sulfuric acid 98% was obtained
from RCI Labscan Limited (Bangkok, Thailand). Sodium acetate hydrate was obtained
from Ajax Finechem, Scoreby, VIC, Australia. Vanillin was obtained from Glentham Life
Science (Wiltshire, United Kingdom), and analytical grade methanol was from Fisher
Chemical Company (San Jose, CA, USA). For the mobile phases of LC-ESI-QTOF-MS/MS,
LiChrosolv (Darmstadt, Germany) and Sigma-Aldrich (St. Louis, MO, USA) provided
acetonitrile and acetic acid, respectively. Standards of phenolic acids and flavonoids used
for characterization, including gallic acid, syringic acid, chlorogenic acid, caffeic acid,
p-hydroxybenzoic acid, coumaric acid, quercetin, catechin, protocatechuic acid, quercetin-
3-O-glucuronide, kaempferol-3-O-glucoside, epicatechin gallate, and kaempferol, were
supplied by Sigma-Aldrich (St. Louis, MO, USA).

2.2. Sample Preparation and Extraction of Phenolic Compounds

In this study, a diverse selection of mushrooms was procured from the Australian sales
market. These types, including brown portobello, shiitake, white button, organic white,
white flat, white cup, portobello flat, Swiss brown, oyster, and needle, were specifically
chosen due to their widespread consumption, commercial availability, and to ensure a
broad representation of common mushrooms. Fresh mushroom samples were washed and
weighed at 500 g. Each mushroom sample was then ground to a slurry using a blender
and stored at −20 ◦C for further study. The polyphenol compounds of the mushroom
samples were extracted using a method referenced from Buruleanu et al. with slight
modifications [16]. First, the samples were mixed with 80% ethanol and homogenized
using an Ultra-Turrax T25 homogenizer (IKA, Staufen, Germany) at 10,000 rpm for 30 s.
The mixtures were then incubated in the ZWYR-240 incubator shaker (Labwit, Ashwood,
Vic, Australia) at 150 rpm at 4 ◦C for 16 h. Next, all the samples were centrifuged twice
using the Hettich Refrigerated Centrifuge (ROTINA 380R, Tuttlingen, Baden-Württemberg,
Germany) at 5000× g for 15 min. The supernatant was collected and stored at 4 ◦C for
further antioxidant analysis.

2.3. Polyphenol Estimation

All polyphenol evaluations were performed using the Multiskan® Go microplate
photometer (Thermo Fisher Scientific, Waltham, MA, USA) with triplicate measurements.
In addition, the standard curves were established with R2 > 0.995.

2.3.1. Determination of Total Phenolic Content (TPC)

The TPC was measured using a modified version of the method outlined by Stojanova,
et al. [17]. In a 96-well plate (Costar, Corning, NY, USA), 25 μL of the extract was mixed
with 25 μL of 25% (v/v) Folin–Ciocalteu reagent and 200 μL of Milli-Q water. The mixture
was incubated for 5 min at 25 ◦C, after which 25 μL of 10% (w/w) sodium carbonate was
added. The mixture was then incubated in the darkroom for 1 h at room temperature. The
absorbance of the reaction mixture was measured at 765 nm and the results were converted
to total polyphenol content using a gallic acid standard calibration curve (ranging from 0
to 200 μg/mL). The results were presented as μg equivalents of gallic acid per gram of the
sample (μg GAE/g of raw material) based on fresh weight (FW).
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2.3.2. Determination of Total Flavonoids Content (TFC)

The TFC was measured using a modification of the aluminum chloride method de-
veloped by Ali, et al. [18]. To perform the assay, 80 μL of the extract, 80 μL of a 2% (w/v)
ethanolic solution of aluminum chloride, and 120 μL of a 50 g/L aqueous solution of
sodium acetate were mixed in a 96-well plate. The plate was then incubated for 1 h at
25 ◦C in a dark room. The reaction mixture was subjected to an absorbance measurement
at 440 nm, and the TFC value was determined by converting the absorbance to TFC using
the calibration curve prepared with the quercetin standard in a concentration range of 0 to
50 μg/mL. The TPC value was expressed as μg equivalents of quercetin per gram of fresh
weight (μg QE/g FW).

2.3.3. Determination of Total Condensed Tannin Content (TCT)

TCT was performed by modifying the method of Ma, et al. [19]. First, 25 μL of the
extract and 150 μL of a methanolic vanillin solution (4% w/v) were mixed in a 96-well plate.
Then, 25 μL of 32% sulfuric acid (diluted with methanol) was added. The reaction mixture
was incubated in the dark at room temperature for 15 min. The absorbance was measured
at 500 nm, and the results were converted to a concentration of tannins (μg CE/g FW) using
the calibration curve. The calibration curve was plotted with different concentrations of
catechin standards ranging from 0 to 1000 μg/mL.

2.4. Antioxidant Assays
2.4.1. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Antioxidant Assay

The DPPH free radical scavenging capacity was determined by using the method of
Wan Mahmood, et al. [20] with some modifications. A concentration of 0.1 mM DPPH
methanol solution was used. In addition, 40 μL of the extracts and 260 μL of the DPPH
methanol solution were mixed in a 96-well plate. The reaction mixture was incubated
for 30 min at room temperature in the dark. The absorbance of the reaction mixture was
measured at 517 nm. The results were given as μg of ascorbic acid equivalent per gram
of dry weight (mg AAE/g FW) based on the standard curve, which was prepared using
ascorbic acid standards with concentrations ranging from 0 to 50 μg/mL.

2.4.2. Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP of samples was measured by modifying the method of Sogi, et al. [21]. The
FRAP reagent was freshly prepared by mixing 300 mM of sodium acetate solution, 10 mM
of TPTZ solution (in 40 mM of HCl solution), and 20 mM of FeCl3·6H2O solution at a ratio
of 10:1:1 (v:v:v). To measure the FRAP, 20 μL of the extract was mixed with 280 μL of FRAP
reagent and incubated at 37 ◦C for 10 min. The absorbance of the reaction mixture was then
measured at 593 nm. The results were expressed as μg ascorbic acid equivalents per gram
of fresh sample weight (μg AAE/g FW) based on the standard curve, which was prepared
using the ascorbic acid standard with concentrations ranging from 0 to 50 μg/mL.

2.4.3. 2,2′-Azino-bis-3-ethylbenzothiazoline-6-sulfonic Acid (ABTS) Radical
Scavenging Assay

The ABTS radical scavenging capacity was measured according to Queiroz, et al. [22]
with some modifications. First, 5 mL of 7 mM ABTS solution and 88 μL of 140 mM potas-
sium persulfate solution were mixed and then the mixture becomes the ABTS+ solution
after incubating for 16 h in the dark. The stock ABTS+ solution was further diluted by
ethanol until the absorbance of the ABTS cation solution was measured as 0.70 ± 0.02 at
734 nm. In addition, 10 μL of the extract and 290 μL of the ABTS cation solution were mixed
in a 96-well plate. After the reaction mixture was incubated at room temperature for 6 min,
at the absorbance was measured as 734 nm. The results were expressed as μg equivalents
of ascorbic acid per gram of the sample (μg AAE/g FW) based on the standard curve,
prepared by the ascorbic acid standard with concentrations ranging from 0 to 200 μg/mL.
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2.4.4. Total Antioxidant Capacity (TAC) Assay

The TAC assay has been modified from the method used by Suleria, et al. [23]. First,
260 μL of phosphomolybdate reagent (0.6 M H2SO4, 0.028 M sodium phosphate, and
0.004 M ammonium molybdate) was added to each 40 μL sample extract. The mixture
was then incubated at 95 ◦C for 10 min and cooled to 25 ◦C. The absorbance of the sample
solution at 695 nm was measured using a spectrophotometer. Each measurement was
repeated three times for each sample. Ascorbic acid (0–200 μg/mL) was used as the
standard curve. The TAC of the mushroom samples was expressed as μg equivalents of
ascorbic acid per gram of the sample (μg AAE/g FW).

2.5. LC-ESI-QTOF-MS/MS Characterization of Phenolic Compounds

The LC-ESI-QTOF-MS/MS assay was carried out by modifying the method of Tang, et al. [24].
The samples were tentatively characterized with an Agilent 1200 HPLC (Agilent Tech-
nologies, Santa Clara, CA, USA) equipped with an Agilent 6520 Accurate-Mass Q-TOF
LC-MS/MS (Agilent Technologies, CA, USA). Each compound was separated using a
Synergi Hydro-RP 80 Å reverse phase column (250 mm × 4.6 mm, 4 μm particle size)
with a protected C18ODS (4.0 × 2.0 mm) guard column (Phenomenex, Lane Cove, NSW,
Australia). The column was operated at 25 ◦C and the sample temperature was set at
10 ◦C. The mobile phase consisted of eluent A (water/acetic acid, 99.5:0.5, v:v) and eluent
B (acetonitrile/acetic acid/water, 50:49.8:0.2, v:v:v). The gradient profile was as follows:
0–10% B (0–5 min), 10–25% B (5–25 min), 25–35% B (25–35 min), 35–40% B (35–45 min),
40–55% B (45–75 min), 55–80% B (75–80 min), 80–90% B (80–82 min), 90–100% B (82–85 min)
and isocratic 0% B (85–90 min). Each sample extraction was injected into 6 μL of liquid, and
the mobile phase flow rate was 0.8 mL/min. Nitrogen gas atomization was set at 300 ◦C
with a flow rate of 5 L/min at 45 psi, while the sheath gas was set at 11 L/min at 250 ◦C. The
nozzle and capillary voltages were set at 500 V and 3.5 kV, respectively. A complete mass
scan ranging from m/z 50 to 1300 was used. Material peaks were identified in positive and
negative mode, and processing was performed using LC-ESI-QTOF-MS/MS. MassHunter
workstation software (Qualitative Analysis, 152 version B.06.01, Agilent Technologies,
Santa Clara, CA, USA) was used for data processing.

2.6. Statistical Analysis

All analyses were performed in triplicate. The results of the antioxidant assays and
phenolic contents are presented as an average ± standard error (n = 3). One-way analysis
of variance (ANOVA) with Tukey’s post-hoc test, as provided by Minitab® 19 for Windows
(Minitab, NSW, Australia), was used to analyze data and a p-value less than 0.05 indicates
a significant difference between samples. Graphs were generated using GraphPad Prism®

software (version 9).

3. Results

3.1. Phenolic Content Estimation (TPC, TFC, TCT)

Mushrooms are rich in phenolic compounds, such as gallic acid, protocatechuic acid,
and cinnamic acid, which have been widely studied as antioxidants [25,26]. Figure 1 shows
the results of determining the total polyphenols, total flavonoids, and total tannins in ten
different types of mushroom samples.

Ten types of mushrooms were analyzed for their total phenol content, and signif-
icant differences were observed. Brown portobello mushroom had the highest content
(396.78 ± 3.12 μg GAE/g), followed by shiitake (389.16 ± 5.35 μg GAE/g), Swiss brown
mushroom (371.43 ± 3.47 μg GAE/g), and white cup mushroom (370.60 ± 7.14 μg GAE/g).
The lowest content was found in organic white mushroom and white flat mushroom
(234.57 ± 4.58 and 242.14 ± 5.18 μg GAE/g, respectively). Our results demonstrate that
brown portobello and shiitake mushrooms have relatively higher TPC, which aligns with
previous studies [27,28]. In the study by Bernaś [27], the TPC for brown portobello mush-
rooms was reported as 417 mg/100 g DM, which aligns closely with our results. Similarly,
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the high TPC in shiitake mushrooms is in agreement with the findings by Boonsong
et al. [28], who reported a TPC of 24.25 mg GAE/g DW for shiitake mushrooms. However,
it should be acknowledged that there are differences in the extraction methods and units
of measurement across studies. For instance, the TPC in the cited study was calculated
based on dry weight and employed a 50% (v/v) ethanol ratio for extraction. Despite these
methodological differences, our results reinforce the idea that brown portobello and shi-
itake mushrooms are notably rich in phenolic compounds. Indeed, some studies have also
shown that the use of different extraction solvents can significantly affect the extraction
of polyphenols from mushrooms [29]. On the other hand, the result of the lowest TPC of
organic white mushrooms was opposite to the results reported by Popa, et al. [30], who
pointed out that organically cultivated foods have higher nutritional value than traditional
crops, especially in terms of phenolic compounds, vitamins and minerals. However, there
seems to be a lack of research on organic mushrooms in terms of phenolic compounds.
Cheung et al. suggested that the total phenol content is closely related to the antioxidant
activity [31]. Therefore, the total phenol content plays an important role in the antioxidant
properties of mushrooms.

Figure 1. The estimation of phenolic content of ten kinds of mushrooms. (A) Total phenolic content
(TPC). (B) Total flavonoids content (TFC). (C) Total condensed tannin content (TCT). The data pre-
sented represent the mean ± standard deviation of three replicates from accession. ANOVA and
Tukey’s test were used to determine the statistically significant difference at p < 0.05 as identified by
different letters. The codes for the mushroom samples are as follows: SM: shiitake mushroom; WBM:
white button mushroom; OM: oyster mushroom; SBM: Swiss brown mushroom; NM: needle mush-
room; WFM: white flat mushroom; OWM: organic white mushroom; WCM: white cup mushroom;
BPM: brown portobello mushroom; PFM: portobello flat mushroom.

Flavonoids are an important class of secondary metabolites of plant polyphenols.
They possess anti-oxidation, anti-inflammatory and anti-cancer properties, and regulate
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the function of key cell enzymes [32]. As shown in Figure 1, the white cup mushroom had
the highest TFC (275.17 ± 9.40 μg CE/g), which was significantly higher than the other
nine mushrooms. The portobello flat mushroom (223.88 ± 9.56 μg CE/g), brown portobello
mushroom (218.34 ± 6.74 μg CE/g), and organic white mushroom (210.47 ± 3.15 μg CE/g)
followed closely behind. In contrast, shiitake mushroom had the lowest total flavonoid
content (102.93 ± 13.69 μg CE/g). In a separate study, Buruleanu et al. found that white cap
mushroom had the highest TFC with 7.83 ± 4.18 mg QE/g [16]. They also noted that the
total flavonoid content varies according to the type of mushroom. Contrastingly, a study
by Palacios et al. revealed that Agaricus bisporus (white button mushroom) and Pleurotus
ostreatus (oyster mushroom) had relatively lower flavonoid contents, approximately around
1 mg/g of catechin equivalents [33]. They also observed that the concentration of total
flavonoids varies with mushroom species, but the content of total flavonoids does not cor-
relate with the content of phenols. It is speculated that the phenolic compounds contained
in mushrooms may vary due to different cultivation substrates and environments.

Tannins are a type of polyphenol compound found widely in plants. They have the
ability to bind to and precipitate proteins and other compounds, such as certain amino
acids, alkaloids, nucleic acids, and polysaccharides [34]. This study found significant dif-
ferences in TCT among various mushroom samples. Contrary to the TFC results, shiitake
mushrooms had the highest TCT (13.80 ± 0.21 μg QE/g), while white cup mushrooms
had the lowest (4.95 ± 0.14 μg QE/g). Following shiitake mushrooms were oyster mush-
rooms (11.15 ± 0.47 μg QE/g) and needle mushrooms (10.18 ± 0.31 μg QE/g). Organic
white mushrooms, Swiss brown mushrooms, and portobello flat mushrooms had no sig-
nificant differences in their tannin content, which were 9.53 ± 0.31, 9.14 ± 0.17, and
9.01 ± 0.16 μg QE/g, respectively. The TCT of mushrooms has been measured in many
studies. For example, the study by Sifat, et al. [35] found that the TCT of oyster mush-
rooms was 36–40 mg TAE/g. Additionally, a new mushroom species called Rubroboletus
himalayensis sp. nov. (Boletaceae, Boletales, Basidiomycota), found in the Himalayas of
Pakistan, showed high TCT in methanol extraction with 441.0 mg TAE/g [36]. However, no
additional research data have been found for the mushroom species studied in this study.
Further research is needed to obtain more data on the TCT of mushrooms.

3.2. Antioxidant Activity (DPPH, FRAP, ABTS and TAC)

Based on the estimated results above, it can be concluded that mushrooms are an
important source of phenolic active substances. To evaluate the antioxidant capacity of the
mushroom samples, this study used DPPH, FRAP, ABTS, and TAC assay methods. The
results are shown in Figure 2 and are expressed as μg ascorbic acid/g FW (μg AAE/g FW).

One of the most important functions of antioxidants is to scavenge free radicals.
In the current study, the potential radical scavenging activity of the studied mushroom
samples was determined using the DPPH method. The research results showed that the
white cup mushroom sample had a significantly higher free radical scavenging ability
than the other mushroom samples (p < 0.05), with a value as high as 730.14 ± 55.06 μg
AAE/g. The white button mushroom and portobello flat mushroom had similar results,
with values of 309.68 ± 7.48 μg AAE/g and 309.04 ± 42.15 μg AAE/g, respectively. These
findings contrast with those of previous studies conducted by Buruleanu et al. [16] and
Bach et al. [37]. Both studies indicated that brown Agaricus bisporus, especially portobello
mushrooms, have a greater ability to scavenge free radicals than white species. Additionally,
the DPPH scavenging levels of other mushrooms such as shiitake mushrooms were lower
than those of Agaricus bisporus. Considering various factors, such as the choice of extraction
solvent and the different growth environments of mushroom samples, the reason for these
differences may vary. However, in general, white cup mushrooms demonstrate strong
DPPH free radical scavenging activity.
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Figure 2. The estimation of antioxidant potential of ten kinds of mushrooms. (A) 2,2-diphenyl-
1-picrylhydrazyl (DPPH). (B) Ferric reducing antioxidant power (FRAP). (C) 2,2′-azino-bis-3-
ethylbenzothiazoline-6-sulfonic acid (ABTS). (D) Total antioxidant capacity (TAC). The data presented
represent the mean ± standard deviation of three replicates from accession. ANOVA and Tukey’s
test were used to determine the statistically significant difference at p < 0.05 as identified by different
letters. The codes for the mushroom samples are as follows: SM: shiitake mushroom; WBM: white
button mushroom; OM: oyster mushroom; SBM: Swiss brown mushroom; NM: needle mushroom;
WFM: white flat mushroom; OWM: organic white mushroom; WCM: white cup mushroom; BPM:
brown portobello mushroom; PFM: portobello flat mushroom.

The results of FRAP indicate that shiitake mushrooms exhibited the strongest iron-
reducing ability (165.32 ± 10.21 μg AAE/g), while the reducing ability of white cup mush-
rooms was significantly lower than that of other mushroom samples (97.84 ± 3.45 μg AAE/g).
These results differed markedly from those of other studies. Sharpe, et al. [38] found that
the FRAP value of shiitake mushrooms was lower than that of the other mushroom varieties
they examined. Islam, et al. [39] confirmed this point as well. They noted that among the
43 selected Chinese mushrooms, shiitake mushrooms did not demonstrate the strongest
antioxidant properties. The FRAP assay measures the ability of an antioxidant in a sample
to reduce the Fe3+ complex to the Fe2+ complex, thus determining the sample’s antioxidant
capacity. In general, researchers believe that in most cases, the results of antioxidant capac-
ity determination are consistent with the value of TPC [40]. In our study, we found that
the portobello flat mushroom has a TPC value of 276.98 ± 10.17 μg AAE/g, but it has the
lowest reducibility. On the other hand, the FRAP results of white flat mushrooms, brown
portobello mushrooms, and organic white mushrooms are consistent with the TPC value.
Further research is needed to understand the causes of these and similar conditions.

132



Processes 2023, 11, 1711

ABTS free radical scavenging is a sensitive test method used to evaluate the free
radical scavenging ability of phenolic compounds [39]. Antioxidants donate electrons
or hydrogen atoms to inactivate ABTS+ ions, causing a color change. According to the
ABTS test results, the strongest antioxidant capacity is demonstrated by the Swiss brown
mushroom (321.31 ± 5.7 μg AAE/g), followed by white cup mushroom (293.88 ± 14.61 μg
AAE/g) and needle mushroom (292.90 ± 6.08 μg AAE/g), and the weakest is the organic
white mushroom (201.47 ± 6.57 μg AAE/g). Bach et al. [37] found a strong correlation
between the ABTS free radical scavenging activity and the TPC in mushrooms, confirming
that the TPC has a direct impact on the antioxidant activity of mushroom samples.

The total antioxidant capacity (TAC) in mushroom samples is a comprehensive param-
eter that measures the cumulative effect of all antioxidants in the sample, rather than the
simple sum of various antioxidants [41]. The results of the TAC assay in this study indicate
that shiitake mushrooms have a significantly higher TAC value (24.52 ± 1.2 μg AAE/g)
compared to other mushroom varieties. The TAC values of portobello flat mushroom,
Swiss brown mushroom, and brown portobello mushroom were found to be similar, at
8.70 ± 0.78, 7.84 ± 0.1, and 6.78 ± 0.17 μg AAE/g, respectively. Some studies suggest that
this may be due to the fact that the stems of shiitake mushrooms are rich in true chitosan,
which is the source of potential antioxidant properties of shiitake mushrooms [42].

3.3. Tentative Phenolic Characterization by LC-ESI-QTOF-MS/MS

This study used LC-ESI-QTOF-MS/MS to tentatively characterize phenolic com-
pounds in ten mushroom samples. The isolated compounds were tentatively identified
using Agilent LC-ESI-QTOF-MS/MS Mass Hunter Qualitative Software and the Personal
Compound Database and Library (PCDL), by considering the MS spectra of m/z in the
positive and negative ion mode, and retention time (RT). Compounds with screening scores
greater than 80 (PCDL scores) and mass errors of ±5 ppm were listed in Table 1 for tentative
characterization and m/z validation. Overall, 22 phenolic compounds were identified in all
mushroom samples, including 11 flavonoids, 3 phenolic acids, 4 lignans, 2 stilbenes, and
2 other phenolic compounds.

3.3.1. Phenolic Acids

In the studied mushroom samples, three different phenolic acids were tentatively
characterized, belonging to two subclasses of phenolic acids, hydroxycinnamic acids
and hydroxyphenylpropanoic acids, respectively. Two compounds, cinnamic acid and
p-coumaroyl malic acid, were tentatively identified in the hydroxycinnamic acids subclass.
Cinnamic acid was detected in a variety of mushroom samples, including shiitake mush-
room, needle mushroom, white flat mushroom, brown portobello mushroom, portobello
flat mushroom, organic white mushroom and oyster mushroom, under the following con-
ditions: retention time RT = 4.53 min, and negative ion mode m/z = 147.0463. In a study
to identify phenolic compounds in 26 mushroom species, cinnamic acid was detected in
the majority of mushroom samples [43]. However, p-coumaroyl malic acid, with its unique
retention time of 3.65 min and negative ion mode ([M-H]− m/z = 279.0511), was mainly
identified in white flat mushroom, organic white mushroom, portobello flat mushroom,
and shiitake mushroom. This discovery is particularly innovative, as p-coumaroyl malic
acid has not been previously reported in mushroom studies, but was noted in the North
American herb, Echinacea purpurea (L.) Moench [44]. Compound 1 has a negative ion mode
at m/z = 357.0837 and was tentatively identified as dihydrocaffeic acid 3-O-glucuronide,
which was previously detected in hops and juniper berries [24].
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3.3.2. Flavonoids

Flavonoids are the main class of phenolic compounds. In this study, six flavonoid sub-
classes were tentatively characterized, including anthocyanins, dihydrochalcones, flavanols,
flavones, isoflavonoids. Of these, isoflavonoids detected three compounds, flavonols and
dihydrochalcones each detected two, and the remaining subclasses each detected one.

Isoflavonoids

Dalbergin was preliminarily characterized in the extracts of shiitake mushroom, por-
tobello flat mushroom and needle mushroom. The compound showed [M-H]− at an m/z
of 267.0666 and the chemical formula was C16H12O4. Dalbergin is a natural flavonoid
isolated from Dalbergia sissoo, Machaerium spp., Oxytrops falcate, Dalbergia odorifera and
some other plants [45]. Compound 5 was tentatively characterized as 2′,7-dihydroxy-4′,5′-
dimethoxyisoflavone under the condition of m/z of 315.0860 in the positive ion mode and a
retention time of 3.833 min. The compound was detected in brown portobello mushrooms,
needle mushrooms and white button mushrooms. It has also been detected in Lepidium
sativum, as reported by Kadam, et al. [46]. In addition, compound 6 with [M-H]− at
m/z = 457.1151 was identified as 6′′-O-acetyldaidzin, which was only detected in shiitake
mushroom. 6′′-O-acetyldaidzin is an ortho-glycosylated derivative of isoflavonoids, which
was detected in some soybeans and their products by LC-MS [47].

Flavanones and Flavonols

In the [M-H]− mode, flavonols (kaempferol 7-O-glucoside) was tentatively detected in
white button mushroom, and flavanones (eriocitrin) were detected om white flat mushroom
and oyster mushroom. Kaempferol 7-O-glucoside and eriocitrin were characterized at
m/z = 446.0858 and 595.1638, with retention times of 3.35 min and 54.24 min, respectively.
Research has shown that kaempferol 7-O-glucosinolates, which can be isolated from herba-
ceous plants, have effective anti-HSV-1 activity [48]. Eriocitrin is a disaccharide derivative
of eriodictyol. It was previously isolated and identified in lemon peel and pulp vesicles
using HPLC, 1H-NMR and 13C-NMR analyses [49].

Flavanols and Dihydroflavonols

Catechin is a flavanol commonly found in fruits and vegetables. Two catechin deriva-
tives were identified in mushroom samples. Compound 9 was initially characterized as (+)-
catechin 3-O-gallate with a retention time of 3.72 min and [M-H]− mode at m/z = 441.0783,
which was found in white button mushroom, organic white mushroom, and portobello flat
mushroom. Compound 10 was tentatively characterized as 4′-O-methyl-(-)-epigallocatechin
7-O-glucuronide with a retention time of 54.71 min and [M-H]− mode at m/z = 495.1164. It
was detected in white cup mushroom and white flat mushroom. These two compounds
were also identified by Peng, et al. [50] in their study of phenolic compounds in Aus-
tralian mangoes (Mangifera indica L.). In addition, two compounds, dihydroquercetin
3-O-rhamnoside and 3-hydroxyphloretin 2′-O-xylosyl-glucoside, were preliminarily char-
acterized in mushroom samples. Dihydroquercetin 3-O-rhamnoside was present in shiitake
mushroom and white flat mushroom, while 3-hydroxyphloretin 2′-O-xylosyl-glucoside
was only detected in brown portobello mushroom. Both compounds showed a nega-
tive ion mode at m/z of 449.1069 and 583.1692, respectively. Suprun, et al. [51] reported
that dihydroquercetin 3-O-rhamnoside is the main dihydroflavonol in white wine, while
Ramirez-Ambrosi et al. [5] identified 3-hydroxyphloretin 2′-O-xylosyl-glucoside in apple
products.

Anthocyanins

Two anthocyanins were tentatively identified in ten mushroom samples, both belong-
ing to anthocyanin cations (compounds 13 and 14). Compound 13, cyanidin 3-O-(6′′-acetyl-
glucoside), exhibits the [M-H]− mode at m/z of 490.1102 and is detected in almost all
mushroom samples, except brown portobello mushroom. Previous research has shown
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that it is found in multiple species of Zinnia elegans [52]. Remarkably, compound 14, identi-
fied as petunidin 3-O-(6′′-acetyl-glucoside), was uniquely characterized in the portobello
flat mushroom, displaying an [M-H]+ mode at an m/z of 522.1396. This is an innovative
discovery, as this specific compound has not been previously reported in mushrooms
according to the existing literature. Therefore, our study contributes novel insights to the
field, augmenting the knowledge of phenolic compounds present in different varieties of
mushrooms.

3.3.3. Lignans

In this study, four lignans (compounds 15–18) from ten mushroom samples were
tentatively characterized, and compounds 16–18 were detected in both [M-H]− and [M-H]+

modes. Schisandrin C was detected in oyster mushroom as compound 16 with [M-H]−
at m/z 383.1501 and [M+H]+ at m/z 385.1607. Compound 17 was detected in the [M+H]+

mode at m/z 417.2290 and 417.2282, and [M-H]− at m/z 415.2133. It was preliminarily
characterized as deoxyschisandrin and detected in brown portobello mushroom, shiitake
mushroom and white cup mushroom, while compound 18 was detected in the [M-H]+

mode at m/z 433.2222 and [M+H]− at m/z 431.2046 and 431.2100. It was preliminarily
characterized as schisandrin and detected in shiitake mushroom and needle mushroom.
Schisandrin, schisandrin C and deoxyschisandrin are anti-inflammatory active compounds
isolated from the fruit of Schisandra chinensis Baill. [53,54]. Compound 15 with [M-H]− at
m/z 375.1435 was detected in needle mushroom samples and preliminarily characterized
as todolactol A. This compound has been previously identified in Norway spruce by
Piispanen et al. [55].

3.3.4. Stilbenes and Other Polyphenols

The stilbenes composition identified only two compounds in negative ionization mode,
trans-resveratrol (m/z = 227.0706) and resveratrol 5-O-glucoside (m/z = 389.1240). Resvera-
trol is a phenolic compound with various biological activities. Kang, et al. [56] reported
that they had cultivated transgenic enoki mushrooms with resveratrol-producing ability.
Beekwilder, et al. [57] used transgenic Saccharomyces cerevisiae to produce trans-resveratrol
in culture. In addition, phenolics were characterized by using UHPLC-ESI/QTOF-MS on
Calligonum azel Maire, a Tunisian desert plant, and resveratrol 5-O-glucoside was detected
in this plant [58]. On the other hand, polyphenolic compound 21 exhibited [M-H]− at
m/z 319.1195 and was preliminarily characterized as 3,4-DHPEA-EDA. Compound 22
also exhibited [M-H]− at m/z 331.1923 and was initially identified as carnosic acid. The
mushroom samples containing 3,4-DHPEA-EDA were portobello flat mushroom and white
flat mushroom, while the mushroom samples containing carnosic acid were shiitake mush-
room, needle mushroom, and white cup mushroom. According to Akazawa, et al. [59],
3,4-DHPEA-EDA, the main phenolic compound of olive leaves was detected in cold-water
extracts of the leaves, in the form of an aglycone derivative. Carnosic acid is a diterpene
compound commonly found in sage and rosemary [60], which has not been previously
reported in mushroom species.

4. Conclusions

This study provides a comprehensive analysis of the antioxidant activities, phenolic
content, and LC-ESI-QTOF-MS/MS-based characterization of phenolic compounds in ten
distinct mushroom varieties. The analysis revealed significant differences in the total
polyphenols, flavonoids, and tannins among the tested mushroom varieties, as well as their
antioxidant activities. The strength of this study lies in its comprehensive assessment of the
phenolic compounds and antioxidant activities in various mushroom samples, contributing
to the robustness of the findings and expanding our knowledge of the phenolic content in
mushrooms. In addition, 22 phenolic compounds, including flavonoids, phenolic acids,
lignans, stilbenes, and other phenolic compounds, some of which have not been previously
reported in the literature, have been tentatively identified. Particularly noteworthy in
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underlining the innovative aspect of this research is the discovery of previously unreported
compounds, including p-coumaroyl malic acid and petunidin 3-O-(6′′-acetyl-glucoside),
in a diverse selection of mushroom varieties such as organic white mushrooms, thereby
filling a significant gap in the existing literature. The findings of this study not only inform
consumers, researchers, and industry professionals about the potential health benefits
of mushrooms but also pave the way for future research on their potential therapeutic
applications or as functional ingredients in food products. However, it is essential to
consider the influence of various factors, such as extraction solvents, growth environments,
and cultivation substrates, on the phenolic content and antioxidant activities of mushrooms.
Further research on mushrooms in terms of phenolic compounds is needed to better
understand these effects. Overall, this study highlights the importance of mushrooms as a
source of health-promoting phenolic compounds and antioxidants, which can contribute to
the development of functional foods and nutraceuticals.
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Abstract: Acidic compounds constitute a group of chemicals present in mainstream cigarette smoke,
among which organic acids contribute to flavoring. In order to obtain a comprehensive understanding
of the constituents of acidic compounds in both the particulate and gaseous phases of the mainstream
smoke of commercial cigarettes, and to delineate the difference between two types of cigarettes, the
yields of acidic constituents from nine cigarettes of two commercial brands (L- and M-types) were
collected and analyzed in detail by gas chromatography–mass spectrometry (GC-MS). The results
identified and quantitatively analyzed 46 compounds, grouped according to the substituent groups.
Compositional differences between the two cigarette types were evaluated with statistical approaches.
Comparison between individual, grouped, and total acid contents, between the particulate and
the gaseous phases, and between the commercial L- and M-type tobaccos were conducted and
characterized by the p values obtained from Student’s t-test. Multivariate analysis was performed
using principal component analysis (PCA) and orthogonal projections to latent structures discriminant
analysis (OPLS-DA) models to identify the acids that enable a reliable differentiation of the two
types. Seventeen acidic compounds whose p < 0.05 and variable importance in projection (VIP) > 1
were identified as key components that could discriminate between the two groups of commercial
cigarettes. This study may be beneficial for the development of non-combusted tobacco products,
which could serve as alternatives to traditional cigarettes.

Keywords: mainstream cigarette smoke; acidic gas phase; particle phase; acidic compounds; multi-
variate analysis

1. Introduction

In recent decades, a substantial body of evidence has emerged linking cigarette smok-
ing to a range of significant health risks, including lung cancer, other forms of cancer, chronic
obstructive pulmonary disease, stroke, liver disease, and coronary heart disease [1–5]. As a
preventable cause of death worldwide, cigarette smoking is a matter of considerable public
health concern. In addition to the harmful substances found in mainstream cigarette smoke,
environmental tobacco smoke, which is composed of exhaled mainstream smoke and
sidestream smoke, also contains known carcinogens and toxic compounds [6]. Nonsmokers
who are exposed to environmental tobacco smoke over long periods are also at risk of
developing lung cancer. In an effort to address these health concerns, alternative smokeless
and non-combusted tobacco products, such as e-cigarettes and heat-not-burn devices, have
been developed as potential substitutes for traditional cigarettes [7,8]. These products are
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expected to release fewer harmful chemicals as they do not undergo combustion, which is
beneficial to cancer prevention [9–12].

Mainstream cigarette smoke (MCS) is an extremely complex aerosol composed of
condensed liquid droplets (particulate phase) and a mixture of gases and volatile com-
pounds (gaseous phase). Thousands of chemicals, including ketones, hydrocarbons, ethers,
amides, carboxylic acids, alkaloids, and phenols, most of which are at trace level, have been
identified in tobacco smoke [13–15]. In-depth characterization of the chemical composition
of MCS is important for evaluating its impact on human health and developing strategies
to reduce its harmful effects. However, complicated interactions between these compounds,
such as synergistic, additive, or inhibitive effects, make it quite challenging. Knowledge of
the characteristic chemical constituents of MCS profiling and the chemical basis of different
tobacco types can also be used to determine the processes involved during smoking and
the flavor descriptions of tobacco [16]. Flavoring and flavor-enhancing chemicals can be
used in the development of non-combusted products [17]. Moreover, it is also critical
to characterize both the particulate and gaseous phases separately due to their differing
effects on smokers and non-smokers. The particulate phase is more strongly associated
with health risks for smokers, whereas non-smokers are more impacted by constituents in
the gas phase during passive smoking [18].

Acidic compounds comprise a group of chemicals in mainstream cigarette smoke and
tobacco essential oil, of which organic acids contribute to the flavor of tobacco [19]. Despite
their potential significance, acidic compounds in tobacco smoke and the differences be-
tween different tobacco types have received relatively little attention in the literature. Thus,
the aim of this study is to provide a comprehensive analysis of the constituents of acidic
compounds in both the particulate and gaseous phases of mainstream cigarette smoke from
commercial brands. The present investigation involved the collection of acidic constituent
yields from nine cigarettes of two commercial brands, which were subsequently analyzed
using gas chromatography–mass spectrometry (GC-MS). Before GC-MS, derivatization of
high-polarity and high-boiling-point compounds by trimethylsilylation was performed [20].
The present study offers an in-depth description of the acidic compounds that exist in main-
stream cigarette smoke, thus enhancing our comprehension of the chemical constituents of
tobacco smokes of two different types.

2. Materials and Methods

2.1. Materials

Nine commercial cigarettes, including five Virginia (L-type) and four blend types
(M-type), were used in this study. They were all purchased from local stores in China.
Characterization of the cigarette samples, including tobacco type, tar content, and nicotine
content, of the samples are listed in Table 1. Standards of the organic acid listed in Table 2,
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA), phenethyl phenylacetate, and benzene-
d6 were all purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). The
CX-572 (20/45 mesh) cartridge was purchased from Merck Inc. (St. Louis, MO, USA).

Table 1. Characterization of nine commercial cigarette samples used in this study.

Sample
Tobacco

Type
TPM a

(mg/cigarette)

Labelled Tar
Content

(mg/cigarette)

Measured Tar
Content

(mg/cigarette)

Water
Content

(mg/cigarette)

Nicotine
Content

(mg/cigarette)

CO
(mg/cigarette)

L1 Virginia 13.38 10.0 10.81 1.66 0.90 9.93

L2 Virginia 9.50 8.0 8.13 0.69 0.68 10.02

L3 Virginia 13.78 11.0 11.43 1.41 0.95 10.94

L4 Virginia 13.39 11.0 10.80 1.66 0.93 10.13

L5 Virginia 14.80 11.0 12.12 1.68 1.00 11.61

M1 Blend 11.08 10.0 9.13 1.15 0.81 10.07
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Table 1. Cont.

Sample
Tobacco

Type
TPM a

(mg/cigarette)

Labelled Tar
Content

(mg/cigarette)

Measured Tar
Content

(mg/cigarette)

Water
Content

(mg/cigarette)

Nicotine
Content

(mg/cigarette)

CO
(mg/cigarette)

M2 Blend 10.57 10.0 8.86 1.00 0.71 10.02

M3 Blend 8.67 8.0 7.04 0.97 0.66 8.03

M4 Blend 9.99 8.0 8.34 0.91 0.74 9.27
a TPM, total particle matter.

Table 2. Acidic components identified in the mainstream tobacco smoke.

Retention
Time/min

CAS Number of the
TMS Compound

Compound Formula
Quantitative

Ion
Qualitative

Ion
k a Chemical

Group b

11.80 64-18-6 Formic Acid CH2O2 103 75 3.653 1

14.01 18147-36-9 Acetic Acid C2H4O2 117 75 3.078 1

17.05 13688-55-6 Acrylic Acid C3H4O2 129 75 0.03578 2

17.47 16844-98-7 Propionic Acid C3H6O2 131 75 2.541 1

21.17 16883-61-7 2-methylpropionic
Acid C4H8O2 145 117 1.998 3

22.88 55557-14-7 2-methylbutyric
Acid C5H10O2 159 117 0.03578 3

23.31 86254-80-0
Crotonic

Acid/2-butenoic
Acid

C4H6O2 143 99 0.03578 2

23.39 55557-13-6 Isovaleric Acid C5H10O2 159 117 2.092 3

25.39 26429-16-3 Valeric Acid C5H10O2 159 177 1.952 2

26.78 55517-33-4
2-methyl-2-ene-

butyric
Acid

C5H8O2 157 83 1.501 8

27.68 88239-45-6 2-pentenoic Acid C5H8O2 157 113 2.256 2

27.77 98983-20-1 3-methylpentanoic
Acid C6H12O2 173 117 1.744 3

28.09 35707 c 4-methylpentanoic
Acid C6H12O2 173 131 1.729 3

28.68 1529-17-5 Phenol C6H6O 166 151 1.737 4

28.80 17596-96-2 Lactic Acid C3H6O3 147 117 0.03578 5

29.49 14246-15-2 Caproic Acid C6H12O2 173 117 1.815 1

29.53 33581-77-0 Glycolic Acid C2H4O3 147 177 4.776 5

30.01 55887-51-9 Pyruvic Acid C3H4O3 147 217 3.671 5

31.63 55133-93-2 2-hydroxybutyric
Acid C4H8O3 131 147 2.522 5

31.91 N/A Levulinic Acid C5H8O3 173 145 0.8642 5

32.00 1009-02-5 o-cresol C7H8O 165 180 2.604 4

32.08 55887-53-1 2-furancarboxylic
Acid C5H4O3 125 169 2.612 6

32.41 55162-32-8 3-hydroxypropionic
Acid C3H6O3 147 219 0.03578 5
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Table 2. Cont.

Retention
Time/min

CAS Number of the
TMS Compound

Compound Formula
Quantitative

Ion
Qualitative

Ion
k a Chemical

Group b

32.86 17902-32-8 p-cresol C7H8O 165 180 4.457 4

32.95 N/A 3-hydroxy-butyric
Acid C4H8O3 147 191 3.552 5

34.94 N/A Furanacetic Acid C6H6O3 198 154 0.03578 6

35.67 N/A
2-hydroxymethyl-

butyric
Acid

C5H10O3 147 247 0.03578 5

36.70 2078-12-8 Benzoic Acid C7H6O2 179 135 2.621 7

38.49 N/A Phenylacetic Acid C8H8O2 164 193 0.03578 7

39.17 88964 c
3-methyl-2-

furancarboxylic
Acid

C6H6O3 139 198 0.03578 6

39.23 5075-52-5 Catechol C6H6O2 254 239 1.763 4

39.56 38191-87-6 Glyceric Acid C3H6O4 189 292 0.3 8

42.31 2117-24-0 Quinol/Resorcinol C6H6O2 239 254 3.44 4

43.79 34084 c
2-isopropyl-3-

carbonyl-butyric
Acid

C7H12O3 273 183 0.03578 8

45.12 65143-63-7 Malic Acid C4H6O5 147 233 0.9153 5

46.95 17864-23-2 1,2,3-glycinol C6H6O3 239 342 3.895 4

47.41 38191-88-7 Threonic Acid C4H8O5 147 292 0.03578 5

47.83 3782-84-1 m-hydroxy-benzoic
Acid C7H6O3 267 282 2.109 7

53.70 N/A Vanillic Acid C8H8O4 297 312 0.9181 7

56.30 18603-17-3 Tetradecanoic
Acid/Myristic Acid C14H28O2 285 285 0.4972 1

61.53 55520-89-3 Palmitic Acid C16H32O2 313 145 0.163 1

65.59 56259-07-5 Linoleic Acid C18H32O2 337 262 0.03578 2

65.74 97844-13-8 Linolenic Acid C18H30O2 335 108 0.03429 2

65.97 96851-47-7 Oleic Acid C18H34O2 339 117 0.06894 2

66.32 18748-91-9 Octadecanoic Acid C18H36O2 341 117 0.1029 1

70.72 55530-70-6 Stearic Acid C20H40O2 369 117 0.03 1
a. Slope of the calibration curve y = k*x, whereas y and x corresponding to the peak area and concentration of the
compound, respectively. Correlation coefficients R2 for all the calibration curves are > 0.99. b. Chemical class: 1,
carboxylate acid with straight alkyl chain; 2, unsaturated acid; 3, carboxylate acid with branched alkyl chain; 4,
phenols; 5, acid with a hydroxyl/carbonyl substitution; 6, alkyl chain of the acid bearing a furan ring; 7, alkyl
chain of the acid bearing a benzene substitution; 8, acid with more than one substituent group. c. CAS No. was
not available, therefore NIST library ID was provided.

2.2. Methods
2.2.1. Sample Preparation

The cigarettes were equilibrated under conditions of 22 ± 1 ◦C, relative humidity
60 ± 3% for 48 h before smoking. Mainstream cigarette smoke was generated under an
ISO machine smoking regimen [21] using a linear smoking machine (SM 450, Cerulean,
Milton Keynes, UK). The particulate phase of the mainstream cigarette smoke was collected
using 44 mm Cambridge filter pads and the gaseous phase was collected using a CX-572
cartridge with 300 mg of carbon molecular sieves. After smoking, the Cambridge filter
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pad was cut into two pieces and extracted with 6 mL CH2Cl2 containing 50 μL of internal
standard solution (9.35 mg/mL benzene-d6 and 9.06 mg/mL phenethyl phenylacetate)
under sonication for 30 min. After that, the liquid extract was filtered and analyzed.
Adsorbent in the CX-572 cartridge was transferred into a 15-mL vial. After adding 4 mL
CH2Cl2 (at a speed controlled at 1 mL/min) and 50 μL of mixed internal standard solution
(9.35 mg/mL benzene-d6 and 9.06 mg/mL phenethyl acetate), the vial was shaken for 2 h
and the liquid was collected afterwards.

2.2.2. Derivatization Procedures

Trimethylsilyl (TMS) derivation is routinely used in GC to increase the volatility and
stability of the acidic compounds [22]. In this study, trimethylsilylation of the acidic compounds
in the collected samples was performed using N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA)
as the derivatizing agent prior to GC-MS analysis. The extract solution was filtered through
a PTFE membrane with 0.45-μm pore size, 1 mL of which was transferred into a glass gas
chromatography vial. Then, 100 μL of BSTFA was added to the vial, which was sealed and
heated to 60 ± 1 ◦C for 40 min using a water bath to complete the derivatization. After that,
the sample was cooled to room temperature and analyzed by GC-MS.

2.2.3. GC-MS Conditions

Analysis was carried out on an Agilent 7890B gas chromatography instrument coupled
with an Agilent 5977C mass spectrometer (Agilent Technologies, Palo Alto, CA, USA). Sepa-
ration was achieved with a J&W DB-5ms fused silica capillary column (60 m × 0.25 mm i.d.,
1-μm film thickness) from Agilent Technologies, USA. High-purity helium was used as
carrier gas and was maintained at 1 mL/min. The injection volume was 1 μL, and the
split ratio was 10:1. The inlet temperature and the transfer line temperature were both
set at 280 ◦C. The oven temperature program was as follows: the initial temperature was
kept at 40 ◦C for 3 min, increased to 280 ◦C at a rate of 4 ◦C/min, and kept at 280 ◦C for
20 min. The spectrometer was operated in the electron ionization (EI) mode (70 eV). The
scan range was set at 35–450 amu. The ionization source temperature was fixed at 280 ◦C.
Data were collected under both the full scan and selected ion monitoring (SIM) modes.
The identification of compounds was based on the National Institute of Standards and
Technology (NIST) 14 library (matching score > 70) and by comparison with standards. The
slopes of the calibration curves for each of the acids are also provided in Table 2.

2.2.4. Multivariate Analysis

Multivariate analysis of principal component analysis (PCA) and orthogonal pro-
jections to latent structures discriminant analysis (OPLS-DA) was performed using the
Umetrics SIMC 14.1 software. Unsupervised PCA was firstly performed, followed by
supervised OPLS-DA model. Differences between the L- and the M-groups were evaluated.

3. Results

3.1. Constituents of Acids in the Particulate and the Gaseous Phases

Representative total ion chromatograms of the TMS derivatives of acidic compounds
in the particulate and gaseous phases of the mainstream cigarette smoke are shown in
Figure 1, and the identified peaks are listed in Table 2, where a total number of 46 acidic
compounds were identified.

Contents of the individual acids are listed in Tables S1 and S2 and presented in
Figure 2. Major acids in the particulate phase are carboxylic acids with straight chains,
while those in the gaseous phase are palmitic acid, octadecanoic acid, acetic acid, and formic
acid (Figure 2a,b). A number of acids were identified in the particulate phase of iQOS, a
commercial heated tobacco product. Acetic acid, palmitic acid, linolenic acid, propanoic
acid, oleic acid, linoleic acid, 3-methylpentanoic acid, 3-methyl-2-furancarboxylic acid,
2-methylbutanoic acid, 3-methylbutanoic acid, and myristic acid, which were among the
identified acids in this work, were also identified in the total particulate matter of iQOS and
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in cigarette smoke [23]. Moreover, octadecanoic acid, pentadecanoic acid, arachidic acid,
(9Z,12Z)-18-hydroxy-9,12-octadecadienoic acid, palmitoleic acid, butanoic acid, behenic
acid, 5-oxo-1-tetradecyl-3-pyrrolidinecarboxylic acid, lignoceric acid, stearidonic acid,
and 3-methylpalmitic acid were identified in this work. In another work, acetic acid,
formic acid, glycolic acid, lactic acid, and succinic acid were among the major acids in
the mainstream and sidestream of four varieties of tobacco [20]. In contrast, formic acid,
acetic acid, and levulinic acid were identified in e-cigarette aerosol by high-performance
liquid chromatography–high-resolution mass spectrometry (HPLC-HRMS) [24]. Clearly,
the acidic constituents of cigarette smoke are highly correlated with the tested samples. It is
worth noticing that, given the fact that certain weak organic acids, including but not limited
to citric acid, acetic acid, butyric acid, lactic acid, and 2-methyl butyric acid, are among
the permitted additives and flavorings to tobacco products [25], their addition could also
contribute to the acidic components in the tobacco smoke of the commercial samples.

Figure 1. Total ion chromatogram (TIC) of sample M2: the particulate phase (black color) and the
gaseous phase (blue color).

3.2. Acid Contents

The total amount of acid compounds in both the particulate and the gaseous phases
for all the samples are presented in Figure 3. All the acids were grouped according to
the substituent groups on the alkyl chain. No significant difference in the gaseous phase
(p = 0.0857) was found between the two groups (Figure 3b). Nevertheless, the high content
of acids with straight or unsaturated chains is clear.

According to the chemical structure, the identified acids were categorized into eight
groups, including carboxylate acid with straight alkyl chain, unsaturated acid, carboxylate
acid with branched alkyl chain, phenols, acid with a hydroxyl/carbonyl substitution, alkyl
chain of the acid bearing a furan ring, alkyl chain of the acid bearing a benzene substitution,
and acid with more than one substituent group. In the particulate phase (Figure 3a), acids
with a straight saturated or unsaturated alkyl chain dominate. For those in the gaseous
phase, most have straight alkyl chains with lengths ranging from C1 to C20.
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Figure 2. Heat map showing concentrations of the identified acids (μg/mg tar) in the mainstream
smoke of different cigarettes: (a) particulate phase, (b) gaseous phase, as well as (c) the ratios between
the particulate and the gaseous phases. Acids and sample types are presented on the y- and x-axes,
respectively. Contents of the acids (μg/mg tar in a cigarette) are presented in the logarithm form.
Student’s t-test was performed to test whether the apparent differences between acid components of
L- and M- types of tobacco were statistically significant (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001).
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Figure 3. Total acid contents in the (a) particulate and (b) gaseous phases of different cigarettes,
grouped according to the substituent groups on the alkyl chain. The identified acids were catego-
rized into eight groups according to the substituent groups. 1, carboxylate acid with straight alkyl
chain; 2, unsaturated acid; 3, carboxylate acid with branched alkyl chain; 4, phenols; 5, acid with a
hydroxyl/carbonyl substitution; 6, alkyl chain of the acid bearing a furan ring; 7, alkyl chain of the
acid bearing a benzene substitution; and 8, acid with more than one kind of substituent group.

3.3. Acid Content Difference between the Particulate and the Gaseous Phases

Acids in the gaseous phase account for 7.6 ± 1.6% and 6.4 ± 2.6% of all those in the
particulate and the gaseous phases for the L- and the M-type, respectively, whereas no
significant difference was observed between the two types. Decreased acidity of tobacco
emission has been reported to increase the amount of nicotine into blood [26]. In the
mainstream smoke, >99% nicotine is in the particulate phase. Strong interaction between
the acid compounds and the basic nicotine is expected, which hinders the emission of
organic acids to the gaseous phase.

The ratio of individual acid content between the particulate and the gaseous phases of
MCS was also calculated and presented in Figure 2c. Overall, organic acids with straight or
branched alkyl chain, including those long-chain fatty acids, are relatively more abundant
in the gaseous phase, as opposed to those acids bearing hydroxyl, furan, or phenol groups.
As the boiling points of long-chain fatty acids are relatively high or equivalent to those
preferably accumulating in the particulate phase, their distribution between the gaseous
and the particulate phases are not simply dominated by their volatility. One possible
explanation is that polycyclic aromatic hydrocarbons (PAHs), tobacco-specific nitrosamines
(TSNAs), and phytosterols were found almost exclusively in the particulate phase [27],
and hydrogen-bonding interactions between these compounds and acids with the above-
mentioned hydroxyl, furan, and phenol groups are stronger than those with straight or
branched alkyl groups.

3.4. Acid Content Difference between the L- and the M-Types

The content differences of individual acids and of each acid group between the L- and
the M-types are labelled in Figure 2a (individual acid in the particulate phase), Figure 2b
(individual acid in the gaseous phase), and Table 3 (acid groups). In the particulate phase,
significant difference (p ≤ 0.05) between the L- and the M-types was observed for 26 acids,
including 2-methyl-propionic acid, 2-methyl-butyric acid, 3-methyl-butyric acid, valeric
acid, 3-methyl-pentanoic acid, 4-methyl-pentanoic acid, lactic acid, glycolic acid, 2-carbonyl-
propionic acid, 3-hydroxy-propionic acid, and 3-hydroxy-butyric acid, etc. Among these
acids, the contents of seven acids were found to be highly, significantly different (p ≤ 0.001).
Most of these acids have a substituent group attached to the short alkyl chain. For the
gaseous phase, the number was 12 (p ≤ 0.05) and two (p ≤ 0.001). Moreover, significant
difference in acid content was observed for four acid groups identified in the particulate
phase, while the number was two for the gaseous phase (Table 3). For total acid contents, no
significant difference was observed between the M- and L-groups, in neither the particulate
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phase nor the gaseous phase. These results clearly show that the major difference between
the L- and the M-types lies in the individual acid/acid groups of the particulate phase.

Table 3. Differences in the grouped acids between cigarettes samples (L- vs. M-types).

Chemical Group

1 2 3 4 5 6 7 8

Particulate Phase * *** *** **
Gaseous Phase * **

Note: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

3.5. Multivariate Analysis

Multivariate analysis with PCA and OPLS-DA methods was performed on the basis of
the 46 acids identified in the particulate phase to reduce data dimensionality. PCA results
(Figure 4) clearly show clustered L- and the M-groups, confirming that there are differences
underlying the acidic components of the two groups. The first two principal components
accounted for 88.1% (R2X) of the total variance. As the first principal component (PC1)
and the second one (PC2) account for 50.5% and 37.6% of the variance, respectively, they
can represent the majority information of the cigarette samples. The cumulated predictive
ability of the model Q2 (cum) 0.772 (>0.05) indicates the quality of the model.

Figure 4. PCA biplot diagram of acid components of the tested cigarette samples (N = 9): blue
symbols, M-group; red symbols, L-group; green symbols, individual acid. Cigarette samples were
divided into two clusters. The x- and y-axes represent the re-scaled scores and loadings of the first
component (PC1) and the second one (PC2), respectively. 1, formic acid; 2, acetic acid; 3, acrylic
acid; 4, propionic acid; 5, 2-methyl-propionic acid; 6, 2-methyl-butyric acid; 7, 2-ene-butyric acid;
8, 3-methyl-butyric acid; 9, valeric acid; 10, 2-methyl-2-ene-butyric acid; 11, 2-pentenoic acid; 12,
3-methyl-pentanoic acid; 13, 4-methyl-pentanoic acid; 14, phenol; 15, lactic acid; 16, caproic acid; 17,
glycolic acid; 18, 2-carbonyl-propionic acid; 19, 2-hydroxy-butyric acid; 20, levulinic acid; 21, o-cresol;
22, 2-furancarboxylic acid; 23, 3-hydroxy-propionic acid; 24, p-cresol; 25, 3-hydroxy-butyric acid;
26, furanacetic acid; 27, 2-hydroxymethyl-butyric acid; 28, benzoic acid; 29, phenylacetic acid; 30,
3-methyl-2-furancarboxylic acid; 31, catechol; 32, 2,3-dihydroxy-propionic acid; 33, quinol/resorcinol;
34, 2-isopropyl-3-carbonyl-butyric acid; 35, malic acid; 36, 1,2,3-glycinol; 37, threonic acid; 38, m-
hydroxy-benzoic acid; 39, vanillic acid; 40, tetradecanoic acid; 41, palmitic acid; 42, linoleic acid; 43,
linolenic acid; 44, oleic acid; 45, octadecanoic acid; 46, eicosanic acid.
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Compared with the PCA model, the OPLS-DA approach is a powerful statistical
modeling tool to discriminate between two groups [28,29]. The results in Figure 5a also
demonstrate separation between the two groups. The R2X of the OPLS-DA was 0.798, indi-
cating that 79.8% of the variation in the cigarette samples could be modeled by the selected
components, while R2Y = 0.976 indicates that the model was well-fitted. Predictability
Q2 = 0.905 is an indication of the good predictivity of the model. In addition, diagnostics
such as permutation testing are of high importance to avoid overfitting. The intercept of
the blue regression line of the Q2-points in Figure 5b is (0, −0.838), which strongly indicates
that the model is valid. These results overall proved that a combination of the acid contents
in the particulate phase with multivariate statistical analysis could effectively differentiate
between the two types of cigarettes.

Figure 5. The OPLS-DA model of the two-class separation: (a) the scatter plot of the scores t [1]
vs. to [1], (b) the permutations plot, and (c) the variable importance of the projection (VIP) plot.
Particulate phase. Intercepts of plots in (b): R2 = (0.0, 0.485), Q2 = (0.0, −0.838). In (c), 1, formic
acid; 2, acetic acid; 3, acrylic acid; 4, propionic acid; 5, 2-methyl-propionic acid; 6, 2-methyl-butyric
acid; 7, 2-ene-butyric acid; 8, 3-methyl-butyric acid; 9, valeric acid; 10, 2-methyl-2-ene-butyric acid;
11, 2-pentenoic acid; 12, 3-methyl-pentanoic acid; 13, 4-methyl-pentanoic acid; 14, phenol; 15, lactic
acid; 16, caproic acid; 17, glycolic acid; 18, 2-carbonyl-propionic acid; 19, 2-hydroxy-butyric acid; 20,
levulinic acid; 21, o-cresol; 22, 2-furancarboxylic acid; 23, 3-hydroxy-propionic acid; 24, p-cresol; 25,
3-hydroxy-butyric acid; 26, furanacetic acid; 27, 2-hydroxymethyl-butyric acid; 28, benzoic acid; 29,
phenylacetic acid; 30, 3-methyl-2-furancarboxylic acid; 31, catechol; 32, 2,3-dihydroxy-propionic acid;
33, quinol/resorcinol; 34, 2-isopropyl-3-carbonyl-butyric acid; 35, malic acid; 36, 1,2,3-glycinol; 37,
threonic acid; 38, m-hydroxy-benzoic acid; 39, vanillic acid; 40, tetradecanoic acid; 41, palmitic acid;
42, linoleic acid; 43, linolenic acid; 44, oleic acid; 45, octadecanoic acid; 46, eicosanic acid.

The variable importance in projection (VIP) scores reflect both the loading weights
of each component and the variability of the response explained by this component. In-
formation on the VIP of the acids is presented in Figure 5c and Table S3. In Figure 5c,
the VIP plot is sorted from high to low, and the acids whose VIP is higher than one (an
indication of ‘important’ variables) are colored in red, while those with VIP < 1.0 are in
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blue. A number of 24 acids, including 3-methyl-pentanoic acid, 2-methyl-butyric acid,
3-hydroxy-propionic acid, and 2-hydroxymethyl-butyric acid, were identified as main
components in discriminating between the L- and the M-groups.

In general, variables with VIP > 1.0 and p < 0.05 are considered significant to contribute
to the model and are identified as markers differentiating between the two groups [30]. The
p values reflect the compositional difference of individual compound between groups, while
the VIP value higher than one suggests that this compound contributes significantly to inter-
group difference. These acids include 3-methyl-pentanoic acid, 2-methyl-butyric acid, 3-
hydroxy-propionic acid, 2-hydroxymethyl-butyric acid, 3-methyl-butyric acid, glycolic acid,
o-cresol, 2-isopropyl-3-carbonyl-butyric acid, 2-methyl-propionic acid, malic acid, p-cresol,
linolenic acid, tetradecanoic acid, caproic acid, m-hydroxy-benzoic acid, eicosanic acid,
and 3-methyl-2-furancarboxylic acid, in order of decreasing VIP values. These compounds
could be useful for establishing fingerprints of the tobacco products.

4. Conclusions

A comprehensive investigation was conducted to determine the concentration of
acidic compounds in both the particulate and gaseous phases of mainstream cigarette
smoke. The study involved comparative analysis of two commercially available cigarette
types, namely the L-type and M-type. A total of 46 acids were analyzed qualitatively and
quantitatively using GC-MS. The results indicated that the concentrations of acids in the
gaseous phase were much lower than those in the particulate phase. Acids with straight
or unsaturated chains were found to be more abundantly present in the gaseous phase,
which could be attributed to their high volatility or weaker interaction with compounds
in the particulate phase. Significant differences (p < 0.05) in acid content between the L-
and M-types were observed for 26 acids in the particulate phase, and 12 in the gaseous
phase. Multivariate statistical analysis using PCA and OPLS-DA models successfully
differentiated between the two tobacco types. These findings may be instrumental in the
development of non-combusted tobacco products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr11061694/s1, Table S1: Contents of the identified acids in
the particulate phase (μg/mg tar).; Table S2. Contents of the identified acids in the gaseous phase
(μg/mg tar). Table S3: VIP values of individual acid.
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Abstract: Carotenoids are important phytochemicals contributing nutritional health benefits in the
human diet, with a significant contribution from cereals as one of the major food component around
the world. Different methods have been described and adopted for the extraction and isolation
of carotenoid compounds. Saponification can be seen as an option for carotenoid extraction from
cereals as it converts retinol esters to retinol and removes other abundant compounds such as
triglycerides. Extraction of carotenoids content of locally adapted and organic cereals have been
limitedly investigated and was, therefore, evaluated in the present study, with a specific aim to
understand genotypic and local cultivation effects and interactions. Therefore, 17 diverse cereal
genotypes of local origin were grown organically in four localities and evaluated for carotenoid
content and composition by HPLC. The results showed a large variation in content and composition of
carotenoids in locally adapted and organically grown cereal genotypes, with lutein as the dominating
type in wheat and rye, while zeaxanthin was the dominating type in barley. High-level genotypes
showed values (9.9 mg/kg of total carotenoids) similar to the highest values previously reported in
specific types of wheat. The barley genotypes showed relatively high stability in carotenoids content
within and between cultivation locations, while large interactions were found with the cultivation
location for the rest of the genotypes, indicating their local adaptation. The local adaptation of the
cereal genotypes evaluated contributes large opportunities for local production of high value, highly
nutritious food products, while the direct value of these genotypes for conventional plant breeding
for varieties performing similar over broad environmental ranges, are more limited.

Keywords: organic wheat genotypes; saponification; carotenoids; lutein content; environmental effects

1. Introduction

Cereals are the most important type of crops in terms of quantity available for food
production to the human population [1–3]. The three major crops contributing to human
food are wheat, maize, and rice, all three belonging to the cereal group of crops [1]. The total
harvest of these three crops, are 2.5 billion tonnes, which contributes 42% and 37% of the
human calorie and protein supply, respectively, thereby making these crops outstanding for
human food security [4]. However, within the Nordic hemisphere, only wheat among these
three can be grown, but other cereals such as barley, rye, and oats are instead making an
important contribution to the cereals share in the human diet [5]. Similarly to other regions
of the world, locally adapted cultivars have been developed in the Nordic regions, of crops
traditionally in use [6]. Such traditionally grown cultivars (landraces) are often adapted to
the local environment in which they have been grown, including an adaptation to the local
climatic and soil conditions [7]. Recent studies have also indicated that some traditionally
grown cultivars have a good capability for uptake and transportation of, e.g., minerals to
the grain, resulting in a high nutritional value of the grains [8,9].

Food from organically produced crops is increasingly desired from consumers, mainly
due to an increasing concern for the threat to the global environment and human health
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issues [10,11]. Concerned consumers are assuming organic production to contribute to
less chemicals being used in agriculture, to increased biodiversity in organic production
systems and to the production of food that contribute with human health attributes [11,12].
Although the results differ in various studies, some indications are available of organically
produced food being richer in minerals and phytochemicals than conventionally produced
food [8,9,11].

Cereals contain a number of phytochemicals [13], carotenoids being one of those,
present in various amounts in cereals [14,15]. Despite being present in relatively low
amounts in cereals, the generally high intake of cereals as being the staple in many countries,
make cereals an important contributor of carotenoids in the human diet [16]. Cereals are
known to be particularly rich in the carotenoids lutein and xeazanthin [17–20], where
previous results have indicated that 40% of the daily requirement of lutein can be obtained
from wheat [16]. Both mentioned compounds contribute positively to human health
benefits, as they are known to promote the health of skin and eyes and to reduce the risk of
cardiovascular diseases [21,22].

Analytical methods used for the extraction, isolation, and quantification of carotenoids
are an important factor for accurate estimation of carotenoid compounds [23]. In fact, these
compounds are easily degraded by different extraction procedures because of varying
affinity between solvents and carotenoid compounds [24]. Due to wide range of polarity
among carotenoid compounds different solvents are used, e.g., xanthophylls are extracted
by polar solvents, i.e., alcohols and acetones, whereas carotene are extracted by nonpolar
solvents [23]. Therefore, content of carotenoid compounds is often underestimated due to
extraction procedure and solvent used. Due to these circumstances, saponification may be
a suitable option for carotenoid extraction from cereals as it converts retinol esters to retinol
and remove the other abundant compounds such as triglycerides. Furthermore, chlorophyll
in samples is also destroyed through saponification as it interferes with spectrometric
measurements [25].

A number of studies have evaluated the content and composition of carotenoids in
cereals [26–30] although the majority of these studies have focused on wheat. Knowledge
related to impact of organic production and local adaptation for nutritional value when it
comes to carotenoids of cereals is basically lacking. Thus, despite the fact that consumers
are willing to cover extra cost for (i) local production, (ii) organic production, and (iii) food
from traditional varieties, with the expectation of a healthier food intake [30,31], few
scientific studies have been undertaken to evaluate content and composition of nutritional
components in such food related crops.

The aim of the present study was to evaluate the content of various carotenoids
in locally adapted and organically produced cereals. Effect of genotype and locality on
the content, as well as stability over and within locations, were evaluated in order to
understand mechanisms for variation in content of carotenoids in traditionally grown
cereals in Sweden. Due to recent interest in cereal carotenoids, the importance of wheat
and other cereals has been increased during the last few years. Thus, the present study also
focused on the role of β-carotene and β-cryptoxanthin in general and lutein in particular
with respect to human health and daily intake contribution from different cereals.

2. Materials and Methods

2.1. Chemicals

Standards of α-carotene, β-carotene and lutein were obtained from Sigma (Schnelldorf,
Germany). β-cryptoxanthin and zeaxanthin were purchased from CaroteNature (Lupsin-
gen, Switzerland). The stock solution for the standards was prepared at the concentration
of 50 μg/mL of n-hexane and stored in the dark at −20 ◦C. Suitable volume of each stock
solution was used to prepare a working solution.
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2.2. Samples

A total of 17 genotypes from diverse groups, i.e., landraces, old cultivar and primitive
wheat were used in the present study (Table 1). These genotypes were grown in organic
trials at Ekhaga (59◦49′57′′ N, 17◦48′58′′ E), Krusenberg (59◦44′8′′ N, 17◦38′58′′ E), Alnarp
(55◦39′27′′ N, 13◦04′51′′ E), and Gotland (57◦35′52′′ N, 18◦26′50′′ E) in Sweden. At maturity,
the cereals were harvested, threshed, and transported to the department in Alnarp where
the grains were kept in a seed storage room (dark, dry, and cool—8 ◦C). Before analysis,
the grains were freeze-dried and about six grams of each grain sample was milled to whole
meal flour for 20 s by a laboratory mill (Yellow line, A10, IKA-Werke, Staufen, Germany).
Afterwards, carotenoids were extracted from the whole meal flour.

Table 1. Name, type of cereal, and origin (year released, NGB number at Nordgen and if selections have been made on the
material) of cereals used in the present study.

Name Type Cereal Type
Origin

Year Released and NGB Number

Algot Spring wheat Old cultivar 1953, NGB11611
Atle Spring wheat Old cultivar 1936, NGB7455

Atson Spring wheat Old cultivar 1954, NGB7460
Aurore Spring wheat Old cultivar 1929, NGB9690
Dacke Spring wheat Old cultivar 1990, NGB9955

Dalarna Spring wheat Landrace NGB6673, selection
Diamant brun Spring wheat Old cultivar 1938, NGB6681, selection

Ella Spring wheat Old cultivar 1950, NGB6683
Gengel Naked 2-row barley Landrace Czech republic From Czech growers
Jusso Spring rye Finnish landrace From finish growers

Kärn 1 Spring wheat Old cultivar 1947, NGB7458
Naket 6-r Naked 6-row barley Selection Diverse origin from Gene bank

Naket korn 2rads Naked 2-row barley Selection Diverse origin from Gene bank
Naket korn 6rads Naked 6-row barley Selection Diverse origin from Gene bank

Ölands Spring wheat Landrace NGB 4798, selection
Prins Spring wheat Old cultivar 1962, NGB6688

Våremmer Spring wheat Primitive NGB4499, selection as spring wheat

2.3. Extraction by Saponification

Saponification was carried out for the extraction of carotenoids using the method
described by Fratianni et al. [32] with modifications of Hussain et al. [16,33]. Briefly, 1 g of
whole meal flour was weighed into a screw cap Teflon tube and saponified with 2.5 mL
of ethanol pyrogallol (60 g/L), 1 mL sodium chloride (10 g/L), 1 mL ethanol (95%), and
1 mL potassium hydroxide (600 g/L). The tubes were placed in a 70 ◦C water bath for
30 min and mixed every 10 min during saponification. Afterwards, the tubes were cooled
in an ice-water bath and 7.5 mL of sodium choloride and n-hexane/ethyle acetate (9:1)
was added. Then organic layer was separated by centrifuging at 1500 rpm for 5 min. Two
additional extractions were carried out by adding 5 mL of n-hexane/ethyle acetate (9:1) in
each extraction. The organic layer was evaporated to dryness and residue was dissolved in
2 mL of n-hexane. Each whole meal flour sample was replicated three times.

2.4. HPLC Analysis

Carotenoid compounds were separated by normal phase HPLC according to Pan-
fili et al. [34] with some modifications. Separation was achieved by 250 × 4.6 mm i.d., 5 μm
particle size, Phenomenex LUNA Silica column. The mobile phase was n-hexane/isopropyl
alcohol (5%) and flow rate was 1.5 mL/min. A fluorescence detector set in the range of
350–500 nm was used for the detection of the carotenoids and peaks were detected at
450 nm. The volume of each injection was 100 μL. Carotenoids compounds were identified
by their particular spectra and their retention time compared with respective standards.
In addition, the column was reactivated after every 12 injections with a solution of 10%
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isopropyl and n-hexane (v/v). A representative chromatogram of the analyses is shown in
Supplementary (Figure S1).

2.5. Data Analysis

Analysis of variance (ANOVA), Spearman rank correlation and Principle Component
Analysis (PCA) were carried out using the statistical analysis system (SAS).

Percentage of explanation (obtained from the coefficient of determination—R2) of
different sources (cultivar, location, and their combinations) on content of total and various
types of carotenoids were calculated using a simple linear regression analysis, following
the procedure described in previous investigations [9,35–37]. By linear regression analysis,
an independent variable can be used to predict the value of a dependent variable, and
the R2 value of a linear regression analysis predicts how well a feature (independent
variable) can explain a target (dependent variable) [38]. Thus, an R2 close to 1 means
that the proportion is high that the independent variable explains the dependent variable
(https://www.colby.edu/biology/BI17x/regression.html) (accessed on 23 March 2021)
which makes it possible to select the sources that are of highest importance to determine
different traits [38].

To evaluate stability of genotypes within and between localities, coefficient of variation
(ratio of standard deviation to the mean) was calculated as a measure of variability. Thus,
a lower coefficient of variation indicates higher stability for a genotype either within or
across localities.

To secure proper HPLC results, standard solutions were run several times with dif-
ferent batches of samples in order to calibrate and to check the precision of the method.
The results of repeated calibrations showed that carotenoid compounds were determined
precisely with CV% less than 3 for β-carotene, β-cryptoxanthin, lutein, and zeaxanthin. The
calibration curve was plotted between the concentration and peak areas of each carotenoid
compound, i.e., β-carotene, β-cryptoxanthin, lutein, and zeaxanthin, which showed linear
relationship as indicated by R2 value > 0.99. The recovery percentage of β-carotene, β-
cryptoxanthin, and lutein was 97.8%, 96.6%, and 99.1%, respectively. The limit of detection
(LOD) was measured for the HPLC method and it was 0.04 ppm for β-carotene and 0.011
ppm for lutein.

3. Results

3.1. Grain Carotenoid Content in Locally and Organically Produced Cereals and Genotype X
Environment Effects

The total carotenoid content in the wheat grain of locally and organically grown
cereals varied between 1.96 mg/kg in the spring wheat cultivar ‘Ölands’ grown in Alnarp
to 9.87 mg/kg in the spring wheat cultivar ‘Dalarna’ grown at Krusenberg (Table 2). The
total carotenoid content in the evaluated barley cultivars varied from 4.83 in ‘Naket korn
2rads’ at Alnarp to 7.32 in ‘Gengel’ at Krusenberg (Table 2). The spring rye cultivar ‘Jusso’
showed total carotenoid content from 3.27 when grown in Ekhaga to 8.59 when grown at
Krusenberg. Moreover, the different carotenoids evaluated varied widely over cultivars
and localities. Contents were found for the different compounds, from 0.06 (Ölands,
Alnarp) to 0.48 mg/kg (Jusso, Gotland) for β-carotene, 0.001 (Våremmer, Krusenberg) to
0.019 mg/kg (Jusso, Krusenberg) for β-cryptoxanthin, 1.56 (Ölands, Alnarp) to 8.47 mg/kg
(Dalarna, Krusenberg) for lutein, and 0.33 (Ölands, Alnarp) to 4.00 (Gengel, Krusenberg)
for zeaxanthin (Table 2).

3.2. Percentage of Explanation for Variation in Carotenoids Content

R square values used to explain the percentage of explanation for the different
carotenoids compounds and for the total carotenoids content, clearly showed a higher
degree of explanation for the cultivars analyzed as compared to the location used for culti-
vation. However, the combination of cultivars and localities showed clearly the highest
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percentage of variation for the compounds, which was especially valid for β-carotene and
lutein, as well as for the total content of carotenoids (Table 3).

Table 2. Mean value (mg/kg) ± standard deviation of the different carotenoids per cultivation locality (italics) and cultivar.

Locality and Cultivar β-Carotene (10−1) β-Cryptoxanthin (10−3) Lutein Zea-Xanthin Total Carotenoids

Ekhaga

Algot 1.13 ± 0.20 4.81 ± 0.72 2.30 ± 0.06 1.12 ± 0.25 3.53 ± 0.30
Dacke 1.94 ± 0.01 7.01 ± 0.40 3.27 ± 0.21 0.90 ± 0.01 4.37 ± 0.20

Dalarna 3.33 ± 0.12 16.4 ± 0.91 7.63 ± 0.16 1.19 ± 0.01 9.17 ± 0.16
Diamant brun 7.93 ± 0.04 3.06 ± 0.11 1.59 ± 0.04 0.67 ± 0.02 2.35 ± 0.06

Ella 1.14 ± 0.03 2.80 ± 0.27 3.21 ± 0.04 1.28 ± 0.03 4.61 ± 0.06
Gengel 2.62 ± 0.12 6.14 ± 0.54 2.49 ± 0.11 3.03 ± 0.10 5.79 ± 0.21
Jusso 1.40 ± 0.22 4.79 ± 0.23 2.36 ± 0.01 0.73 ± 0.06 3.24 ± 0.09

Kärn 1 1.64 ± 0.03 4.32 ± 0.47 4.93 ± 0.05 1.09 ± 0.02 6.19 ± 0.03
Naket 6-r 2.42 ± 0.22 4.27 ± 0.54 2.58 ± 0.14 2.76 ± 0.23 5.58 ± 0.37
Ölands 0.76 ± 0.02 2.91 ± 0.01 1.66 ± 0.01 0.66 ± 0.01 2.40 ± 0.02
Prins 1.48 ± 0.10 4.57 ± 0.01 4.21 ± 0.03 1.09 ± 0.01 5.45 ± 0.03

Våremmer 0.92 ± 0.05 4.02 ± 0.26 3.45 ± 0.13 0.57 ± 0.04 4.12 ± 0.16

Krusenberg

Algot 1.58 ± 0.07 3.88 ± 0.72 6.38 ± 0.21 0.98 ± 0.01 7.52 ± 0.22
Aurore 1.42 ± 0.04 6.46 ± 0.14 5.80 ± 0.06 1.13 ± 0.03 7.08 ± 0.08
Dalarna 2.24 ± 0.03 4.94 ± 0.60 8.14 ± 0.44 1.19 ± 0.05 9.56 ± 0.46

Diamant brun 1.84 ± 0.12 4.83 ± 0.22 4.77 ± 0.04 1.34 ± 0.01 6.29 ± 0.06
Ella 1.19 ± 0.02 2.03 ± 0.01 3.89 ± 0.12 1.09 ± 0.03 5.10 ± 0.16

Gengel 2.09 ± 0.07 2.13 ± 0.01 3.06 ± 0.12 3.85 ± 0.14 7.12 ± 0.23
Jusso 3.50 ± 0.12 16.6 ± 2.29 5.46 ± 0.05 2.63 ± 0.06 8.46 ± 0.12

Kärn 1 1.81 ± 0.02 6.75 ± 1.55 6.77 ± 0.11 1.11 ± 0.16 9.07 ± 0.06
Naket 6-r 1.77 ± 0.02 1.98 ± 0.01 2.41 ± 0.24 2.95 ± 0.07 5.54 ± 0.31
Ölands 1.93 ± 0.07 4.74 ± 0.82 4.52 ± 0.24 1.24 ± 0.06 5.97 ± 0.31

Våremmer 1.73 ± 0.07 1.24 ± 0.01 4.14 ± 0.14 0.56 ± 0.03 4.88 ± 0.18

Alnarp

Atson 2.12 ± 0.02 4.86 ± 0.36 4.62 ± 0.01 0.67 ± 0.01 5.50 ± 0.01
Diamant brun 1.78 ± 0.04 5.06 ± 0.28 4.18 ± 0.12 0.55 ± 0.01 4.91 ± 0.13

Ella 0.75 ± 0.00 1.29 ± 0.01 1.86 ± 0.01 1.09 ± 0.03 2.24 ± 0.01
Jusso 2.64 ± 0.19 11.3 ± 1.15 3.74 ± 0.16 1.55 ± 0.17 5.57 ± 0.16

Naket korn 2rads 1.84 ± 0.10 3.03 ± 0.19 2.84 ± 0.06 1.88 ± 0.05 4.90 ± 0.12
Naket korn 6rads 2.06 ± 0.07 4.16 ± 0.01 3.18 ± 0.06 1.98 ± 0.05 5.37 ± 0.12

Ölands 0.68 ± 0.06 1.78 ± 0.01 1.69 ± 0.13 0.36 ± 0.03 2.12 ± 0.17

Gotland

Atle 2.28 ± 0.09 5.51 ± 00.33 7.21 ± 0.52 1.32 ± 0.07 8.76 ± 0.61
Dalarna 2.74 ± 0.15 4.68 ± 0.58 5.53 ± 0.32 0.85 ± 0.04 6.66 ± 0.37

Diamant brun 1.27 ± 0.12 5.25 ± 0.79 3.64 ± 0.03 0.81 ± 0.01 4.58 ± 0.04
Ella 1.26 ± 0.07 2.25 ± 0.32 3.50 ± 0.03 0.92 ± 0.01 4.55 ± 0.04

Jusso 3.68 ± 0.96 12.4 ± 0.21 4.83 ± 0.12 2.52 ± 0.06 7.73 ± 0.09
Naket korn 2rads 1.84 ± 0.02 4.71 ± 0.51 2.28 ± 0.03 2.71 ± 0.06 5.19 ± 0.09
Naket korn 6rads 2.60 ± 0.03 2.54 ± 0.39 2.76 ± 0.06 2.38 ± 0.02 5.41 ± 0.05

Prins 1.90 ± 0.02 3.09 ± 0.28 4.83 ± 0.05 0.86 ± 0.04 5.88 ± 0.06

Table 3. Percentage of explanation (obtained through the coefficient of determination (R2) from simple linear regression
analysis) of cultivar (C), location (L), and their combinations (CL) on amount of different carotenoids compound and for
total carotenoids content.

β-Carotene β-Cryptoxanthin Lutein Zeaxanthin Total Carotenoids

C 62.8 32.3 48.1 68.6 37.4
L 8.15 0.73 20.2 6.85 28.8

CL 92.6 66.1 92.4 83.5 93.5
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3.3. Relationship between Genotype, Environment and Contents of Different Carotenoids

Relationships among the genotypes and environments for carotenoid content and
composition was visually revealed by a principal component analysis (PCA; the first
principal component explained 61.3% and the second 23.7% of the variation), clearly
being able to depict the spring rye cultivar ‘Jusso’ with high values on the first principal
component and positive value on the second principal component, except when Jusso was
grown in Ekhaga. Furthermore, the barley cultivar ‘Gengel’ and naked barley (two and six
row types) were found with positive values on the second principal component (Figure 1a).
The positive value on the first principal component for spring rye is a result of a general
high content of total carotenoids and especially of a high content of β-carotene in spring
rye (Figure 1b). However, cultivation conditions were also able to influence the contents of
carotenoids in spring rye with lower values when cultivated in Ekhaga. The positive values
for the second principal component for barley is the result of high zeaxanthin values in
the barley cultivars evaluated (Figure 1b). Among the spring wheats, ‘Dalarna’ was found
with positive values on the first principal component and negative values on the second
principal component independent of growing location (Figure 1a), indicating high level
of lutein in this cultivar (Figure 1b). Similarly, ‘Atle’ from Gotland, and ‘Algot’, ‘Aurore’,
and ‘Kärn I’ from Krusenberg showed indications of high lutein content while ‘Algot’ from
Ekhaga was found with negative first and positive second principal component values.
‘Atle’ and ‘Aurore’ were only evaluated in one location each.

Figure 1. Cont.
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Figure 1. Loading (a) and score (b) plot from principal component analysis of carotenoid compounds and total carotenoid
content in organically grown locally adapted spring cereals. First principal component explained 61.3% of the variation
while the second principal component explained 23.7% of the variation.

3.4. Stability Over Environments

The cultivars ‘Jusso’ and ‘Dalarna’ showed the highest β-carotene levels across the
localities of cultivation for these cultivars although naked barley (2- and 6-rowed) and
‘Kärn I’ showed the highest stability in β-carotene content over localities (Figure 2a). In
Figure 2a,b, percentage of coefficient of variation explain the dispersion of data around
mean concentration of carotenoid compounds. It provides a relatively simple and rapid
method to understand the level of stability within and across locations of genotypes
investigated in the present study. The cultivar ‘Jusso’ also showed the highest level of
β-cryptoxanthin across localities of cultivation although the most stable cultivars over
locations was found to be ‘Algot’, ‘Prins’, and ‘Diamant brun’, followed by the naked barley
(2 and 6 rows). For lutein, the highest level was found for ‘Jusso’ and ‘Dalarna’ while
highest stability was found for ‘Kärn I’ and ‘Naket korn 2rads’. Highest and most stable
content of zeaxanthin was found for ‘Gengel’ and naked barley (Naket 6-r) (Figure 2a).

3.5. High Content and Stability per Cultivar within an Environment

The highest content of β-carotene within a locality was found for ‘Dalarna’ grown
in Ekhaga and ‘Jusso’ grown in Krusenberg while high and stable content was found for
‘Atson’ grown in Alnarp, ‘Dalarna’ grown in Krusenberg, and ‘Naket korn 6rads’ grown in
Gotland (Figure 2b). ‘Jusso’, grown in Gotland was found with high and stable content
of β-cryptoxanthin (Figure 2b). High and relatively stable content of lutein was found
in ‘Dalarna’ grown in Ekhaga, and ‘Aurore’, ‘Jusso’ and ‘Kärn I’ grown in Krusenberg
(Figure 2b). High and stable zeaxanthin values were found in naked barley (2 and 6 rows)
from Alnarp, Krusenberg, and Gotland, ‘Jusso’ from Gotland and Krusenberg, and ‘Gengel’
from Krusenberg and Ekhaga (Figure 2b).

3.6. Correlation among Carotenoids and Plant Characters

Significant and positive correlations were found among β-carotene, β-cryptoxanthin,
and Lutein, while zeaxanthin only correlated significantly and positively with β-carotene
(Table 4). A positive and significant correlation was also found between straw length and
content of lutein as well as between straw length and grain protein concentration. No other
significant correlations among the content of carotenoids and plant characters were noted
in the present study.
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Figure 2. Mean content of carotenoid compounds and stability measured as coefficient of variation of evaluated cultivars
over cultivation localities (a), and of high mean content cultivars within a specific cultivation locality (b). Multiplication
numbers given after each carotenoid compound name indicate factor used to obtain similar scale of mean content for the
different compounds. Italic, underlined, normal, and bold text indicate mean content of β-carotene, β-cryptoxanthin, lutein,
and zeaxanthin, respectively, for the different cultivars (+locations).
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Table 4. Pearson correlation coefficients for content of various carotenoids and plant parameters of locally and organically
produced cereals.

β-Cryptoxanthin β-Carotene Lutein Zea-Xanthin Yield (kg/Ha) TKV (g) Protein Content (%)

β-carotene 0.72 ***
Lutein 0.47 *** 0.48 **

Zea-xanthin 0.20 0.55 *** −0.12
Yield (kg/Ha) 0.14 0.09 0.06 −0.16

TKV (g) −0.14 −0.16 −0.14 0.09 −0.27
Protein Content (%) −0.17 −0.09 −0.38 0.06 −0.11 0.29
Straw Length (cm) 0.31 0.11 0.50 ** −0.28 0.24 −0.17 −0.69 ***

**, *** = significant a p < 0.01, p < 0.005.

4. Discussion

The locally adapted and organically produced cereals investigated for carotenoids
contents extracted through saponification showed high amounts of carotenoid compounds,
although with significant differences in content among cereal type, but also among cultivars
of the same type of cereal, and cultivation location had a significant impact on the content.
Besides variation in mean content, the various cultivars evaluated showed large variation
in stability of the content over different cultivation locations and also within the same
cultivation location. Thus, the present study revealed the importance of the cultivar and
its adaptation to the cultivation location in order to result in a high and stable content of
carotenoids, thereby affecting human health positively.

The total carotenoid content in the cereals investigated in this study varied from 1.96
to 9.87 mg/kg, with both highest and lowest content reported for landraces of wheat.
Previous studies on wheat have shown large variation in carotenoid contents among wheat
cultivars [18,39,40], with values from 0.94 to 13.6 mg/kg [40,41], thereby the levels found
in the present study correspond well with previous findings. The large variations in
carotenoids content among cereal cultivars highlight opportunities to screen and produce
high content batches for specific uses. The highest content of total carotenoids have
previously been reported in einkorn, durum wheat, and purple wheat [28], indicating
that some of the landraces of wheat evaluated here, showed high content as compared to
previously reported values for wheat. Studies on carotenoid content in barley and rye are
limited, with reported values of 2.25–4.54 mg/kg for barley [14,28]. Thus, the present study
showed high levels of total carotenoid content in the evaluated barley (4.83–7.32) and rye
cultivars (3.27–8.59). The high total carotenoid content reported here for locally adapted
and organically grown cereals might be an effect of a relative short time from harvest to
freezing and analyses of the samples. Lower values were obtained for a wheat material of
similar types of landraces when a longer storage time before freezing of the samples was
applied [16]. Moreover, a successful saponification may be part of the explanation of the
results. Previous studies have indicated that agronomic practices may have an impact on
the content of carotenoids in cereals [28,42]. However, large variation in the same material
grown at different locations are reported here, indicating also the importance of suitable
cultivation locations for specific landraces adapted to different local origins.

The composition of carotenoids varied largely among the investigated cereals. Simi-
larly to what has been reported previously [16,18,34,39], high levels of lutein were found in
wheat in the present study. Lutein rich wheat cultivars, with a content of 3.7 mg/kg, have
previously been reported as able to contribute 40% of the human daily requirement [16],
which would result in the double contribution for the cultivar (i.e., Dalarna) with the
highest level in the present study. However, low content of lutein was also found in some
of the wheat cultivars in the present study, e.g., in ‘Ölands’ grown in Alnarp. Previous
studies on breeding lines (Öland 5 and Öland 8) from the cultivar ‘Ölands’ have revealed
both high and low content lines [16], which indicate presence of some genetic variation for
carotenoids content in this wheat landrace. The reason for the low content of lutein in some
of the wheat in this study is, though, a general low content in carotenoids. Thus, for all
the evaluated wheat cultivars in the present study, lutein represented 70–95% of the total
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carotenoids, thereby corresponding to previous results [16]. For spring rye (‘Jusso’), the
relative content of lutein was 60–70% of the total carotenoids and relatively high contents of
β-carotene and β-cryptoxanthin was also noted. Similarly as described previously [28], the
barley cultivars evaluated here showed low levels of lutein (40–55% of the total carotenoids),
and zeaxanthin was a major component (40–55% of the total carotenoids).

In the present study, R2 values were used to explain the percentage of explanation of
different sources (cultivar, location, and their combinations) on content of total and various
types of carotenoids, similarly to what has been reported in previous studies [9,32–34].
Here, the combination of cultivars and localities was found to have the highest percentage
of explanation for the amount of all the various carotenoids compounds, i.e., to have
an effect of content, the highest effect is obtained by a combination of genotype and the
environment. This clearly indicates a local adaptation of the landraces in the present
study. Such an adaptation has been developed over long periods of time to a certain
region of cultivation, resulting per definition in the specificity of a landrace [43,44]. Such
specificity contributes opportunities to produce unique quality grains within a certain
region by the use of a specific landrace. However, current plant breeding strategies are
often focusing on the production of high yielding genotypes producing similar quality over
a large range of environments (cultivation locations and years), thereby contributing food
security independent of environment [45]. Thus, unique qualities might be lost on the pace
towards high yield and food security. In the present study, we evaluated also the stability
in carotenoid content of the landraces between and within localities and the genotypes
showed clear variation in this character. Previous studies on stability for minerals content in
the same material have also indicated differences in stability [9,46]. Most of the genotypes
showed limited stability for all carotenoids compounds between and within cultivation
environments (localities) although the different barley genotypes investigated tended to
show higher stability than the other cereal genotypes evaluated.

The lipophilic carotenoids (α-carotene, β-carotenes and β-cryptoxanthin) are precur-
sors of vitamin A, which is essential for cell growth, fetal development, and immune
functions [47]. Deficiency of vitamin A leads to increased infections risks and pregnancy
complications [48] and may even lead to childhood death [48]. The present study, and also
previous ones [42], shows that the level of pro-vitamin A compounds in wheat, and also
in rye and barley, is generally low and, therefore, consumption of animal products, and
some fruits and berries [11,49,50] are recommended for sufficient vitamin A content in the
diet. However, cereals are instead rich in other carotenoids than those being precursors of
vitamin A. Lutein is the most abundant carotenoid in wheat and barley [18,34,39], which
was also confirmed here, while according to this study, zeaxanthin was the pre-dominant
carotenoid in rye. Lutein has been ascribed as having an important function for the eye
retina and some studies have also indicated an impact in preventing cardiovascular diseases
and cancer [51]. Due to the high daily consumption of cereals in large regions in the world,
lutein content in the cereals may play an important role for sufficient intake although other
sources, e.g., green leafy vegetables [50] may have higher contents. Recommendations of
daily intake of lutein is scarce, although a previous study calculating needed intake from
serum lutein concentrations in humans, came up with a suggestion of an average intake of
lutein + zeaxanthin of 1101 ± 838 μg/day [16]. From these calculations, the consumption
of 130 mg wheat per day should be sufficient to cover the daily need of lutein if the highest
value genotypes of this study were selected.

5. Conclusions

Locally adapted cereals showed a large variation in carotenoid contents among geno-
types and over cultivation locations. Some of the genotypes presented levels of total
carotenoids in parity with the highest levels previously reported in einkorn, durum, and
purple wheat. Lutein was the major carotenoid in wheat and rye, the latter also with high
levels of β-carotene and β-cryptoxanthin, while zeaxanthin was the dominating carotenoid
in barley. Most of the locally adapted cereals evaluated showed a clear local adaptation
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with little stability in carotenoids content especially between cultivation locations. This
impair significant opportunities to produce local high value cereals for certain local pro-
duce of high value, high nutrition food products. However, the local adaptation also limits
conventional breeding opportunities with a variety performing similar over a broad range
of environments.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr9050783/s1, Figure S1: Example of a representative HPLC chromatogram (showing Diamant
Brun from Alnarp), with the four peaks of the different carotenoids in the samples indicated by
their designations.
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Abstract: Cucumaria frondosa is the main sea cucumber species harvested from Newfoundland waters.
During processing, the viscera of sea cucumber are usually discarded as waste. As a matter of
fact, sea cucumber viscera are abundant in various nutrients and promising for valorization. In
the present study, sea cucumber viscera were pretreated by air drying and freeze drying, and the
nutritional compositions of the dried products were investigated, including proximate composition,
lipid class, fatty acid profile, and amino acid composition. The dried viscera had similar levels of
ash, lipids, and proteins compared to fresh viscera. Both air- and freeze-dried viscera had total fatty
acid composition similar to fresh viscera, with high levels of omega-3 polyunsaturated fatty acids
(PUFAs) (30–31%), especially eicosapentaenoic acid (27–28%), and low levels of omega-6 PUFAs
(~1%). The dried samples were abundant in essential amino acids (46–51%). Compared to air-dried
viscera, freeze-dried viscera contained a lower content of moisture and free fatty acids, and higher
content of glycine and omega-3 PUFAs in phospholipid fraction. The high content of nutritious
components in dried viscera of Cucumaria frondosa indicates their great potential for valorization into
high-value products.

Keywords: marine by-products; Cucumaria frondosa; drying; omega-3 fatty acids; eicosapentaenoic
acid; amino acids

1. Introduction

Sea cucumbers are marine invertebrates belonging to the class Holothuroidea. There
are approximately 1700 species of sea cucumbers worldwide, which mainly live on the
sea floor [1]. Sea cucumbers contain low content of sugar, fat, and cholesterol, but high
content of proteins [2]. They are a source of multiple nutritional components, including
vitamins, minerals, collagen, amino acids, and polyunsaturated fatty acids. Sea cucumbers
also contain a variety of bioactive compounds, such as triterpene glycosides, chondroitin
sulfates, glycosaminoglycans, lectins, bioactive peptides, and glycoprotein [3]. During
recent decades, therapeutic and medicinal benefits of sea cucumbers have been intensively
studied, due to their anticancer, antioxidant, anti-inflammatory, and antimicrobial proper-
ties, and wound healing activities [3–5]. Sea cucumbers have been consumed as a type of
tonic food in Asia for thousands of years. The market for sea cucumbers was originally de-
veloped in Asia and Indo-Pacific regions. With increased awareness about their nutritional
value and benefits, consumption of sea cucumbers has increased drastically worldwide,
resulting in a global industry of approximately $1 billion [6].

The Canadian market was started in 1980s from the west coast, and spread to Atlantic
provinces after two decades [7]. In Newfoundland and Labrador, the most common
sea cucumber species is Cucumaria frondosa [8]. Although some sea cucumber species
worldwide have been included in the International Union for Conservation of Nature
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Red List of Threatened Species, Cucumaria frondosa is in a sufficient amount, and it is the
main sea cucumber species for exportation in Newfoundland fisheries. Sea cucumbers
are eviscerated after harvesting. The viscera (all internal organs, including respiratory
track, gonad, and intestines) account for approximately 50% of the total body weight of
Cucumaria frondosa. Sea cucumber viscera (SCV) have been reported to contain various
nutrients such as oligosaccharides, saponins, amino acids, polyunsaturated fatty acids,
phenols, flavonoids, and trace metals [9]. Mamelona et al. [10] reported that fresh Cucumaria
frondosa viscera was abundant in essential amino acids (37% of total amino acids) and
polyunsaturated fatty acids (45% of total lipids), especially eicosapentaenoic acid (EPA,
17%). However, unlike by-products of many types of finfish and shellfish, which have
been intensively valorized for value addition [11,12], there has not been much research
performed on valorization of sea cucumber viscera [13–18]. Currently in Newfoundland,
the viscera of Cucumaria frondosa are entirely discarded as waste. Considering the various
bioactive compounds they contain, more research should be performed to valorize them
for the industrial production of high-value nutritional products.

Generally, fishery by-products are not immediately processed into value-added prod-
ucts after their collection from processing facilities, especially in remote areas or during
peak period of harvesting. Therefore, a proper method is required to preserve the quality
and freshness of the raw materials. Drying is a widely used technique in the food industry
to maintain product quality and extend their shelf-life, as microbial contamination and
subsequent spoilage of products can be effectively slowed down by reducing moisture
content in the products [19]. A number of drying methods have been applied in the food
industry based on their advantages and the aimed deliverables, such as fluidized bed
drying, vacuum drying, hot air drying, and freeze drying [20]. Hot air drying (convective
drying) is a traditional drying method, which removes water by a continuous flow of
hot air via heat and mass transfer. Hot air drying is the most commonly used method
in industry due to its relatively low equipment cost and simple operation. However, it
has been claimed to result in product shrinkage and consequent structure damage. The
heat-sensitive nutritional components can be destroyed in the hot atmosphere [20]. Freeze
drying (lyophilization) is a process that involves sublimation of ice in the frozen product
under low temperature and vacuum [21]. Compared to air drying, freeze drying requires
higher investment in equipment installation and operation. However, freeze drying has
been reported to be more effective in preserving quality and retaining nutritional properties
of products [22–25]. In the present study, Cucumaria frondosa viscera were dried using two
methods, including air drying and freeze drying, and the dried products were analyzed for
nutritional composition. The effect of two drying methods was investigated in terms of
dehydrating sea cucumber waste and retaining their nutritional profiles, and the potential
of valorization of dried sea cucumber waste was evaluated (Figure 1).

Figure 1. Experimental design of drying sea cucumber (Cucumaria frondosa) viscera, analyzing their nutritional profiles.
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2. Materials and Methods

2.1. Chemicals

Hexane (≥98.5%), acetanilide (99%), glycine (98.5–101.0%), Kjeltabs Cu−3.5, concen-
trated sulfuric acid (95.0–98.0%), and concentrated hydrochloric acid (36.5–38.0%) were
purchased from Fisher Scientific (Waltham, MA, USA). Nicotinic acid (99.5%) was obtained
from Acros Organics (Fair Lawn, NJ, USA). Boric acid (4%) with methyl red/methylene
blue indicator was from RICCA Chemical (Arlington, TX, USA). Sodium hydroxide (40%)
was from VWR (Radnor, PA, USA). Amino acid standard solution (containing 17 amino
acids), acetonitrile (≥99.9%) and N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide
(MTBSTFA, ≥99.0%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). All
chemicals were of analytical grade.

2.2. Preparation of Samples

Approximately 10 kg of fresh SCV (sea cucumber viscera) was supplied in August
2018 from a local seafood processing plant in Newfoundland, Canada. The samples were
immediately stored at 4–8 ◦C until further processing.

2.2.1. Air Drying

A portion of the fresh SCV (approximately 3 kg) was spread evenly on parchment
paper and placed on trays, which were loaded into a drying oven at 34 ◦C for 24 h
(Figure 2a). Afterwards, the samples were removed from the drying oven and allowed to
cool (Figure 2b). The partially dried samples were scraped off the parchment paper and
flipped over to expose the undersurface, which was not fully dried (Figure 2c). Then the
samples were returned to the drying oven for complete drying (Figure 2d). To prevent
surface hardening, the oven temperature was lowered to 27 ◦C. After 48 h, the samples
were removed and reweighed. The air-dried SCV were ground for 2 min in a Ninja blender
on high speed to obtain powder with particle size ≤5 mm.

  
(a) (b) 

  
(c) (d) 

Figure 2. (a) Air drying of SCV at 34 ◦C; (b) partially dried SCV after 24 h at 34 ◦C; (c) flipping over
the partially dried material; (d) SCV after flipped over, ready for 2nd round of drying.
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2.2.2. Freeze Drying

A portion of the fresh SCV (approximately 3 kg) was freeze dried using a Labconco
2.5 L Lab Scale freeze dryer. The fresh SCV were frozen in silicone trays at −1 ◦C overnight.
Afterwards, the samples were transferred to freeze drying flasks and weighed. The flasks
were loaded onto the freeze dryer and dried between −48 and −52 ◦C at ≤0.133 mBar for
48 h (Figure 3). After freeze drying, the flasks were removed from the freeze dryer and
reweighed. The samples were ground for 2 min in a Ninja blender on high speed to obtain
powder with particle size ≤5 mm.

 

Figure 3. Freeze drying of SCV.

2.3. Proximate Analysis

Proximate analysis was performed on fresh, air-dried, and freeze-dried SCV following
the standard method of the Association of Official Analytical Chemists International
(AOAC) [26]. Moisture and ash content were determined following AOAC 930.15 and
AOAC 938.08. The Kjeldahl method (AOAC 954.01) was applied for protein content
analysis and Soxhlet extraction (AOAC 948.15) was applied to determine total lipid content.

2.4. Total Lipid Class and Fatty Acid Composition

Total lipid class, and fatty acid composition of total lipids and phospholipids of
fresh and dried SCV were analyzed at Oceans Sciences Centre of Memorial University of
Newfoundland (St. John’s, NL, Canada).

2.4.1. Lipid Extraction

Lipids in sea cucumber viscera were extracted according to the method by Parrish [27].
An aliquot of approximately 0.25 g sample was weighed in a test tube containing 2 mL of
chloroform. Prior to addition of the sample, the test tubes and Teflon® lined caps were
rinsed three times with methanol and chloroform, respectively, to remove any lipids. 1 mL
of ice-cold methanol, 1 mL of chloroform: methanol (2:1 v/v), and 0.5 mL of chloroform-
extracted water were added to the test tube. (Chloroform-extracted water was prepared by
adding 1 l of distilled water and 30 mL of chloroform to a separatory funnel. The funnel
was manually shaken for 2 min, and the chloroform was allowed to settle and removed
from the bottom of the funnel. This procedure was repeated twice to remove any lipids
present in the distilled water.) The test tube was then recapped and sonicated for 10 min,
followed by centrifugation for 3 min at 3000 rpm. The entire lower organic lipid layer was
removed by a double pipetting technique and transferred to a 15 mL lipid-free vial [28].
The double pipetting technique was performed in three steps. Firstly, a 14 cm pipette was

172



Processes 2021, 9, 703

passed through the top aqueous layer in the test tube to the bottom of the test tube, by
bubbling air with the pipette bulb to prevent the aqueous layer from entering the pipette.
Secondly, the pipette bulb was removed, and a 27 cm pipette was placed inside the 14 cm
pipette until it reached the bottom of the test tube. Finally, the lipid layer was extracted
using the long pipette and transferred to another lipid-free vial. Each of the short and
long pipettes was washed with 3 mL ice-cold chloroform, and the wash was collected. The
samples were again sonicated, centrifuged, double pipetted, and the pipettes were rinsed
three times as previously described, and all the organic layers were collected together.
The collected lipid fraction was evaporated under a gentle stream of nitrogen, sealed with
Teflon® tape and stored at −20 ◦C until use.

2.4.2. Lipid Class Determination

Lipid class was determined using an Iatroscan Mark VI thin-layer chromatograph-flame
ionization detector (Iatron Laboratories, Inc., Tokyo, Japan) and silica-coated Chromarods®

through a three-step development method [29]. The Chromarods® were calibrated (0.2–20 μg)
using lipid standards including: nonadecane (aliphatic hydrocarbon), cholesteryl palmitate
(wax esters/steryl ester), 3-hexadecanone (ketone), glyceryl tripalmitate (triacylglycerol),
1,2-dihexadecanoylglycerol (diglyceride), 1-hexadecanol (free aliphatic alcohol), cholesterol
(free sterol), 1-monopalmitoyl-rac-glycerol (acetone mobile phase lipids), and 1,2-di-o-
hexadecyl-sn-glycerol-3-phosphocholine (phospholipids) purchased from Sigma-Aldrich.
The lipid extracts and standards were applied to the Chromarods® and focused on a narrow
band using 100% acetone.

Four different solvent systems were used to obtain three chromatograms per rod. The
first development system was hexane: diethyl ether: formic acid (99.95:1:0.05). The rods
were developed for 25 min, removed from the system for 5 min, and placed again in the
system for 20 min for double development. The first chromatograms were obtained by
scanning each rod to the lowest point behind the ketone peak. The second development
was developed for 40 min in hexane: diethyl ether: formic acid (79:20:1). The second chro-
matogram was obtained by scanning each rod to the lowest point behind the diglyceride
peak. The final development was carried out in two steps. The lipid extract was first
developed using 100% acetone for two 15 min periods, and then two 10 min periods in
chloroform: methanol: chloroform-extracted water (5:4:1). The third chromatogram was
obtained as a complete scan after two double developments. Before each solvent system,
the rods were dried in a constant humidity chamber. After each development system, the
rods were scanned in the Iatroscan and the data were collected using Peak Simple software
(ver 3.67, SRI Instruments, Torrance, CA, USA).

2.4.3. Preparation of Fatty Acid Methyl Esters (FAMEs)

An aliquot of 40 μL lipid extract was transferred to a lipid-free vial, in which 1.5 mL
of methylene chloride and Hilditch reagent was added. The Hilditch reagent was prepared
by adding 1.5 mL of concentrated sulfuric acid to 100 mL of dry methanol. The sample was
capped and vortexed for approximately 5 s, followed by sonication for 4 min. The vial was
flushed with nitrogen, capped, sealed with Teflon® tape and heated at 100 ◦C for 1 h in a
VWR drying oven (VWR international, Mississauga, ON, Canada). The vial was cooled to
room temperature. Approximately 0.5 mL of a saturated solution of sodium bicarbonate
in chloroform-extracted water was slowly added to the vial, followed by the addition of
1.5 mL of hexane and vortexing for 10 s. The top organic layer was removed to a new vial,
and the hexane was evaporated with a gentle stream of nitrogen. The fatty acids were
re-suspended by adding approximately 0.5 of hexane, sealing the vial with Teflon® tape
under nitrogen, and sonicating for an additional 4 min.

2.4.4. Fatty Acid Composition Analysis

Fatty acid composition of the FAME samples was analyzed using a gas chromatograph-
flame ionization detector (Hewlett Packard 6890 Series II, Agilent Technologies, Missis-
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sauga, ON, Canada) following the method developed by [27]. A ZB wax+ polar capillary
column (Phenomenex, Torrance, CA, USA, 30 m in length, 0.32 mm of internal diameter
and 0.25 μm of film thicknesses) was used. An aliquot of 10 μL FAME sample was injected
directly into the column. The initial oven temperature was set at 65 ◦C and held for 0.5 min,
followed by the ramped temperature of 195 ◦C at a rate of 40 ◦C/min and held for 15 min,
and further ramped to a final temperature of 220 ◦C at a rate of 2 ◦C/min and held for
0.75 min. The flame ionization detector was operated at 260 ◦C with hydrogen as the carrier
gas at a flow rate of 2 mL/min. The injector temperature was started at 150 ◦C and ramped
to a final temperature of 250 ◦C at a rate of 120 ◦C/min. The analyte peaks were identified
using retention times of standards purchased from Supelco, including 37 component FAME
mix, bacterial acid methyl ester mix, PUFA No. 1 and PUFA No. 3. Chromatograms were
integrated using Agilent OpenLAB Data Analysis-Build 2.203.0.573.

2.4.5. Separation of Phospholipids

The phospholipids were separated using Strata SI-1 silica tubes (Phenomenex 8B-
S012-JDG, Phenomenex, Torrance, CA, USA) with the 12-position vacuum manifold set
(Phenomenex AH0-6023, Phenomenex, Torrance, CA, USA). The aspirator was started by
pulling a very light vacuum. The column was washed by eluting 2 × 3 mL methanol and
2 × 3 chloroform. Afterwards, 3 mL of a 98:1:0.5 mixture of chloroform: methanol: formic
acid was eluted. Once the solvent mixture reached the top of the silica, the stop cocks at the
base of the tubes were closed and the sample extract was applied directly to the silica using
a long pipette. The sample vial was rinsed with a small amount of chloroform as quickly as
possible and the rinsing was applied to the silica. A lipid-cleaned 15 mL vial was located at
the end of the column for collection. The stop cocks were opened and once the last of the
rinse reached the top of the silica, 8 mL of the 98:1:0.5 mixture of chloroform: methanol:
formic acid was eluted through the pipette and all the resulting neutral lipid-containing
eluent was collected. Afterwards, the silica gel was rinsed with 2 × 3 mL acetone to recover
the acetone mobile polar lipids in a second 15 mL vial. Then the vial containing the acetone
mobile polar lipids fraction was replaced with a 40 mL vial. 3 mL of chloroform was passed
through the column to return the column to a more neutral polarity. Phospholipids were
eluted with 6 mL methanol followed by 9 mL of a mixture of chloroform: methanol: water
(5:4:1). The phospholipid fraction was transferred to a 50 mL round bottom flask and dried
completely in a flash-evaporator. The lipids were then washed into a 15 mL vial using
methanol and chloroform.

2.4.6. Preparation of FAMEs of Phospholipids and Fatty Acid Composition Analysis

The same procedure was followed as described in Section 2.4.3 and Section 2.4.4.

2.5. Amino Acid Analysis
2.5.1. Hydrolysis of Dried SCV

Acidic hydrolysis of dried SCV was carried out following the method by Fountoulakis
and Lahm [30]. Ten milligrams of dried viscera sample was reacted with 1 mL 6 N
hydrochloric acid at 110 ◦C for 24 h. The resulting solution was centrifuged at 13,000 rpm
for 15 min. The supernatant was collected, and 0.5 mL of the internal standard solution
(0.5 mg/mL norleucine) was added. The solution was thoroughly mixed and ready for
further analysis.

2.5.2. Derivatization and Measurement of Amino Acids

The derivatization and analysis of amino acids were performed following the method
by Stenerson [31]. Fifty microliters of the solution from 2.5.1 was transferred into a 10 mL
test tube and completely dried at 70 ◦C under nitrogen for 5 min. One hundred microliters
of MTBSTFA (N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide) was added to the
test tube, followed by 100 μL of acetonitrile. The test tube was tightly capped and heated
at 100 ◦C for 2 h. Afterwards, the sample was allowed to cool at room temperature, and
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200 μL of acetonitrile was added. The solution was thoroughly mixed and transferred into
a GC (gas chromatograph) vial for analysis.

The analysis was carried out using a gas chromatograph-mass spectrometer (Ther-
moFisher Trace 1300 GC/ISQ-LT MS) equipped with a SLB-5ms, 20 m × 0.18 mm column
(internal diameter of 0.18 μm). The inlet temperature was 280 ◦C. The splitless flow and
time was maintained at 100 mL/min and 0.3 min, respectively. The helium flow was
0.5 mL/min. The initial temperature of GC oven was 60 ◦C, ramped up to 100 ◦C at a rate
of 20 ◦C/min and held for 1 min, followed by the ramped temperature of 290 ◦C at a rate
of 10 ◦C/min and held for 3 min, and finally ramped to 340 ◦C at a rate of 10 ◦C/min and
held for 2 min. The temperature of MS transfer line (the instrumental component where
the eluate from the column of the gas chromatograph is transferred to the ion source of
the mass spectrometer) and ion source was maintained at 320 ◦C and 280 ◦C, respectively.
The standards were initially scanned using MS in the range of m/z 40–639. Once the target
compounds were identified, the data were exported and analyzed in SIM acquisition mode
(Selected Ion Monitoring mode, in which the mass spectrometer is set to only collect data of
compounds that possess the selected mass fragments, instead of a wide range of masses).

The amino acid standard solution was diluted in 0.1 N hydrochloric acid at a con-
centration of 2.5 μmoles/mL of each amino acid, except cystine at a concentration of
1.25 μmoles/mL. Samples for the calibration curve were prepared by taking 10, 20, 30, 40,
and 50 μL from the standard solution and diluted using 400 μL 0.1 N hydrochloric acid. The
samples were processed and analyzed following the same procedure as described above.

2.6. Statistical Analysis

The proximate composition, lipid class, and fatty acid composition analyses were
performed in triplicates. The amino acid analysis was performed in duplicates. The
data were analyzed with analysis of variance (ANOVA) at 95% confidence level using
Minitab 17.3.1.

3. Results and Discussion

3.1. Proximate Analysis

The proximate composition of fresh (fresh SCV), air-dried (AD SCV), and freeze-dried
sea cucumber viscera (FD SCV) are shown in Table 1 and Figure 4. So far, there have been
only two studies performed about proximate composition of Cucumaira frondosa and its
by-products. Mamelona et al. [10] reported 92.3% moisture, 0.7% ash, 2.0% lipids, and 4.5%
proteins in fresh viscera of Cucumaira frondosa from Québec, QC, Canada. The differences
in proximate composition between reported results from their and the present studies are
likely due to variation of living conditions of the sea cucumber, such as the habitat and
climate, and the harvesting location and time [32,33]. Zhong et al. [34] reported that body
wall of Cucumaira frondosa from Newfoundland waters contained 87.4% moisture, 2.97%
ash, 0.50% lipids, and 8.34% proteins. In comparison to body wall, viscera have similar
content of moisture, ash, and proteins, but much higher amount of lipids, possibly due to
the better ability of internal organs to store fat.

In comparison to fresh SCV (82.07% moisture), both drying methods removed most
water from the fresh sample. However, freeze drying (1.79% moisture in FD SCV) was
comparatively more effective than air drying (7.84% moisture in AD SCV). For food
materials with high content of moisture (e.g., above 80%), freeze drying might be more
effective in removing the high amount of water. Although Tukey Test indicated that the
content of ash, lipids, and proteins of the dried samples were statistically different from the
fresh SCV (dry weight basis), the actual differences between the dried samples and the fresh
SCV were within a range of approx. 0.1% for ash, 0.04–3% for lipids and 1–3% for proteins
(Table 1). Considering the large amounts of ash (approx. 12%), lipids (approx. 23–26%),
and proteins (approx. 46–48%) these samples contained, the differences are very small.
Therefore, the drying methods did not significantly change the proximate composition of
fresh SCV except removing water.
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Table 1. Proximate composition of fresh, air-dried (AD SCV), and freeze-dried (FD SCV) sea cucumber
viscera (wwb: wet weight basis, dwb: dry weight basis).

Parameter Fresh SCV AD SCV FD SCV

Percent of wet tissue (wwb, Mean ± SD)
Moisture (%) 82.07 ± 0.03 7.84 ± 0.14 1.79 ± 0.07

Ash (%) 2.14 ± 0.05 11.51 ± 0.14 12.31 ± 0.05
Lipid (%) 4.68 ± 0.01 23.68 ± 0.33 22.77 ± 0.12

Protein (%) 8.65 ± 0.17 42.20 ± 0.29 46.12 ± 0.20
Percent of dry matter (dwb, Mean ± SD)

Ash (%) 11.95 ± 0.29 a 12.49 ± 0.15 b 12.53 ± 0.05 b

Lipid (%) 26.12 ± 0.03 a 25.69 ± 0.36 a 23.19 ± 0.12 b

Protein (%) 48.26 ± 0.17 a 45.79 ± 0.31 b 46.96 ± 0.20 a,b

a,b sample means of proximate composition compared by Tukey Test at 95% confidence level was performed for
dry matter; means in the same line that do not share the same letter are significantly different (p < 0.05).

Figure 4. Proximate composition of fresh, air-dried (AD SCV) and freeze-dried (FD SCV) sea
cucumber viscera (wwb: wet weight basis, dwb: dry weight basis).

3.2. Total Lipid Class

As indicated in Table 2 and Figure 5, the largest component of total lipids in fresh SCV
was triacylglycerols (TAGs) (32.93%). TAGs are composed of one glycerol chain linked to
three long-chain fatty acids via esterification. Each TAG molecule usually contains one
EPA or DHA. So far, TAGs in plant oil and fish oil are the primary source of omega-3
PUFAs for human consumption. In the present study, after air drying, the TAG content was
significantly decreased by 19.73% (13.20% in AD SCV), along with a notable increase of free
fatty acids (FFAs) by 21% from fresh SCV (7.75%) to AD SCV (28.75%). After freeze drying,
the TAG content was slightly decreased by 6.63%, but the FFA content in FD SCV (6.84%)
was similar to fresh SCV (7.75%). FFAs are formed due to hydrolysis of lipids catalyzed by
hydrolytic enzymes in raw materials [35]. In the present study, the high amount of FFAs
in AD SCV was likely due to hydrolysis of TAGs in fresh SCV resulting from the higher
temperature (27 and 34 ◦C) of air drying for longer drying time (72 h) compared to freeze
drying (in the range of −48 ~ −52 ◦C, 48 h).
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Table 2. Total lipid class of fresh, air-dried (AD SCV), and freeze-dried (FD SCV) sea
cucumber viscera.

Lipid Class Fresh SCV (%) AD SCV (%) FD SCV (%)

Hydrocarbons 0.05 ± 0.09 0.24 ± 0.28 0.30 ± 0.43
Steryl esters/wax esters 0.10 ± 0.17 0.00 ± 0.00 0.00 ± 0.00

Ethyl esters 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Methyl esters 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Ethyl ketones 0.16 ± 0.27 0.00 ± 0.00 0.00 ± 0.00

Methyl ketones 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Glyceryl ethers 26.87 ± 1.93 22.15 ± 0.64 23.14 ± 2.48
Triacylglycerols 32.93 ± 1.96 13.20 ± 0.90 26.30 ± 3.29
Free fatty acids 7.75 ± 1.21 28.75 ± 0.20 6.84 ± 0.36

Alcohols 0.00 ± 0.00 4.01 ± 0.35 0.51 ± 0.72
Sterols 1.92 ± 0.15 1.04 ± 0.18 0.86 ± 0.21

Diacylglycerols 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Acetone mobile polar lipids 3.60 ± 1.70 2.85 ± 2.61 4.91 ± 3.30

Phospholipids 26.63 ± 1.31 27.77 ± 3.20 37.13 ± 8.78

Figure 5. Total lipid class of fresh, air-dried (AD SCV), and freeze-dried (FD SCV) sea cucumber viscera.

In comparison to fresh SCV and AD SCV, FD SCV contained less moisture (Table 1)
so they remained in more compact form. Therefore, during lipid extraction, it was more
difficult for the organic solvents (chloroform and methanol, see Supplementary Information;
for detailed procedure) to penetrate the solid material to extract non-polar TAGs. By
comparison, phospholipids (PLs) are amphiphilic due to the hydrophobic fatty acid chains
and hydrophilic phosphate moieties in their structures. Therefore, part of PLs in the dried
sample might be dissolved in the water added during lipid extraction, which facilitated
their extraction into the organic solvents. Consequently, the percentage of extracted TAGs
in FD SCV was decreased (26.30%), while extracted PLs was increased (37.13%) compared
to fresh SCV (32.93% TAGs and 26.63% PLs). However, both TAG and PL content in FD SCV
was higher compared to AD SCV. Since TAGs and PLs are the lipid components of high
interest when utilizing marine oil, freeze drying would be more effective for valorization of
Cucumaria frondosa viscera for nutraceutical products compared to air drying. For drying of
other food materials that are abundant in lipids, freeze drying might be selected to prevent
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the undesired degradation of TAGs to FFAs during the drying process, and retain the high
amounts of TAGs and PLs in the materials.

To the authors’ best knowledge, no published reports are available on lipid class of
Cucumaria frondosa viscera. Gianasi et al. [32] reported that fresh Cucumaria frondosa gonads
(part of viscera) contained 19.0–22.5% TAGs and 17.0–21.2% PLs, which are consistent
with the results in the present study. Vaidya and Cheema [36] reported extremely high
content of PLs (75.59%) and low content of TAGs (2.27%) for freeze-dried Cucumaria frondosa
derived from Newfoundland. However, they did not indicate whether the raw material
was obtained from a specific body part or whole sea cucumber. Their reported results are
quite different from the present study, possibly because they might have used whole sea
cucumber (mixture of different parts) with abundant PLs in some parts. Moreover, lipid
class of sea cucumber can be significantly influenced by harvesting season and location.

3.3. Fatty Acid Composition
3.3.1. Total Fatty Acid Composition

As indicated in Table 3 and Figure 6, fatty acid compositions of total lipids in both
dried samples were similar to fresh SCV, indicating that both drying methods had no effect
on total fatty acid composition of the material. For all three samples, polyunsaturated fatty
acids (PUFAs) accounted for the highest fraction (33.01–40.14%), followed by monounsatu-
rated fatty acids (MUFAs, 27.01–28.73%) and saturated fatty acids (SFAs, 25.93–26.97%).
The content of omega-3 PUFAs was 30.58–31.65% and omega-6 PUFAs was 1.02–1.26%.
The amounts of SFAs, MUFAs, and omega-3 PUFAs in the present study are consistent with
the values reported by Mamelona et al. [10] for viscera of Cucumaria frondosa in Québec,
Canada (26.4% SFAs, 28.2% MUFAs, and 29.5% omega-3 PUFAs), but their omega-6 PUFA
content was higher (15.4%), possibly due to different living and harvesting conditions of
the sea cucumber.

Figure 6. Total fatty acid composition of fresh, air-dried (AD SCV), and freeze-dried (FD SCV) sea cucumber viscera.
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Table 3. Total fatty acid composition of fresh, air-dried (AD SCV), and freeze-dried (FD SCV) sea cucumber viscera.

Type Isomer Systematic Name Fresh SCV AD SCV FD SCV

Saturated fatty acids (SFAs)

14:0 Tetradecanoic acid 3.39 ± 0.04 3.66 ± 0.04 3.79 ± 0.09

15:0 Pentadecanoic acid 12.27 ± 0.10 13.12 ±
0.06 12.81 ± 0.04

16:0 Hexadecanoic acid 4.90 ± 0.09 4.73 ± 0.17 4.66 ± 0.02
17:0 Heptadecanoic acid 0.99 ± 0.01 0.55 ± 0.54 1.19 ± 0.02
18:0 Octadecanoic acid 3.45 ± 0.03 3.37 ± 0.05 3.46 ± 0.02
20:0 Eicosanoic acid 0.48± 0.01 0.50 ± 0.04 0.52 ± 0.01
22:0 Docosanoic acid 0.45 ± 0.08 0.53 ± 0.06 0.54 ± 0.01

Subtotal (SFAs) 25.93 26.46 26.97

Monounsaturated fatty acids
(MUFAs)

14:1 Tetradecenoic acid 0.37 ± 0.00 0.40 ± 0.00 0.40 ± 0.00
16:1 n-9 cis-7-Hexadecenoic acid 0.00 ± 0.00 0.06 ± 0.01 0.00 ± 0.00

16:1 n-7 Hexadecenoic acid 17.86 ± 0.05 18.20 ±
0.05 18.16 ± 0.08

17:1 Heptadecenoic acid 0.33 ± 0.05 0.43 ± 0.14 0.42 ± 0.08
18:1 n-9 Octadecenoic acid 2.61 ± 0.08 2.47 ± 0.04 2.59 ± 0.06
18:1 n-7 cis-Vaccenic acid 2.87 ± 0.04 2.89 ± 0.02 2.94 ± 0.06

20:1 n-11 Gadoleic acid 1.07 ± 0.04 1.14 ± 0.03 1.07 ± 0.03
20:1 n-9 Eicosenoic acid 0.82 ± 0.03 0.84 ± 0.01 0.85 ± 0.05
20:1 n-7 Paullinic acid 0.26 ± 0.00 0.30 ± 0.00 0.26 ± 0.05
22:1 n-9 Erucic acid 0.81 ± 0.01 0.81 ± 0.14 0.77 ± 0.06
22:1 n-11 Docosenoic acid 0.00 ± 0.00 1.14 ± 0.03 1.07 ± 0.03

Subtotal (MUFAs) 27.01 28.73 28.60

Polyunsaturated fatty acids
(PUFAs)

16:2 n-4 Hexadecadienoic acid 1.10 ± 0.00 1.13 ± 0.01 1.13 ± 0.02
18:2 n-6 Octadecadienoic acid 0.38 ± 0.00 0.34 ± 0.02 0.39 ± 0.05
18:3 n-4 Octadecatrienoic acid 0.08 ± 0.02 0.13 ± 0.04 0.15 ± 0.00
18:3 n-3 15-Octadecatrienoic acid 0.06 ± 0.01 0.09 ± 0.02 0.10 ± 0.01
18:3 n-6 12-Octadecatrienoic acid 0.09 ± 0.02 0.25 ± 0.01 0.25 ± 0.02
18:4 n-3 6,9,12,15-Octadecatetraenoic acid 1.30 ± 0.01 1.31 ± 0.01 1.31 ± 0.03
18:4 n-1 Octadeca-9,11,13,15-tetraenoic acid 0.23 ± 0.01 0.23 ± 0.00 0.23 ± 0.01
20:2 n-6 11,14-Eicosadienoic acid 0.17 ± 0.03 0.24± 0.03 0.22 ± 0.01
20:3 n-6 8,11,14-Eicosatrienoic acid 0.00 ± 0.00 0.00 ± 0.01 0.00 ± 0.01
20:4 n-3 8,11,14,17-Eicosatetraenoic acid 0.18 ± 0.07 0.25 ± 0.05 0.25 ± 0.02
20:4 n-6 5,8,11,14-Eicosatetraenoic acid 0.39 ± 0.01 0.42 ± 0.07 0.38 ± 0.01

20:5 n-3 Eicosapentaenoic acid (EPA) 27.76 ± 0.07 28.71 ±
0.20 27.97 ± 0.11

22:5 n-3 Docosapentaenoic acid (DPA) 0.41 ± 0.03 0.41 ± 0.04 0.38 ± 0.01
22:6 n-3 Docosahexaenoic acid (DHA) 0.88 ± 0.01 0.87 ± 0.01 0.85 ± 0.00

Other PUFAs 6.53 ± 0.27 5.74 ± 0.18 6.31 ± 0.12
Subtotal (PUFAs) 33.01 40.14 39.91

Total Omega-3 PUFAs 30.58 30.58 31.65
Total Omega-6 PUFAs 1.02 1.02 1.26

Other fatty acids 14.05 4.68 4.52

In the present study, eicosapentaenoic acid (EPA) was the predominant fatty acid
(27.76–28.71%), which is in agreement with all reported studies about total fatty acid
composition of different parts of Cucumaria frondosa [10,32,34,36]. EPA has been proved
with a variety of health benefits, such as prevention of inflammation, promotion of fetal
development, reduction of cardiovascular risk, and enhancement of cognitive function [37].
Therefore, Cucumaria frondosa viscera can be potentially valorized for production of omega-3
PUFA (especially EPA) products.

The content of omega-3 PUFAs, omega-6 PUFAs, and EPA in total lipids of fresh and
dried SCV were compared to crude oil extracted from some marine by-products that have
been widely commercialized for nutritional supplements [38] (Table 4). In comparison
to crude oil from salmon, cod liver, and seal, both fresh and dried SCV have higher
amounts of omega-3 PUFAs, and at the same time lower amounts of omega-6 PUFAs. As
reported by Simopoulos [39], the omega-6/3 ratio in western diets is as high as 15~20:1. An
excessive intake of omega-6 PUFAs might promote pathogenesis of many diseases, such as
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inflammation, obesity, cancer, and cardiovascular diseases [39–41]. An increased intake
of omega-3 PUFAs can reduce the risks, and a recommended dietary ratio of omega-6/3
is 1~5:1 [42,43]. In fresh and dried SCV, the omega-6/3 ratio is as low as 0.03 and 0.04,
respectively, along with high omega-3 PUFA content (above 30%). Furthermore, the EPA
content in SCV is significantly higher (27–28%) in comparison to crude oil from other
marine by-products (4–9%, Table 4). Therefore, it seems promising to process Cucumaria
frondosa viscera into omega-3 PUFAs and EPA enriched nutritional products without the
concern of excessive intake of omega-6 PUFAs.

Table 4. Comparison of omega-3 PUFAs, omega-6 PUFAs, and EPA in total lipids from the present study and literature.

Species
Total Omega-3

PUFAs (%)
Total Omega-6

PUFAs (%)
Omega-6
/Omega-3

EPA (%) Reference

Fresh SCV 30.58 1.02 0.03 27.76
The present studyAD SCV 31.65 1.26 0.04 28.71

FD SCV 30.85 1.24 0.04 27.97
Crude farmed Atlantic

salmon oil 9.93 15.11 1.52 4.63

Dave et al. [38]Crude seal oil 16.27 2.03 0.12 7.12
Crude cod liver oil 20.77 2.29 0.11 8.52

Crude wild Pacific salmon oil 21.18 2.26 0.11 9.54

3.3.2. Phospholipid Fatty Acid Composition

Phospholipids (PLs) are the main component of cellular membranes of various liv-
ing organisms, and essential in gene expression, lipoprotein formation, and signaling
systems [44]. PLs have been reported with numerous health benefits, including relief of
inflammatory reactions, inhibition of certain types of cancer, regulation of blood lipid pro-
files, improvement of neurological development, enhancement of immunological functions,
and reduction of liver diseases [45]. Compared to TAGs, PLs are more biocompatible and
bioavailable [46,47]. In the present study, PLs were the most abundant lipid component
in both air- and freeze-dried SCV (27.77% in AD SCV and 37.13% in FD SCV, Table 2).
Therefore, fatty acid composition of PLs of dried SCV were analyzed and compared to
fresh SCV (Table 5 and Figure 7).

 

Figure 7. Phospholipid fatty acid composition of fresh, air-dried (AD SCV), and freeze-dried (FD
SCV) sea cucumber viscera.
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Table 5. Phospholipid fatty acid composition of fresh, air-dried (AD SCV), and freeze-dried (FD SCV) sea cucumber viscera.

Type Isomer Systematic Name Fresh SCV AD SCV FD SCV

Saturated fatty acids (SFAs)

14:0 Tetradecanoic acid 0.35 ± 0.11 0.25 ± 0.01 0.18 ± 0.03
15:0 Pentadecanoic acid 0.44 ± 0.03 0.65 ± 0.03 0.43 ± 0.07
16:0 Hexadecanoic acid 3.62 ± 0.68 2.96 ± 0.60 2.34 ± 0.13
17:0 Heptadecanoic acid 0.62 ± 0.03 0.66 ± 0.02 0.64 ± 0.01
18:0 Octadecanoic acid 7.08 ± 0.32 5.93 ± 0.38 5.81 ± 0.02
20:0 Eicosanoic acid 1.37 ± 0.12 1.34 ±0.02 1.29 ± 0.03
22:0 Docosanoic acid 0.93 ± 0.18 1.07 ± 0.03 0.87 ± 0.04

Subtotal (SFAs) 14.41 12.85 11.56

Monounsaturated fatty acids
(MUFAs)

14:1 Tetradecenoic acid 0.00 ± 0.00 0.04 ± 0.01 0.03 ± 0.00
16:1 n-9 cis-7-Hexadecenoic acid 0.19 ± 0.06 0.00 ± 0.00 0.01 ± 0.02
16:1 n-7 Hexadecenoic acid 2.68 ± 0.29 3.09 ± 0.13 2.40 ± 0.14

17:1 Heptadecenoic acid 0.12 ± 0.18 0.07 ± 0.00 0.03 ± 0.00
18:1 n-9 Octadecenoic acid 1.81 ± 0.10 1.69 ± 0.07 1.75 ± 0.03
18:1 n-7 cis-Vaccenic acid 3.15 ± 0.07 3.63 ± 0.02 3.84 ± 0.08
20:1 n-11 Gadoleic acid 3.40 ± 0.32 3.86 ± 0.30 3.15 ± 0.07
20:1 n-9 Eicosenoic acid 1.03 ± 0.02 1.15 ± 0.02 1.16 ± 0.04
20:1 n-7 Paullinic acid 0.84 ± 0.11 0.91 ± 0.03 0.94 ± 0.03
22:1 n-9 Erucic acid 1.49 ± 0.14 1.82 ± 0.05 1.76 ± 0.06
22:1 n-11 Docosenoic acid 0.00 ± 0.00 3.86 ± 0.30 3.15 ± 0.07

Subtotal (MUFAs) 14.71 19.46 17.60

Polyunsaturated fatty acids
(PUFAs)

16:2 n-4 Hexadecadienoic acid 0.28 ± 0.05 0.22 ± 0.01 0.25 ± 0.00
18:2 n-6 Octadecadienoic acid 0.65 ± 0.14 0.48 ± 0.06 0.44 ± 0.03
18:3 n-4 Octadecatrienoic acid 0.09 ± 0.03 0.20 ± 0.00 0.24 ± 0.01
18:3 n-3 15-Octadecatrienoic acid 0.10 ± 0.03 0.09 ± 0.01 0.08 ± 0.00
18:3 n-6 12-Octadecatrienoic acid 0.50 ± 0.11 0.42 ± 0.00 0.42 ± 0.01
18:4 n-3 6,9,12,15-Octadecatetraenoic acid 0.49 ± 0.03 0.48 ± 0.01 0.52 ± 0.01
18:4 n-1 Octadeca-9,11,13,15-tetraenoic acid 0.08 ± 0.03 0.14 ±0.01 0.13 ± 0.03
20:2 n-6 11,14-Eicosadienoic acid 0.67 ± 0.13 0.84 ± 0.02 0.58 ± 0.02
20:3 n-6 8,11,14-Eicosatrienoic acid 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
20:4 n-3 8,11,14,17-Eicosatetraenoic acid 0.39 ± 0.15 0.40 ± 0.02 0.38 ± 0.02
20:4 n-6 5,8,11,14-Eicosatetraenoic acid 0.93 ± 0.07 0.97 ± 0.03 1.10 ± 0.02

20:5 n-3 Eicosapentaenoic acid (EPA) 46.13 ± 1.39 38.88 ±
0.36 45.97 ± 0.50

22:5 n-3 Docosapentaenoic acid (DPA) 0.46 ± 0.12 0.39 ± 0.01 0.42 ± 0.02
22:6 n-3 Docosahexaenoic acid (DHA) 1.26 ± 0.27 0.97 ± 0.13 1.32 ± 0.01

Other PUFAs 14.14 ± 4.74 10.46 ±
0.69 8.89 ± 0.27

Subtotal (PUFAs) 52.02 54.93 60.72
Total Omega-3 PUFAs 48.82 48.82 41.21
Total Omega-6 PUFAs 2.75 2.75 2.71

Other fatty acids 18.87 12.77 10.12

For all three samples, the content of PUFAs (52.02–60.72%) in PLs were significantly
higher than SFAs (11.56–14.41%) and MUFAs (14.71–19.46%). The amounts of omega-3
PUFAs in PLs of FD SCV (48.69%) were similar to fresh SCV (48.82%), which were slightly
higher than AD SCV (41.21%). EPA was the most abundant fatty acid, accounting for 46.13%
and 45.97 % in fresh and FD SCV, respectively, and 38.88% in AD SCV, which was relatively
lower. Vaidya and Cheema [36] reported similar content of omega-3 PUFAs (49.59%) and
EPA (44.4%) in PLs of freeze-dried Cucumaria frondosa derived from Newfoundland.

Araujo et al. [48] reported 49.4% omega-3 PUFAs, 2.5% omega-6 PUFAs, and 28.5%
EPA for PLs in krill oil. Krill oil is a type of marine oil abundant in PLs, and has been
widely commercialized as nutritional supplements. In comparison to fish oil, which is
mainly composed of TAGs, omega-3 PUFAs in krill oil can be absorbed by humans more
safely and efficiently with low side-effects, due to the high efficiency of PLs to deliver the
fatty acid residues into cell membranes [45,49]. The amounts of total omega-3 and 6 PUFAs
in PLs of fresh and dried SCV in the present study are quite similar to krill oil, and the EPA
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content in SCV is even higher. Therefore, there is a great potential for Cucumaria frondosa
viscera to be valorized for value-added PL-rich nutritional products.

3.4. Total Amino Acid Composition

In the present study, sixteen amino acids were identified, including eight essential
amino acids (EAAs) and eight non-essential amino acids (NEAAs). As indicated in Table 6,
the two drying methods afforded similar yields of total EAAs and NEAAs from fresh SCV,
with the EAAs/NEAAs ratio of approximately 1. As claimed by Mamelona et al. [50],
marine by-products commonly have a ratio of EAAs/NEAAs higher than 0.5, indicating the
high quality of marine proteins and their potential as a source of balanced dietary proteins.

Table 6. Amino acid composition of air-dried (AD SCV) and freeze-dried (FD SCV) sea cucumber viscera.

Type AD SCV (mg/100 g) AD SCV (%) FD SCV (mg/100 g) FD SCV (%)

Essential amino acids (EAAs)
Histidine 396.18 ± 163.86 1.04 225.99 ± 135.30 0.62
Threonine 3815.16 ± 766.14 10.00 2878.91 ± 377.70 7.95

Valine 64.00 ± 35.21 0.17 62.26 ± 6.95 0.17
Methionine 3100.43 ± 44.01 8.12 2854.84 ± 290.10 7.88
Isoleucine 5938.32 ± 263.54 15.56 5385.95 ± 181.72 14.87
Leucine 295.86 ± 92.82 0.78 185.63 ± 44.80 0.51

Phenylalanine 5841.59 ± 295.02 15.31 5056.60 ± 229.27 13.96
Lysine 224.32 ± 82.05 0.59 223.01 ± 42.83 0.62

Total EAAs 19,675.86 51.57 16,873.19 46.58
Non-essential amino acids (NEAAs)

Aspartic acid 191.85 ± 22.15 0.50 140.87 ± 5.67 0.39
Glutamic acid 9897.19 ± 4.90 25.93 7926.57 ± 136.11 21.89

Serine 647.22 ± 479.46 1.70 263.47 ± 91.24 0.73
Glycine 1210.25 ± 861.02 3.17 6275.05 ± 98.92 17.33
Alanine 1877.57 ± 270.81 4.92 673.43 ± 342.47 1.86
Proline 4121.35 ± 11.38 10.80 3755.68 ± 184.38 10.37

Tyrosine 407.29 ± 136.74 1.07 196.90 ± 95.39 0.54
Cystine 134.40 ± 4.06 0.35 105.48 ± 9.33 0.29

Total NEAAs 18,487.12 48.44 19,337.45 53.40
EAAs/NEAAs 1.06 0.87

Glutamic acid was the predominant amino acid in both dried samples (9897.19 mg/100 g
in AD SCV and 7926.57 mg/100 g in FD SCV, Table 6 and Figure 8), which agrees with
amino acid profiles reported by Mamelona et al. [10] for Cucumaria frondosa viscera and
Zhong et al. [34] for body wall. The most abundant EAA in both dried samples was
isoleucine, followed by phenylalanine. In comparison to AD SCV, FD SCV contained a
significantly higher amount of glycine (6275.05 mg/100 g). Heat treatment has been claimed
possibly changing compositions of nitrogenous compounds [51]. Similar observations that
different drying methods resulted in different amino acid compositions of dried marine
materials have been reported by Deng et al. [52] and Kim et al. [53] in their studies about
squid and yellow croaker, respectively. As observed in the present study, for drying of food
materials that are abundant in glycine, freeze drying might be more effective in retaining
the high level of glycine compared to air drying.
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Figure 8. Amino acid composition of air-dried (AD SCV) and freeze-dried (FD SCV) sea cucumber viscera.

Glutamic acid and its derivative glutamine have been reported with various health
benefits, including anticancer activity, cell proliferation, wound healing, improvement of
protein metabolism, enhancement of immune system, and prevention of bacterial translo-
cation [54,55]. Isoleucine plays a crucial role in formation of hemoglobin, stabilization
and regulation of blood sugar, and energy levels [56]. It also promotes muscle recovery
after physical exercise and tissue repair after surgery [57]. Phenylalanine is an important
precursor for production of tyrosine, which can be converted to proteins and signaling
molecules that are closely related to learning ability and stress control [58,59]. Glycine is
important for living organisms as it plays the role of a neurotransmitter, and is an essen-
tial component in many biological molecules and metabolic reactions [60]. It promotes
production and release of interleukin-2 and B lymphocytes in the immune system, thus
facilitating phagocytosis [61]. Glycine is crucial in synthesis of glutathione, which is a
primary antioxidant enzyme in the human body and promotes generation and activation
of natural killer cells [62]. Moreover, glycine has been proved with multiple cytoprotective
effects for brain, heart, liver, and kidney [60]. In spite of slightly higher amounts of glutamic
acid, isoleucine, and phenylalanine in AD SCV, FD SCV had a significantly higher content
of glycine, therefore freeze drying might be more effective in processing Cucumaria frondosa
viscera for production of functional foods and nutritional supplements.

4. Conclusions

This study creates a paradigm for future research on using drying technology to
pretreat sea cucumber viscera for production of value-added products. Compared to air
drying, freeze drying was more effective in removing moisture and retaining the nutritional
components (TAGs, PLs and glycine) of Cucumaria frondosa viscera. The present study
indicates the high amounts of nutrients (omega-3 PUFAs and glycine) in dried Cucumaria
frondosa viscera, and addresses their potential for further processing into functional food,
nutraceuticals and pharmaceuticals.
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Abstract: Isolation of anti-proliferative compounds from plants is always hindered by the complexi-
ties of the plant’s nature and tedious processes. Clinacanthus nutans (Burm. f.) Lindau is a medicinal
plant with reported anti-proliferative activities. Our study aimed to isolate potential anti-proliferative
compounds present in C. nutans plant. To start with, for our study, we came up with a strategy by
first profiling the volatile compounds present in the leaf, stem and root of C. nutans using GC-MS.
Comparing the plant’s volatile profiles greatly narrowed down our target of study. We decided to
start with the isolation and characterization of a pentacyclic terpenoid, i.e., lupeol from the roots of
C. nutans, as this compound was found to present abundantly in the roots compared to the leaf or
stem. We developed a simple maceration and re-crystallization method, without the necessity to go
through the fractionation or column chromatography for the isolation of lupeol. Characterizations
of the isolated compound identified the compound as lupeol. The anti-proliferative activity of the
isolated lupeol was further investigated against the MCF-7 cell line, which showed comparable
anti-proliferative activity with the authentic lupeol and camptothecin. Our strategy to profile every
part of the plant first, followed by selection of the most suitable plant part and targeted compound
proved useful for further isolation and characterization bioactive compound from C. nutans.

Keywords: Clinacanthus nutans; profiling; root; GC-MS; lupeol; anti-proliferative; MCF-7 cells

1. Introduction

Clinacanthus nutans (Burm. f.) Lindau from the Acanthaceae family is a small shrub
which is naturally found in tropical and subtropical Asian countries, including Malaysia,
Thailand, Indonesia, Vietnam, and China [1]. In Malaysia, the plant is commonly known as
Belalai Gajah and Sabah snake grass [2]. The aerial part of this plant, i.e., the leaf (Figure 1)
has been shown to possess a vast spectrum of pharmacological activities, in which the anti-
proliferative activities on various human cancer cell lines have been extensively studied.
For instance, C. nutans leaf extracted with chloroform, methanol, and water has been
reported to demonstrate anti-proliferative effects against various human cancer cell lines,
such as the liver hepatocellular carcinoma cell line (HepG2), neuroblastoma cell line (IMR-
32), lung cancer cell line (NCI-H23), gastric cancer cell line (SNU-1), colon adenocarcinoma
cell line (LS-174T), erythroleukemia cell line (K-562), human cervical cancer cell line (HeLa),
and Burkitt’s lymphoma cell line (Raji) [3]. On the other hand, the leaf extracted with
ethanol and ethyl acetate has also been reported to exhibit strong cytotoxic effects against
the estrogen-dependent human breast cancer cell line, MCF-7 [4]. Meanwhile, Fong and
colleagues have collected C. nutans leaves from different countries, such as Malaysia,
Thailand and Vietnam. They extracted the collected leaves with methanol and found
that the leaf extracts possess cytotoxicity and apoptotic activities against the human skin
cancer cell line, D24 melanoma cells [5]. In addition to the anti-proliferative effects on
various cancer cell lines, the aerial parts of the plant have also been reported to exhibit
significant antitumor and apoptotic activities on the in vivo mice cancer model [6]. While
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most of the anticancer studies on this plant are focused on the aerial part, our group have
conducted an anti-proliferative study on the underground part, i.e., the root (Figure 1) [7].
The crude methanolic and ethyl acetate extracts of C. nutans roots were found to exhibit
anti-proliferative and apoptotic effects on breast cancer (MCF-7) and cervical cancer (HeLa)
cell lines [Teoh].

Figure 1. A Clinacanthus nutans plant. The arrows show the leaf, stem and root parts of the plant
used for extraction and volatile profiling in this study. The roots were further used for the isolation
and characterization of lupeol.

Owing to its promising anti-proliferative activities, several attempts have been con-
ducted to isolate the anti-proliferative compounds and/or active fractions from the C. nu-
tans leaf. Huang and colleagues [6] have extracted the aerial parts of C. nutans with ethanol,
followed by further fractionation on a Diaion HP-20 macroporous adsorption resin to
produce a 30% ethanol fraction (CN30) and other fractions. The CN30 fraction was found
to be able to induce inhibition in tumor size and weight of the HepA xenograft model
mouse (hepatoma cell-injected mice). The active components in CN30 were therefore
further fractionated and purified. High-performance liquid chromatography (HPLC) and
mass spectrometry (LC/MS/MS) analyses revealed that there were seven active com-
pounds present in CN30. The seven identified active components were shaftoside, apigenin
6,8-C-α-L-pyranarabinoside, orientin, isoorientin, vitexin, isovitexin, and gallic acid. After
that, the same research group conducted another study to isolate a novel polysaccharide–
peptide complex, which they named CNP-1-2, by a series of complex purification methods
from C. nutans leaves [8]. This CNP-1-2 complex was found to show the strongest growth
inhibition effect on the human gastric cancer cell line (SGC-7901) and was able to stimulate
the activation of macrophages. On the other hand, another research group led by Mutazah
and colleagues [9] has managed to fractionate two active fractions from the bark powder
of C. nutans. These two fractions, which they named A12 and A17, were found to contain
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sulfur-containing compounds, including entadamide C and clinamide D, that possessed
strong cytotoxic activities against MDA-MB-231 and MCF-7 breast cancer cell lines.

From the studies above, it can be postulated that the isolation of anti-proliferative
compounds from C. nutans is not easy. This may be due to the complexities of the plant’s
nature, and also various fractionation/chromatographic steps which need to be optimized.
Our study therefore aimed to pre-screen (profile) the volatile compounds present in every
part of the plants first, followed by the selection and isolation of target compound. The
details of the study are described in the subsequent sections.

2. Materials and Methods

2.1. Solvents, Chemicals and Cell Lines

All the solvents used in this study were of analytical and/or high performance liquid
chromatography (HPLC) grade, and purchased from Fisher Scientific (Pittsburgh, PA,
USA). The solvents used were methanol, ethyl acetate and dimethylsulfoxide (DMSO).
The authentic reference standard, lupeol (L5632-25 mg, ≥94% purity) for characterization
purposes was obtained from Sigma-Aldrich (St. Louis, MO, USA). Roswell Park Memo-
rial Institute (RPMI) 1640, Phosphate-Buffered Saline (PBS), 2.5 g/L trypsin-1mmol/L
EDTA, and 0.5% trypan blue stain solution were purchased from Nacalai Tesque (Kyoto,
Japan), whereas the Fetal Bovine Serum (FBS) was purchased from JR Scientific (Woodland,
CA, USA). The cell proliferation kit was purchased from Roche Diagnostics (Mannheim,
Germany).

2.2. Plant Materials

Clinacanthus nutans (Burm. f.) Lindau plants were purchased from herbal suppliers at
a local market in Kota Kinabalu, Sabah, Malaysia. The plants were verified by a botanist
from the Faculty of Science and Natural Resources, Assoc. Prof. Dr. Berhaman Ahmad,
and a voucher specimen (ACCN 001/2013) was deposited in the herbarium of Universiti
Malaysia Sabah. The plants were first cleaned thoroughly with tap water to remove the
dirt, followed by rinsing several times with distilled water and dried with a paper towel.
The leaves, stems and roots were excised from the plants, freeze-dried for five days and
ground into powder using a heavy-duty blender. The plant samples in powder form were
stored at −80 ◦C until further analysis. Some of the stems of the purchased plants were
re-grown in soil for a duration of 6 months for photo shooting purposes.

2.3. Extraction of C. nutans Leaf, Stem, and Root for Volatile Profiling

Approximately 0.5 g of each freeze-dried C. nutans leaf, stem, and root sample was
weighed and added with 10 mL of absolute ethyl acetate, followed by maceration at 37 ◦C
with 180 rpm agitation for three days in dark conditions. After three days of extraction, the
plant extracts were filtered with Whatman filter paper, followed by drying under vacuum
pressure by using a rotary evaporator at 40 ◦C, and then stored at −80 ◦C until further
analysis. For each plant’s part, the whole extraction process was repeated another two
times to produce three replicates (n = 3) per leaf, stem and root.

2.4. Volatile Profiling of the Crude Leaf, Stem, and Root Extracts Using GC-MS

The crude C. nutans leaf, stem, and root ethyl acetate extracts were re-dissolved in
HPLC-grade ethyl acetate to appropriate concentrations and filtered using 0.22μm syringe
filters prior to GC-MS analyses. The GC-MS analysis was carried out according to [9],
with some modifications. Briefly, 1 μL aliquot of each sample was injected into the GC-MS
equipment (GC model 7890 and MS model 5975C; from Agilent Technologies, Santa Clara,
CA, USA). An HP-5ms capillary column (30 m × 0.250 mm inner diameter × 0.25 μm of film
thickness) from Agilent Technologies was used for separation. GC-MS was performed in a
splitless mode and pure helium was used as the carrier gas with a flow rate of 1 mL/min.
The MS source was pre-set to 230 ◦C and MS quad temperature was recorded at 150 ◦C. The
injector temperature was set to 250 ◦C with an injection volume of 1 μL per sample. The
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oven temperature was programmed from 220 ◦C for 10 min and continuously increased
at a rate of 5 ◦C/min until a temperature of 300 ◦C was reached and then retained for
10 min. The total run time was 36 min. The post-run was fixed at 200 ◦C for 5 min, and
the ion source temperature was constant at 200 ◦C. The mass analyzer was performed in
a full scan mode from m/z 40 to 550, and mass spectra were obtained at EI = 70 eV. The
identification of the compounds was performed by spectra matching using the National
Institute Standard and Technology (NIST) library version 11 (NIST11). The leaf, stem, and
root profiles obtained were compared to select for the most suitable plant’s part to be used
for the subsequent isolation of target compound.

2.5. Extraction of C. nutans Root for the Isolation of Lupeol

The selected plant part in this study was the roots, and the target compound was
lupeol. First of all, 80 g of freeze-dried C. nutans roots were weighed and added into a
conical flask containing 200 mL of absolute ethyl acetate. The extract was put inside a
rotary shaker and macerated at 37 ◦C with 180 rpm agitation for a consecutive five days
in dark conditions. After five days of extraction, the crude root extract was filtered with
Whatman filter paper, transferred to a new flask, and stored at 4 ◦C. A repeated extraction
was performed on the remaining root residue in the extraction flask with the addition of
another 200 mL of ethyl acetate but only for three days. The second crude root extract was
filtered and combined with the first extract, followed by drying under vacuum pressure
using a rotary evaporator at 40 ◦C and stored at −80 ◦C prior to the recrystallization step.

2.6. Recrystallization of C. nutans Root Extract for the Isolation of Lupeol

The dried C. nutans crude root extract in Part 2.5 above was re-dissolved in 100 mL
of absolute methanol and added into an Erlenmeyer flask, followed by heat-stirring on
a hot plate until all the extract was fully dissolved and the methanol solvent boiled. The
Erlenmeyer flask was then left to cool down inside a huge glass beaker filled with ice.
While cooling down, the inner side of the Erlenmeyer flask was gently stirred by using a
glass rod to induce crystal formation (nucleation). After ten minutes, the formed crystals
were filtered out from the methanol solvent using a Buchner funnel under vacuum pressure.
The filtered crystals were collected and left to dry inside a laminar flow for several minutes
until a white amorphous powder was obtained. The collected white amorphous powder
was weighed, followed by identification and characterization using various analytical
instruments.

2.7. GC-MS Analyses and Comparisons of the Isolated and Authentic Reference Standard Lupeols

The isolated white amorphous compound from C. nutans roots and the purchased
authentic standard lupeol were dissolved in HPLC-grade ethyl acetate to appropriate
concentrations and were filtered using 0.22μm syringe filters prior to GC-MS analyses.
The GC-MS analysis was carried out according to Part 2.4, with some modifications on
the ramping program. Briefly, the oven temperature was programmed from 220 ◦C for
10 min and continuously increased at a rate of 5 ◦C/min until a temperature of 300 ◦C was
reached and then retained for 10 min. The total run time was 41 min. The identification
of the compound was determined using the NIST11 library (Cas number for lupeol is
000545-47-1, entry number in library is #221171) and also compared with the MS spectra of
the reference standard lupeol. In addition, further confirmation of the identity and purity
of lupeol isolated from C. nutans roots was carried out by spiking the standard lupeol into
the isolated lupeol sample, followed by a re-analysis with GC-MS to observe if only one
overlapped peak (lupeol) was present in the chromatogram or not.

2.8. Characterization of the Isolated Lupeol from C. nutans Roots

Firstly, the melting point of the isolated lupeol was determined with SMP40 Automatic
Melting Point Apparatus (Stuart, UK). Next, the infrared (IR) spectra of the isolated and
standard lupeol were determined using a Cary 630 FTIR Spectrometer (Agilent Technolo-
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gies, CA, USA). Finally, structural elucidation of the isolated compound was determined
using 1D-FT-NMR in 600 MHz (Bruker, Germany) for both 1H-NMR and 13C-NMR.

2.9. Anti-Proliferative Activities of the Isolated Lupeol Compared to the Authentic Standard Lupeol

The anti-proliferative activities of isolated and standard lupeol were determined using
MTT assay, which was performed using the Cell Proliferation Kit I (Roche Diagnostics,
Mannheim, Germany) according to the manufacturer’s protocol. Human breast cancer
(MCF-7) cell line was seeded in a 96-well plate (3 × 104 cells/well) with 100 μL of RPMI
1640 medium and incubated at 37 ◦C with 5% CO2 of humidified atmosphere overnight.
After 24 h, cells were treated with different concentrations of the isolated compound and
standard lupeol ranging from 10 to 50 μg/mL for 72 h. For positive control, cells were
treated with camptothecin at the concentrations of 0.5–2.0 μg/mL for 72 h. Cells treated
with DMSO were used as a control. The cell proliferation was measured at 570 nm using a
microplate reader (Molecular Devices, Sunnyvale, CA, USA). The IC50 values (50% growth
inhibitory concentration) were calculated from three independent experiments, in which
there were three technical replicates (n = 3) per concentration per experiment.

2.10. Statistical Analysis

The IC50 values of the isolated and standard lupeol were expressed as mean ± SD
of the three independent experiments (n = 3), which were calculated using a non-linear
dose–response curve fitting analysis with GraphPad Prism 7 (GraphPad Software, Inc., San
Diego, CA, USA). The level of significance (* p < 0.05, ** p < 0.01 and *** p < 0.001) was
determined using one-way ANOVA followed by a post hoc Dunnett test by comparison to
the untreated controls.

3. Results

3.1. Volatile Profiling of C. nutans Reveals Different Accumulations of Bioactive Metabolites in
Different Parts of the Plant

In our volatile profiling of different parts of the C. nutans plant, ethyl acetate was
used as the extraction solvent to extract for volatile or nonpolar compounds, and a GC-MS
method, which we have optimized for the detection of volatiles or nonpolar compounds [7],
was employed in this study. From the results, it was interesting to observe that the leaves,
stems, and roots have different volatile profiles among each other (Figure 2). The leaves
were found to contain vitamin E (α-tocopherol) as the most abundant compound, followed
by squalene (the precursor of pentacyclic triterpenoids and phystosterols), and phytosterols,
such as stigmasterol, β/γ-sitosterol, and campesterol. Meanwhile, the stems were shown to
contain lupeol, phytosterols, squalene, and vitamin E (α-tocopherol). The most interesting
part was found in the roots, where there was only one main peak present in the profile,
which was designated as lupeol by the NIST11 library (with matched quality of 76). The
other compounds which were observed in the leaves or stems were found to be very scarce
in the root part. As lupeol has been reported to possess anti-proliferative activities (which
will be discussed in the Discussion Section 4) and also the volatile profile of the root was
simple, we then decided to make this compound our target in this study.
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Figure 2. Volatile profiles of the leaf, stem, and root of C. nutans obtained using GC-MS analysis.
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3.2. GC-MS Analysis Reveals the Isolation of Lupeol from C. nutans Roots

Through maceration and recrystallization methods, 1.138 g of the white amorphous
compound was successfully isolated from an initial 80 g of freeze-dried C. nutans roots. The
extraction yield was therefore 1.42% (1.138 g/80 g × 100%), or 14.2 mg/g freeze-dried root.
The white amorphous compound was then re-dissolved with HPLC-grade ethyl acetate
and analyzed with GC-MS. The profile was compared with standard lupeol and isolated
compound spiked with standard lupeol (Figure 3). From Figure 3A, we observed that
only one single main peak was shown in the profile at a retention time of 28.769 min for
the isolated white amorphous compound. This isolated compound also showed almost
the same retention time with the purchased authentic reference standard, lupeol, which
has an Rt of 28.789 min (Figure 3B). When the electron ionization-mass spectrum (EI-
MS) of the single peak from Figure 3A was compared to the EI-MS of standard lupeol,
they were identical (Supplemental Figure S1A). When this isolated white amorphous
compound was spiked with an equal amount of standard lupeol and loaded into GC-
MS, only one single peak was detected in the profile with a retention time of 28.799 min
(Figure 3C). The EI-MS also overlapped well (Supplementary Figure S1A). Lupeol has a
molecular weight of 426.729 g/mol and a molecular formula of C30H50O. The EI-MS of this
single peak showed the presence of the parent ion (M+) at m/z 426, which corresponds
to the molecular formula of C30H50O and most probably represented lupeol. The EI-
MS also revealed the presence of fragment ions at m/z 189 and 218, which were the
main characteristic of a pentacyclic triterpenoid [10]. Another key feature of pentacyclic
triterpenoid is the isopropenyl fragment at m/z 411 [M-CH3]+ [11], which was also detected
(Supplemental Figure S1A). Overall, the identical fragmentation patterns of EI-MS of the
isolated compound with the fragmentation patterns of EI-MS of standard lupeol suggested
that the isolated compound from C. nutans roots was lupeol.

3.3. Characterization and Structural Elucidation of the Isolated Lupeol

Characterizarion of the isolated white amorphous showed that it has a melting point
of 216 ◦C. Meanwhile, the IR spectrum of the isolated compound was also studied (Supple-
mental Figure S2). The hydroxyl group (-O–H) vibration was shown as a broad intense
band at 3303 cm−1, and a moderately intense band was observed at 1187 cm−1. The stretch-
ing and bending of the methyl group (-C–H3) were detected at 2930 cm−1 with an intense
band and a moderately intense band at 1450 cm−1. In addition, the vibration of the (-C–H2)
methylenic part was observed at 2861 cm−1, which displayed a weaker intense band. The
vibration of the (-C=O) of the carboxylic acid group was also observed as an intense band
at 1737 cm−1. At the wavelength of 1379 cm−1, there was the presence of (-C–C) vibration
of the methyl group as a moderate intense band. The out of the plane (-C–H) vibration was
observed at 886 cm−1 as a strong intense band. Those obtained IR spectra data were in
good agreement with the IR spectra of lupeol, as studied and reported by [12,13].

Elucidation of the structure of the isolated compound was performed using 1H-NMR
(600 MHz) and 13C-NMR (150 MHz). The 1H-NMR spectrum of the compound showed the
presence of seven methyl groups at δ0.98 (s, H3-23), 0.79 (s, H3-24), 0.83 (s, H3-25), 1.03 (s,
H3-26), 1.03 (s, H3-27), 0.81 (s, H3-28), and 1.66 (s, H3-30). The predominant characteristic
of the lupane class of triterpenoid was found as a pair of singlets at δ4.57 and δ4.69 with
1H for each singlet due to the terminal isopropenyl moiety or the vinylic proton located at
carbon 29. Meanwhile, the presence of a doublet with one proton intensity found at δ3.18
(dd, J = 4.8 Hz, H-3) was caused by the proton attached to the carbon bearing the hydroxyl
group or an oxymethine proton located at C-3, which is identical as reported [10]. There
was also one proton with a doublet of the triplet located at δ2.37, which was assigned to
19β-H orientation, similar to the reported literature data [14]. The 1H-NMR spectrum for
the isolated compound can be found in Supplemental Data S1A.
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Figure 3. GC-MS profiles of the (A) isolated white amorphous compound from the roots of C. nutans, (B) purchased
authentic lupeol, and (C) isolated compound spiked with authentic lupeol.
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Meanwhile, the 13C-NMR spectrum (150 MHz, CDCl3) of the isolated compound
exhibited signals at δ109.36 (C-29) and δ78.99 (C-3), which were the characteristics of
protons and carbons of a methylene and oxymethine group at the positions 3 and 29 for
lupeol [15]. In addition, another distinguishable characteristic of triterpenoid was found at
δ150.91 for the presence of carbon C-20 [15]. The 13C-NMR also revealed carbon intensity
at δ 38.86 (C-1), 27.41 (C-2), 38.74 (C-4), 55.33 (C-5), 18.03 (C-6), 34.31 (C-7), 40.85 (C-8),
50.46(C-9), 37.18 (C-10), 20.95 (C-11), 25.16 (C-12), 38.07 (C-13), 42.84 (C-14), 27.47 (C-15),
35.60 (C-16), 47.99 (C-17), 48.32 (C-18), 47.99(C-19), 29.87 (C-21), 38.86 (C-22), 27.47 (C-23),
15.40 (C-24), 16.13 (C-25), 16.00 (C-26), 14.57 (C-27), 18.34 (C-28), and 19.33 (C-30), which
were identical to the reported literature data by [12,15,16]. The 13C-NMR spectrum for the
isolated compound can be found in Supplemental Data S1B.

3.4. The Isolated Lupeol from C. nutans Roots Demonstrates Comparable Anti-proliferative
Activity with Authentic Lupeol and Campthothecin

The anti-proliferative activity of the lupeol isolated from the C. nutans roots was
tested against human breast cancer cell line MCF-7 using MTT assay, and the result was
compared with the anti-proliferative activity of authentic standard lupeol (Figure 4). The
standard lupeol was found to have an IC50 value of 13.624 ± 1.257 μg/mL, whereas the
lupeol isolated from C. nutans exhibited a comparable IC50 value of 16.813 ± 1.316 μg/mL.
Both authentic and isolated lupeol displayed a potent growth inhibition on MCF-7 cells
in a dose-dependent manner (Figure 4). Comparing to camptothecin (IC50 = 0.93 μg/mL,
Supplemental Figure S3), lupeol is about 15x less toxic.

 

Figure 4. Anti-proliferative activities of the isolated lupeol from C. nutans roots compared to the authentic standard lupeol
and camptothecin (Supplemental Figure S3) against MCF-7 cells after 72 h with the indicated concentrations. The IC50

values were expressed as mean ± SD of the three independent experiments (n = 3). Level of significance (** p < 0.01 and
*** p < 0.001) for each concentration of authentic or isolated lupeol was compared to the control cells, and was determined
using one-way ANOVA followed by a post hoc Dunnett test.

4. Discussion

The isolation of anti-proliferative compounds from C. nutans is not easy. This may be
due to the complexities of the plant’s nature and also various fractionation/chromatographic
steps which need to be optimized. We came up with a strategy to pre-screen (profile) the
volatile compounds present in every part of the plant; firstly, using a GC-MS method, we
have optimized for the detection of volatile compounds [7], then only select the suitable
plant part and target compound. In our present study, we found that the aerial part of the
plant, i.e., the leaf, was predominated by vitamin E (α-tocopherol), squalene, and phytos-
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terols such as stigmasterol, γ/β-sitosterol, and campesterol. Interestingly, the intensities of
these compounds decreased when moving to the lower part of the plant, i.e., the stem. In
the stem, lupeol was found to start to accumulate abundantly and the amount was much
higher than squalene and other phytosterols. Lupeol is one of the pentacyclic triterpenes
with a 30-carbon skeleton comprising four six-membered rings and one five-membered
ring [17]. More intriguingly, when it came to the underground part of the plant, i.e.,
the root, it was found that this part contained enormous lupeol levels and some betulin.
All of the detected phytosterols and pentacyclic terpenoids (lupeol and betulin) in this
study have been reported to possess anti-proliferative and apoptotic activities by other
researchers [18–27].

Figure 5 illustrates the biosynthesis of phytosterols and some pentacyclic triterpenoids
such as lupeol and betulin. The figure was made by referring to [28–30]. The biosyn-
thesis of the compounds begins from the reactions of two precursors called isopentenyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), which are derived from
acetyl-CoA via the mevalonic acid (MVA) pathway [28–30]. The reaction is catalyzed
by the enzyme isopentenyl pyrophosphate isomerase to yield the geranylpyrophosphate
(GPP) and farnesyl pyrophosphate (FPP) via the catalysis of prenyltransferase. Then, two
molecules of FPPs are catalyzed by the squalene synthase to yield squalene, which is the
important precursor for various phytosterols and pentacyclic triterpenoids. Via the squa-
lene epoxidase, squalene is converted to 2,3-oxidosqualene, which is the branch point for
the subsequent biosynthesis of phytosterols or pentacyclic triterpenoids [28–30]. For phy-
tosterols, multiple enzymatic steps are involved in the plants to convert 2,3-oxidosqualene
to cycloartenol and end products such as stigmasterol, sitosterol and campesterol [30].
For pentacyclic triterpenoids such as lupeol and betulin, the first step is the conversion
of 2,3-oxidosqualene to lupeol by lupeol synthase, and then followed by three sequential
oxidations catalyzed by cytochrome P450 monooxygenases (CyP450), leading to the genera-
tion of betulin, betulinic aldehyde, and betulinic acid [28,29]. Based on the results observed
in our study, it can be postulated that squalene biosynthesis may actively take part in the
aerial part (leaf). This squalene then becomes the precursor for the biosynthesis of lupeol
in the stem part. Finally, the root part may either become the synthesis site or main storage
site for lupeol.

To date, two studies related to the isolation of lupeol from C. nutans plant have
been reported. One was reported by Dampawan and colleagues [31] in 1977 in which
the plant part used was the stem. Another one was reported by Le and colleagues [15]
in 2017 in which the plant parts used were the leaf and stem. Our study is the first
report on the isolation of lupeol from the root part. Owing to its high abundance in the
roots and simple root profile obtained via GC-MS analysis, we developed a simpler and
straight-forward isolation method for lupeol from the plant’s roots. In our study, we
used an initial 80 g of freeze-dried root powder and macerated it with ethyl acetate for
five days during the first extraction, followed by three days for the second extraction
on the root residues with ethyl acetate, and combined the two extracts and dried them.
The vacuum-dried extract was re-dissolved in methanol and underwent recrystallization
to yield 1.138 g white amorphous compound, which was identified to be lupeol (yield
of extraction = 1.423%). In [31], an initial two kilograms of dried and milled C. nutans
stems were extracted by using light petroleum in Soxhlet apparatus, followed by silica
gel column chromatography using ether and light petroleum for elution, then further
purified by using preparative thin layer chromatography and recrystallization to yield
3.7 g of lupeol (yield = 0.185%). In [15], an initial four kilograms of dried and powdered
C. nutans leaves were macerated with methanol and filtered, followed by solvent–solvent
partitioned with hexane to yield a crude extract of 153.9 g. The crude hexane extract was
later dissolved in methanol and chromatographed over Diaion HP20SS using ethanol to
yield five sub-fractions (H1, H2, H3, H4, and H5). These five sub-fractions were further
subjected to column chromatography using different gels to produce four pure compounds
(shaftoside, stigmasterol, β-sitosterol, and lupeol). Unfortunately, the final yield for each
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of the pure compounds was not mentioned in the literature and thus could not compare
to our method. However, compared to Dampawan, our method manages to produce a
higher extraction yield of lupeol. Additionally, our method is simple and straightforward
compared to [15,31] as it does not involve solvent–solvent partition, and also without the
hassle to go through the column or preparative thin-layer chromatography. The successful
isolation of lupeol from C. nutans roots in this study also suggests the importance of GC-MS-
or LC-MS-based profiling of every part of the plant first prior to the selection of potential
candidate compounds for the isolation process.

Figure 5. The biosynthesis of pentacyclic terpenoids and phystosterols. The biosynthesis structure and pathway were
produced using the KingDraw v2.0 for Windows software (http://www.kingdraw.cn/en/index.html, Qingdao, China.
Downloaded and installed on 1 May 2021).
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In addition, the extensive characterization of the isolated compound using UV-visible
spectrophotometry, Fourier transform infrared spectroscopy, GC-MS, and nuclear magnetic
resonance have been able to identify the isolated compound as lupeol. Further analysis of
the anti-proliferative activity of the isolated lupeol against human breast cancer cells has
revealed that the isolated lupeol was able to demonstrate comparable anti-proliferative
activity with the standard lupeol and positive control camptothecin. A study reported
by [22] has postulated the possible mechanism of lupeol on human breast cancer cells by
down-regulating the anti-apoptosis proteins, Bcl-2 and Bcl-XL, which lead to cell apoptosis.
Our previous study [7] also shows that the root extract from C. nutans is capable of causing
apoptosis of the breast cancer cells via the condensation of chromatin, down-regulation
of the BCL2 gene, and the loss of mitochondrial membrane potential of the cancer cells.
We therefore highly speculate that the pro-apoptotic capability of C. nutans roots could be
highly correlated with the lupeol contained inside the roots. We therefore are interested
in exploring the molecular mechanisms associated with anti-proliferative activity exerted
by the isolated lupeol. Further, the profiling method presented in this study is a simple
qualitative study of volatile compounds in different parts of C. nutans to aid in the isolation
of the anti-proliferative compound. Referring to the successful GC-MS-based metabolomics
study of C. nutans leaf extracts on α-glucosidase activity as reported by [32], we are also
interested in applying this similar sophisticated GC-MS-based metabolomics in the future to
explore the anti-proliferative mechanism of lupeol isolated from C. nutans plants harvested
from different growing stages or collected from different regions.

5. Conclusions

In conclusion, comparing the plant’s volatile profiles greatly narrowed down our
target of study. Our strategy to profile every part of the plant first, followed by selection
of most suitable plant’s part and target compound are useful for further isolation and
characterization of anti-proliferative compounds such as lupeol from the roots of C. nutans.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr9081383/s1: Figure S1: The electron ionization-mass spectrum (EI-MS) of the (A) isolated and
(B) authentic lupeol; Figure S2: Fourier-transform infrared spectrum (FTIR) of the white amorphous
compound (lupeol) isolated from C. nutans roots; Figure S3: Cytotoxicity assay of camptothecin
against MCF-7 cell lines; Supplemental Data S1A: 1H-NMR spectrum of the isolated compound
from C. nutans roots; Supplemental Data S1B: 13C-NMR spectrum of the isolated compound from
C. nutans roots.
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Abstract: The enzymatic transesterification of Atlantic salmon (Salmo salar) oil was carried out
using Novozym 435 (immobilized lipase from Candida antartica) to produce biodiesel. A response
surface modelling design was performed to investigate the relationship between biodiesel yield
and several critical factors, including enzyme concentration (5, 10, or 15%), temperature (40, 45, or
50 ◦C), oil/alcohol molar ratio (1:3, 1:4, or 1:5) and time (8, 16, or 24 h). The results indicated that the
effects of all the factors were statistically significant at p-values of 0.000 for biodiesel production. The
optimum parameters for biodiesel production were determined as 10% enzyme concentration, 45 ◦C,
16 h, and 1:4 oil/alcohol molar ratio, leading to a biodiesel yield of 87.23%. The step-wise addition of
methanol during the enzymatic transesterification further increased the biodiesel yield to 94.5%. This
is the first study that focused on Atlantic salmon oil-derived biodiesel production, which creates a
paradigm for valorization of Atlantic salmon by-products that would also reduce the consumption
and demand of plant oils derived from crops and vegetables.

Keywords: biodiesel; Atlantic salmon; marine by-products; biocatalytic transesterification; response
surface methodology

1. Introduction

Biodiesel has been studied for decades as a promising alternative to traditional fos-
sil fuel [1–3]. Biodiesel is a processed fuel that is produced via transesterification of
triglycerides derived from naturally occurring plant oils and animal fats. During the
transesterification, the triglycerides are converted into fatty acid methyl esters, with glyc-
erol produced as a by-product. Three methods have been traditionally used to produce
biodiesel, including acid catalysis, base catalysis, and non-catalytic transesterification us-
ing supercritical alcohol [4]. The most commonly used commercial process for biodiesel
production is alkali-catalyzed transesterification using sodium hydroxide or potassium
hydroxide due to their relatively low cost and high conversion efficiency [3]. However,
chemical transesterification has multiple disadvantages [5], such as the high dependency of
conversion efficiency on the content of water and free fatty acids in the raw materials and
the tremendous energy consumption due to the high reaction temperature and product
separation process. Moreover, the acid or base catalysts are not reusable, and extra steps of
neutralization are required to dispose of them as an aqueous salt waste stream, which is
less environmentally hazardous [6].

In recent years, biocatalytic transesterification, which is catalyzed by lipases, has been
intensively studied for biodiesel production [5,7–9]. As lipases catalyze the reaction through
interactions with the molecules at specific sites, the conversion efficiency and product
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purity are high, with little need for downstream processing. The biocatalytic process avoids
the use of alkaline, so there is no soap formation or generation of alkaline wastewater,
which reduces the workload for wastewater treatment [6]. In addition, the enzymatic
transesterification can be carried out under mild operation conditions [10]. Among various
lipases, the immobilized lipase from Candida antarctica has been widely used due to its
extraordinary efficiency for biodiesel conversion [11]. After the transesterification, the
immobilized lipase can be easily separated from the reaction mixture through vacuum
filtration and washed for reuse. It has been reported that the enzyme can be reused for at
least 10 cycles with a slight decrease in biodiesel yield [12,13].

A variety of vegetable oils extracted from corn, canola, palm, soybean, sunflower,
rapeseed, coconut, and groundnut have been converted into biodiesel [14–16]. However, as
most of these plant-derived oils are initially used for food, livestock feed, and oleochemical
industries, biodiesel production results in increased consumption of these resources and
increased crop demand [10]. Therefore, oils derived from alternative resources have
been studied, such as fish oil extracted from fish by-products [17–20]. Atlantic salmon
aquaculture has played an essential role in the Newfoundland aquaculture industry for
decades, accounting for above 80% of the total aquaculture landing [21]. In 2017, the
aquaculture landing of salmonids (mainly Atlantic salmon) in Newfoundland and Labrador
was 18,822 tonnes (87%) [21]. In the Atlantic salmon processing industry, 40–50% of the fish
body ends up as by-products (heads, frames, and viscera), which have been reported to be
abundant in lipids (15–25%) [22]. Several studies have been reported on oil extraction from
these by-products [23–27]. The extracted oil has been reported with high yield and good
quality with a low extent of oxidation or hydrolysis [23]. To the authors’ best knowledge,
there has not been any research reported on biodiesel production from Atlantic salmon
oil. This is the first study that converted enzymatically extracted Atlantic salmon oil to
biodiesel. The aim of this work was to maximize the biodiesel production from the salmon
oil, which can be developed as an effective way to valorize the large amounts of Atlantic
salmon by-products.

The statistical design of experiments plays a vital role in determination of optimal
parameters in many research areas of science and industry. In a multivariable system,
only one factor can be studied in each set of experiments using the conventional protocols,
and such methods require many experiments and do not represent the combined effect.
Therefore, different types of design of experiment techniques, including Latin squares, full
factorial, fractional factorial, response surface methodology, and Plackett–Burman and
Taguchi methods, have been implemented in various studies [28,29]. The response surface
methodology (RSM) is a widely used statistical modelling system to analyze a process in
which the response of interest might be affected by various variables. The main objective
of response surface methodology is to optimize the response as per the needs of the study.
Response surface methodology reduces the number of experiments needed to determine
the optimal parameters for the process [30,31]. In the present study, the transesterification
process was optimized using response surface methodology to maximize the biodiesel
yield, and the influence of the main reaction parameters, including enzyme concentration,
oil/alcohol molar ratio, temperature, and time, was investigated.

2. Materials and Methods

2.1. Materials

Farmed Atlantic salmon (Salmo salar) by-products, including heads, frames, and vis-
cera, were collected in Styrofoam boxes on ice from a salmon aquaculture processing plant,
Atlantic Canada. The by-products were shipped overnight to the Marine Bioprocessing
Facility, Marine Institute of Memorial University of Newfoundland, St. John’s, NL, Canada,
and immediately processed once received. The salmon raw materials were minced three
times using a Hobart grinder (Model 4146 The Hobart MFG. Co. Ltd., Peterborough, UK)
using different plate sizes (17, 15, and 13 mm). The raw materials were vacuum-packed in
plastic bags with each weighing approximately 500 g, and stored at −28 ◦C until use.
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Alcalase 2.4 L, boron trifluoride, tricosanoic acid methyl ester, Novozym 435 (immobi-
lized lipase from Candida antarctica), tert-butanol, tetrahydrofuran, N,O-bis(trimethylsilyl)
trifluoroacetamide (BSTFA), and PUFA No. 3 (from menhaden oil) analytical standard
were purchased from Sigma-Aldrich, Oakville, ON, Canada. Hexane and methanol were
purchased from Fisher Scientific, Nepean, ON, Canada.

2.2. Salmon Oil Extraction

The frozen ground salmon materials were thawed in cold running water. An amount
of 500 g salmon by-products was weighed in a 1 L Mason jar. To the weighed raw material,
500 mL water was added (1:1 w/w). The mixture was gently stirred using a magnetic stirrer,
and the pH was adjusted to the optimal value of 8 for Alcalase by adding a 10% sodium
hydroxide solution. The mixture was heated in a water bath to 80 ◦C for 5 min to deactivate
the endogenous enzymes in the fish materials. Afterwards, the mixture was cooled down
to the optimal temperature of 55 ◦C for Alcalase. The enzymatic hydrolysis was initiated
by adding 1% (w/w of the raw fish materials) of Alcalase, and the mixture was digested in
an incubator shaker (Thermo-Scientific Max Q 6000, Marietta, OH, USA) at 140 rpm for 2 h.
The hydrolysis was stopped by heating the mixture at 90 ◦C for 10 min to deactivate the
enzyme. The mixture was cooled down to room temperature and centrifuged at 10,000 rpm
for 20 min. After centrifugation, four layers were obtained: the oil layer on top, an emulsion
layer, an aqueous layer of protein hydrolysates, and the sludge on the bottom. The oil was
collected and stored at −80 ◦C for subsequent analyses.

2.3. Enzymatic Transesterification of Salmon Oil

The concentration of Novozym 435 used for the enzymatic transesterification was
investigated at three different levels (5, 10, or 15% w/w). Other factors studied included
reaction temperature (40, 45, or 50 ◦C), time (8, 16, or 24 h), and oil/alcohol molar ratio (1:3,
1:4, or 1:5) for the optimization of biodiesel production (Figure 1). The homogenized salmon
oil (2 g) was placed into a 50 mL conical flask, and an appropriate amount of methanol
was added based on the stoichiometric oil/alcohol molar ratio (1:3, 1:4, or 1:5), followed by
the addition of tert-butanol (75 wt% based on oil weight). The mixture was heated at an
appropriate temperature (40, 45, or 50 ◦C) in a reciprocal shaking water bath at 200 rpm for
5–10 min. The reaction was initiated by adding the appropriate amount of immobilized
enzyme (5, 10, or 15% w/w). After the desired reaction time (8, 16, or 24 h), the enzyme
was filtered by vacuum filtration as per the method reported by Nelson et al. [32]. Then,
100 μL of the filtrate was taken and analyzed using a gas chromatograph (GC) (Section 2.5).

2.4. Fatty Acid Composition Analysis of Salmon Oil

The extracted salmon oil was analyzed using the AOAC Official Method 991.39 [33].
First, 25 ± 0.1 mg of tricosanoic acid methyl ester (the internal standard) was weighed into
a 25 mL volumetric flask and diluted to the line with hexane. Next, 1.0 mL portions of this
stock solution were pipetted into screw cap glass test tubes, and the solvent was evaporated
in a gentle stream of nitrogen (N2). The tubes were stored in the freezer (−80 ◦C) if not
used immediately. A total of 25 ± 0.1 mg of the extracted salmon oil was weighed into a
glass test tube containing the internal standard, followed by the addition of 1.5 mL of 0.5 M
methanolic NaOH. The mixture was blanketed with N2, capped, and heated at 100 ◦C for
5 min. After the test tube was cooled, 2 mL of boron trifluoride (in 14% methanol) was
added. The solution was blanketed with N2, capped, and heated at 100 ◦C for 30 min.
Afterwards, the mixture was cooled to 30–40 ◦C, and 1 mL of hexane was added. The
solution was blanketed with N2, capped, and mixed vigorously for 30 s while still warm.
Next, 5 mL of saturated NaCl solution was immediately added to the test tube, and the
mixture was blanketed with N2, capped, and mixed thoroughly. The sample was cooled
to room temperature and left still for the formation of two layers. The hexane layer was
transferred to another test tube, blanketed with N2, and capped tightly. The aqueous layer
was extracted again with 1 mL of hexane. Afterwards, the hexane extracts were collected
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together and concentrated to approximately 1 mL under N2. Finally, 1 μL of the sample
was injected into the GC for analysis. The gas chromatogram of the salmon oil is illustrated
in Figure 2.

 

Figure 1. Experiment design of enzymatic transesterification of salmon oil for production of biodiesel.

 

Figure 2. Gas chromatogram of Atlantic salmon oil.
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The area percentage of the fatty acid was calculated as follows:

Area percent of the fatty acid (%) = AX/(AT − AIS)*100 (1)

where

AX = area counts of individual methyl ester;
AT = total area counts for chromatogram;
AIS = area counts of the internal standard;
The fatty acid composition of the salmon oil.

2.5. Fatty Acid Methyl Ester (FAME) Composition Analysis of Biodiesel

The sample for analysis was prepared as described by Nelson et al. [32]. First, 100 μL
of the filtrate after reaction and filtration (Section 2.3) was concentrated under N2 until
approximately 10 mg was left. Then, the sample was dissolved in 100 μL tetrahydrofuran,
followed by the addition of 200 μL BSTFA. The mixture was heated in a water bath at
90–95 ◦C for 15 min. After the mixture was cooled to room temperature, 5 mL hexane was
added. An aliquot of 1 μL of the mixture was injected into the GC for analysis. The gas
chromatogram of the biodiesel is illustrated in Figure 3.

 
Figure 3. Gas chromatogram of biodiesel.

The conversion yield of FAME was calculated as follows:

FAME Conversion(%) = Total methyl ester peak area after enzymatic reaction/Total methyl ester peak area of fish oil (2)

2.6. GC Settings for Analysis

The composition analysis of fish oil and biodiesel was carried out using Trace 1300 gas
chromatograph (GC) with flame ionization detector (FID) (Thermo Fisher, Canada). The
column used for the analysis was the TR-FAME Trace GC capillary column with an internal
diameter of 0.22 mm, film thickness of 0.25 μm, and a length of 30 m. The inlet temperature
was maintained at 255 ◦C under split mode. The split flow of the carrier gas was maintained
at 100 mL/min, and the purge flow was 2 mL/min. The inlet pressure was maintained
at 81.7 kPa. The temperature of the flame ionization detector was maintained at 270 ◦C.
The ignition threshold was 1 pA, and the data collection rate was 10 Hz. The gas settings
included an airflow at 350 mL/min, makeup gas flow at 35 mL/min, and hydrogen flow
at 35 mL/min. The GC oven temperature was initially maintained at 130 ◦C for 3 min,
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ramped to 250 ◦C at the rate of 10 ◦C/min, and held for 15 min. The total run time for one
sample was 30 min.

2.7. Statistical Analysis

The response surface methodology was used for the experimental modelling design
and analysis to describe the relationship between the response (yield) and critical factors
(enzyme concentration, oil/alcohol molar ratio, time, and temperature). The experimental
design consisted of four factors, generating 24 = 16 runs. The reactions were carried out
in duplicates, and the design contained six center points, therefore yielding 38 runs. The
initial design was modelled to fit linear modelling. However, curvature was observed
in data analysis, which indicated that the average response points detected at the center
points were higher or lower than the average response at the corner cube points. Therefore,
the linear model was inadequate to describe the relationship between the response and the
factors completely. A total of 11 curvature points were added to modify the model, and
the experiments were carried out. All the data were analyzed with a one-way analysis of
variance (ANOVA) at a 95% confidence level. The effect of each factor was determined by
estimating the main products and two-way interactions. All experimental design and data
analyses were performed using Minitab 17.1.

3. Results

3.1. Statistical Modeling of Biodiesel Production

The experiment conditions and corresponding biodiesel yield of the forty-nine transes-
terification reactions are shown in Table 1. The highest yield of 91.86% was obtained from
the 16 h reaction at 45 ◦C with 15% enzyme concentration and 1:4 oil/alcohol molar ratio
(Run order 41). A quadratic model fits the results with an R2 value of 99.31%, suggesting
that this model can explain 99.31% of the yield variation. The regression equation that was
developed for fitting the quadratic model for the biodiesel conversion was as follows:

Yield = −722.4 + 1.629 EC + 28.31 Temp − 0.582 Time + 83.02 Ratio + 0.0018 EC*EC − 0.3296 Temp×Temp
− 0.1065 Time×Time − 9.516 Ratio×Ratio + 0.00417 EC×Temp − 0.05352 EC×Time

− 0.0354 EC×Ratio + 0.08611 Temp×Time − 0.1679 Temp×Ratio + 0.3099 Time×Ratio
(3)

Table 1. Biodiesel conversion yield from enzymatic transesterification of Atlantic salmon oil.

StdOrder RunOrder CenterPt Blocks EC Temp Time Ratio Yield (%)

9 1 1 1 5 40 8 5 61.07
10 2 1 1 15 40 8 5 72.77
19 3 0 1 10 45 16 4 84.26
17 4 0 1 10 45 16 4 86.27
13 5 1 1 5 40 24 5 71.07
3 6 1 1 5 50 8 3 42.61
18 7 0 1 10 45 16 4 87.77
5 8 1 1 5 40 24 3 56.55
16 9 1 1 15 50 24 5 76.00
14 10 1 1 15 40 24 5 78.54
15 11 1 1 5 50 24 5 73.00
1 12 1 1 5 40 8 3 56.98
11 13 1 1 5 50 8 5 46.16
7 14 1 1 5 50 24 3 61.94
12 15 1 1 15 50 8 5 59.39
4 16 1 1 15 50 8 3 59.35
2 17 1 1 15 40 8 3 68.38
6 18 1 1 15 40 24 3 64.39
8 19 1 1 15 50 24 3 63.45
22 20 1 2 5 50 8 3 42.09
27 21 1 2 15 50 24 3 62.79
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Table 1. Cont.

StdOrder RunOrder CenterPt Blocks EC Temp Time Ratio Yield (%)

24 22 1 2 5 40 24 3 55.81
25 23 1 2 15 40 24 3 61.28
21 24 1 2 15 40 8 3 67.2
35 25 1 2 15 50 24 5 74.03
38 26 0 2 10 45 16 4 87.24
20 27 1 2 5 40 8 3 56.88
26 28 1 2 5 50 24 3 61.28
33 29 1 2 15 40 24 5 75.28
28 30 1 2 5 40 8 5 61.18
34 31 1 2 5 50 24 5 69.32
37 32 0 2 10 45 16 4 86.66
31 33 1 2 15 50 8 5 58.18
29 34 1 2 15 40 8 5 71.07
23 35 1 2 15 50 8 3 58.35
36 36 0 2 10 45 16 4 88.18
30 37 1 2 5 50 8 5 45.25
32 38 1 2 5 40 24 5 72.82
42 39 −1 3 10 50 16 4 76.32
39 40 −1 3 5 45 16 4 83.12
40 41 −1 3 15 45 16 4 91.86
45 42 −1 3 10 45 16 3 73.75
49 43 0 3 10 45 16 4 87.64
44 44 −1 3 10 45 24 4 85.48
46 45 −1 3 10 45 16 5 82.11
48 46 0 3 10 45 16 4 85.45
41 47 −1 3 10 40 16 4 82.09
43 48 −1 3 10 45 8 4 75.78
47 49 0 3 10 45 16 4 88.24

The model indicated a relationship between biodiesel yield and the factors at a 0.05
level of significance. As indicated in the Pareto chart (Figure 4), the most influential factor
was time (C), followed by enzyme concentration (A), oil/alcohol molar ratio (D), the
interaction between temperature and time (BC), temperature (B), and other interactions
between factors. The analysis of variance of the model summarized the linear terms, square
terms, and interaction of factors (Table 2). The effects of enzyme concentration (p-value:
0.000), temperature (p-value: 0.000), time (p-value: 0.000), and molar ratio (p-value: 0.000)
on biodiesel conversion yield were statistically significant (p-value < 0.05).

 

Figure 4. Pareto chart for the effect of factors on biodiesel conversion yield (EC: enzyme concentration;
Temp: temperature; Ratio: oil/alcohol molar ratio).
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Table 2. Analysis of variance on biodiesel conversion yield.

Source DF p-Value VIF

Model 16 0.000
Blocks 2 0.115

1 0.181 1.40
2 0.087 1.40

Linear 4 0.000
EC 1 0.000 1.00
Temp 1 0.000 1.00
Time 1 0.000 1.00
Ratio 1 0.000 1.00

Square 4 0.000
EC*EC 1 0.959 4.03
Temp*Temp 1 0.000 4.03
Time*Time 1 0.000 4.03
Ratio*Ratio 1 0.000 4.03

2-Way Interaction 6 0.000
EC*Temp 1 0.668 1.00
EC*Time 1 0.000 1.00
EC*Ratio 1 0.468 1.00
Temp*Time 1 0.000 1.00
Temp*Ratio 1 0.001 1.00
Time*Ratio 1 0.000 1.00

Error 32
Lack-of-Fit 26 0.230
Pure Error 6

Total 48
EC: enzyme concentration; Temp: temperature; Ratio: oil/alcohol molar ratio.

As indicated in Table 2, interaction terms including EC*Time, Temp*Time, Temp*Ratio,
and Time*Ratio had a significant influence (p < 0.05) on the biodiesel conversion yield.
However, EC*Temp and EC*Ratio did not significantly affect the biodiesel yield (p > 0.05).
The square terms Temp*Temp, Time*Time, and Ratio*Ratio had p-values of 0.000, suggest-
ing a significant quadratic effect and the relationship between temperature, time, and ratio
of biodiesel yield followed a curved line rather than a straight line. The square term EC*EC
had a p-value of 0.959, so it did not significantly contribute to the biodiesel conversion yield.

The p-values of 0.181 and 0.087 for blocks 1 and 2 (Table 2), respectively, indicated no
significant block effect. Therefore, the data collected in those two blocks did not significantly
affect the yield. The small p-values for linear terms (p-value: 0.000), square terms (p-value:
0.000), and interactions (p-value: 0.000) indicated there was curvature in the response
surface. The ANOVA results showed a p-value of 0.230 for the lack of fit, suggesting a
significant model fit with the data. The s-value (standard error of the regression) in a model
indicates the standard distance that data values fall from the regression line or the standard
deviation of the residuals. The s-value of the current model was 1.362, which was quite
low and therefore suggested a good fit.

As presented in Table 2, the variance inflation factors (VIFs) for most of the predictors
were close to 1, which suggested that the predictors were not correlated. The VIFs of four
interactions (EC×EC, Temp×Temp, Time×Time and Ratio×Ratio) were 4.03, suggesting
that they were moderately correlated. None of the results showed VIF values higher than
5, which would result in severe multicollinearity, and the model would become unstable
and difficult to interpret.
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3.2. Effect of Operating Parameters
3.2.1. Temperature

Figure 5 shows counterplots of biodiesel yield vs. enzyme concentration and tem-
perature, with time and oil/alcohol molar ratio held constant at different conditions. In
Figure 5a, which had a hold value of 8 h (time) and 1:3 (oil/alcohol molar ratio), the highest
biodiesel yield (>70%) was obtained at 43–45 ◦C and 13–15% enzyme concentration. When
the hold values were changed to 16 h (time) and 1:4 (oil/alcohol molar ratio) (Figure 5b),
the highest yield was >90%, with the optimal setting of around 45 ◦C and 13% enzyme
concentration. In Figure 5c, which had a hold value of 24 h (time) and 1:5 (oil/alcohol
molar ratio), the highest biodiesel yield was >84% at around 45 ◦C and 14% enzyme con-
centration. In all the three plots, it is evident that when the temperature was increased
to above 45 ◦C, the yield decreased significantly. The highest biodiesel yield was always
obtained at around 45 ◦C regardless of the enzyme concentration. This effect was further
supported in Table 2, which indicated no significant interaction between the two factors
(enzyme concentration and temperature) for biodiesel yield (p-value of 0.668).

As observed in the present study, the effect of temperature on biodiesel conversion
agrees with previously reported research. Chen et al. studied the enzymatic conversion of
waste cooking oils into biodiesel and reported the highest biodiesel yield of 87% at 40 ◦C
using immobilized Rhizopus oryzae lipase [34]. It was observed that the further increase of
temperature to above 40 ◦C decreased the biodiesel yield. Dizge and Keskinler produced
biodiesel from canola oil using immobilized Thermomyces lanuginosus lipase [35]. The effect
of temperature on enzymatic transesterification for biodiesel production was studied from
30 to 70 ◦C, and 40 ◦C was the optimal temperature, resulting in the highest biodiesel
yield of 85.8%. With a further increase of temperature to above 50 ◦C, the biodiesel yield
was decreased drastically since the enzyme lost its activity significantly above 50 ◦C. Nie
et al. performed lipase-catalyzed methanolysis of salad oil using immobilized Candida
sp. 99–125 lipase [36]. The highest yield was observed at 40 ◦C and decreased drastically
above that. As claimed by the authors, high temperatures can accelerate the reaction
process; however, the enzyme will be denatured if the temperatures are too high. This
was supported by Pinyaphong et al. in their study of methanolysis of fish oil catalyzed
by Carcia papaya lipase [37]. The reaction was performed at 30–60 ◦C, and a maximum
biodiesel conversion yield of 83% was obtained at 40 ◦C. The results showed that reaction
temperature significantly influenced enzyme activity and stability, and a high temperature
can lead to deactivation of the lipase.

3.2.2. Reaction Time

Figure 6 indicates the relationship between biodiesel yield and enzyme concentration
and time, with temperature and oil/alcohol molar ratio held constant at different conditions.
In Figure 6a, the biodiesel yield was increased when enzyme concentration was increased
from 5 to 15% and time was increased from 8 to 15 h, and the highest yield (>72%)
was achieved at 14.5% enzyme concentration within 13–15 h of reaction time. However,
Figure 6b indicates that biodiesel yield >90% was obtained when the reaction time was
18 h and the enzyme concentration was 14.5%. Figure 6c shows that further increase in time
did not increase biodiesel yield, which was >75% after 22 h of reaction with 13% enzyme
concentration. Therefore, the optimal setting for the maximum biodiesel yield (>90%) could
be achieved after around 18 h of reaction with 14.5% enzyme concentration. The biodiesel
yield was significantly affected by the interaction between enzyme concentration and time,
supported by the p-value of 0.000 (Table 2).
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Figure 5. Counterplots of biodiesel yield vs. enzyme concentration and temperature at (a) 8 h and
1:3; (b) 16 h and 1:4; (c) 24 h and 1:5.
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Figure 6. Counterplots of biodiesel yield vs. enzyme concentration and time at (a) 40 ◦C and 1:3; (b)
45 ◦C and 1:4; (c) 50 ◦C and 1:5.

In the present study, the increase of time resulted in the increase of biodiesel pro-
duction yield in most of the parameters. However, when the time was increased from
16 to 24 h, there was no significant increase in biodiesel yield, and the optimum time for
biodiesel production was limited to 16 h. Pinyaphong et al. reported a maximum biodiesel
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conversion yield of 83% from fish oil from a reaction of 18 h [37]. Nelson et al. carried out
biodiesel production from tallow oil and reported the highest yield of 83.8% after 16 h of
reaction [32]. Li et al. performed transesterification of rapeseed oil for biodiesel production
using Novozyme 435, and a 12 h reaction resulted in the highest biodiesel yield of 95% [38].
Azcar et al. studied the biodiesel production from waste frying oil using Novozyme 435
and reported the highest biodiesel yield of 100% after 4 h of reaction [39]. Compared to
the optimized reaction time of 16 h in the present study, their reaction time was four times
shorter. The biodiesel yield was higher, mainly due to the lower content of unsaturated
fatty acids in frying oil than that of fish oil.

3.2.3. Oil/Alcohol Molar Ratio

As indicated in Table 1, the increase in the oil/alcohol molar ratio positively affected
biodiesel production from 1:3 to 1:4. However, there was no significant increase when
the molar ratio was increased to 1:5, and in some experiments, the biodiesel yield was
reduced. Figure 7 indicates the influence of enzyme concentration and oil/alcohol molar
ratio on biodiesel yield with temperature and time held constant at different conditions.
The results from Figure 7a–c indicate that whether the enzyme concentration was increased
or decreased, the highest biodiesel yield of >90% was achieved with around 1:4 oil/alcohol
molar ratio. Further increase in the molar ratio did not increase the biodiesel yield. The
interaction between enzyme concentration and oil/alcohol molar ratio had no significant
effect on biodiesel yield, as supported by the p-value of 0.468 (Table 2).

Li et al. reported in their study of lipase-catalyzed transesterification of rapeseed oil
using Novozyme 435 that the highest biodiesel conversion yield of 95% was obtained with
1:4 oil/alcohol molar ratio with tert-butanol as a solvent [38]. Nelson et al. reported a
maximum biodiesel conversion of 83.8% with a 1:3 oil/alcohol molar ratio using tallow and
25% Candida antarctica (SP 435) with hexane as the solvent [32]. Ognjanovic et al. reported
biodiesel conversion of above 99% with 1:3 oil/methanol molar ratio after 50 h of reaction,
but the enzyme activity rapidly decreased [40]. To stabilize the enzyme, methyl acetate
was used as an alternative to methanol in the ratio of 1:12, and 93.6% biodiesel yield was
achieved from sunflower oil using Novozyme 435 enzyme. Chen et al. reported a maximum
biodiesel conversion yield of 89% at 1:4 oil/alcohol molar ratio from waste cooking oil [34].
As suggested by Hernández-Martín and Otero, the amount of alcohol used for biodiesel
conversion should be slightly higher than the stoichiometric amount equal to the number
of fatty acids in the oil to compensate for the thermodynamic or kinetic constraints [41].
Furthermore, the use of excess alcohol in biodiesel production has been claimed to maintain
a uniform suspension of catalysts in the reaction medium, increase reaction rates, minimize
diffusion limitations, and retain glycerol formation without deactivating the catalytic
pores [42,43].

3.2.4. Enzyme Concentration

The effect of enzyme concentration (5, 10, and 15% w/w) of Novozyme 435 on biodiesel
conversion yield was studied. The highest biodiesel yield was obtained using 15% enzyme.
The results from Figures 5–7 suggest that while visualizing the biodiesel yield with respect
to time, temperature, and molar ratio, the highest yield was always obtained with above
10% enzyme concentration.

Marín-Suárez et al. studied the transesterification of waste fish oil for biodiesel
production using three commercial immobilized enzymes: Lipozyme RM IM, Lipozyme TL
IM, and Novozym 435 [44]. They reported the highest biodiesel yield of 82.91% with 50%
Novozyme 435 using excess ethanol per mol of oil. Pinyaphong et al. reported a maximum
biodiesel conversion yield of 83% from fish oil using 20% Carica papaya lipase [37]. Chen
et al. reported a maximum biodiesel conversion yield of 89% from waste cooking oil using
30% Rhizopus oryzae lipase [34]. Nelson et al. carried out biodiesel production from tallow
oil using 25% Candida antartica (SP 435) and reported the highest yield of 83.8% [32].
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Figure 7. Counterplots of yield vs. enzyme concentration and oil/alcohol ratio at (a) 40 ◦C and 8 h;
(b) 45 ◦C and 16 h; (c) 50 ◦C and 24 h.

3.3. Optimization of Biodiesel Production

The response surface methodology was used to model the experiments statistically
and optimize the parameters for biodiesel production. As indicated in Figure 8, the opti-
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mized reaction conditions were 17.53 h of transesterification at 44.24 ◦C with 15% enzyme
concentration and oil/alcohol molar ratio of 1:4.23, resulting in a predicted maximum
biodiesel yield of 92.46%. The highest experimental yield was 91.86% from 16 h of reaction
at 45 ◦C with 15% enzyme concentration and oil/alcohol molar ratio of 1:4 (Table 1, Run or-
der 41), which was in agreement with the prediction. In addition to the maximum biodiesel
yield conditions, the modelling also provided five alternative solutions for optimizing the
biodiesel production process (Figure 8). With 10% enzyme concentration, a biodiesel yield
of 87.24% can be obtained. The increase of 10% to 15% enzyme concentration (50% increase)
to achieve only a 5% higher yield (87.24% to 92.46%) may not be economically feasible.
Therefore, the optimum parameters for biodiesel production were determined as 10%
enzyme concentration, 45 ◦C, 16 h and 1:4 oil/alcohol molar ratio for a predicted biodiesel
yield of 87.24%. The experiment performed under these conditions resulted in a biodiesel
yield of 88.24% (Table 1, Run order 49), which was consistent with the predicted value.

 

Figure 8. Prediction and optimization report for biodiesel conversion yield.

Step-Wise Addition of Methanol

As indicated in several previously reported studies about biodiesel production, methanol
would lead to lipase inactivation during the transesterification [45–47]. Therefore, step-
wise addition of methanol has been adopted to reduce its concentration in the system,
thereby minimizing its influence on lipase activity and improving the oils’ conversion to
biodiesel [48–50]. In the present study, based on the optimized conditions for biodiesel
production, the efficiency of step-wise addition of methanol was evaluated to further
improve biodiesel yield. Instead of a one-time addition of methanol as 1:4 oil/alcohol
molar ratio, the experiment was started with 1:2 oil/methanol molar ratio for the first 8 h,
and then another portion of methanol was added following the 1:2 oil/methanol molar
ratio for the subsequent 8 h of reaction. The biodiesel yield obtained from this experiment
was 94.5%, which was approximately 6% higher than the results with a one-time addition
of methanol (88.24%, Table 1, Run order 49). Shimada et al. produced biodiesel from
waste edible oil with Candida antartica lipase by step-wise addition of methanol [51] and
reported more than 90% biodiesel yield. They also reported the lipase catalyst retained
activity for more than 100 cycles of production. The same group also performed biodiesel
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production using vegetable oil with Candida antartica lipase and reported a 98.4% biodiesel
yield after 72 h by step-wise addition of methanol [52]. Watanable et al. successfully
produced biodiesel from degummed soybean oil using a three-step methanolysis with
a yield of 93.8% in the presence of Candida antartica lipase [53]. Hajar et al. applied a
three-step methanolysis of canola oil using Candida antartica lipase in a solvent-free system
and produced biodiesel with a yield of 99.57% [54].

3.4. Investigation of Glycerol as the By-Product

In the present study, free glycerol was not detected from reactions at all the oil/alcohol
molar ratios, reaction temperatures, and times studied. This could be due to the low alcohol
concentration present in the reaction system and the fact that the whole reaction was carried
out using a small amount of starting material. Theoretically, 3 moles of alcohol reacts with
1 mole of triglycerides to give 3 moles of FAME and 1 mole of glycerol (by-product).
According to the optimization, 2 g of oil was reacted with methanol with a 1:4 molar
ratio and 15% enzyme concentration at 45 ◦C for 17.53 h to result in a maximum biodiesel
conversion yield of 92.46%. The remaining balance of 7.54% observed in this study was
made of intermediates and bound glycerols, such as monoacylglycerol (monoglycerides),
diacylglycerol (diglycerides), and triacylglycerol (triglycerides). Glycerol is immiscible
with oil and biodiesel and has a higher density than that of any other component in the
liquid phase of the reaction system. However, it was difficult to identify and separate the
glycerol phase on a laboratory scale using immobilized enzymes because the glycerol phase
was relatively thin and colorless, as reported in many studies in the literature [55,56]. It
has also been reported that the formation of glycerol during transesterification can inhibit
the reaction. The free glycerol can clog the lipase’s active sites, and the bound glycerol can
restrict the mass transfer between the substrate and enzyme. Therefore, it is essential to
remove glycerol from the reaction system to improve transesterification efficiency. In the
present study, tert-butanol dissolved both methanol and glycerol, which eliminated the
adverse effects of glycerol accumulation during the transesterification process. As reported
in previous studies, tert-butanol is not a substrate for lipases, and it does not act on tertiary
alcohols [57–59].

4. Conclusions

In the present study, biodiesel production from salmon oil extracted from Atlantic
salmon by-products was optimized using response surface methodology. The four pa-
rameters, reaction time, temperature, enzyme concentration and oil/alcohol molar ratio,
significantly influenced biodiesel production. The maximum biodiesel yield was 92.46%
from transesterification for 17.53 h at 44.24 ◦C with 15% enzyme concentration, oil/alcohol
molar ratio of 1:4.23, and the use of 75% (w/w) tert-butanol as the solvent. In comparison
to the five alternative optimization solutions provided by the modelling, an increase of 10%
to 15% enzyme concentration (50% increase) resulted in only a 5% higher yield (87.24%
to 92.46%), which may not be economically feasible. Therefore, the optimum parameters
of biodiesel production were determined as 10% enzyme concentration, 45 ◦C, 16 h, and
1:4 oil/alcohol molar ratio, resulting in a biodiesel yield of 87.24%. By applying step-wise
addition of methanol, the biodiesel yield was further increased to 94.5%.

The present study was the first to produce biodiesel from Atlantic salmon oil, which
can be a potential replacement of plant-derived oils in conventional biodiesel production.
As the salmon oil is extracted from Atlantic salmon heads and frames, this will also be a
promising way to valorize the salmon by-products. The results of the present study are
promising for the biocatalytic production of biodiesel on an industrial scale. However,
there are still some disadvantages in the optimized process, such as the use of tert-butanol
as the solvent. Future studies will be focused on improving the process by reducing the
amount of the solvent, recovery of the solvent for reuse, or completely removing the solvent
from the system. The physicochemical properties of FAMEs in the biodiesel obtained were
not analyzed in the present study, since the whole process was performed on a small scale
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and the amount of biodiesel obtained was small. Future studies should be carried out
on a larger scale to produce biodiesel using the optimized parameters, and its properties
should be assessed and compared against traditional fuel. In addition, the reusability of
the lipase and reaction kinetics should be studied as they are essential if the process will be
implemented on a larger scale.
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