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Introduction to the Special Issue “Extraction and Fractionation
Processes of Functional Components in Food Engineering”

Blanca Hernández-Ledesma 1, Roberta Claro da Silva 2 and Juliana Maria Leite Nobrega De Moura Bell 3,*
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UAM + CSIC), 28049 Madrid, Spain; b.hernandez@csic.es
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3 Food Science and Technology and Biological and Agricultural Engineering Departments,
University of California at Davis, Davis, CA 95616, USA

* Correspondence: jdemourabell@ucdavis.edu

Diet plays an unquestionable role in the growth, development, and maintenance of
all body functions. Foods are a source of a multitude of compounds, such as proteins,
lipids, carbohydrates, peptides, oligosaccharides, and antioxidants, among others, that
go beyond basic nutrition. Harnessing the full potential of the diversity of the nutrients
in food becomes essential to enable its use as prophylactic therapy, with the potential to
minimize the incidence of several metabolic disorders affecting humans. Food processing is
evolving from a traditional approach, with the technical aspects as the main focus, toward
a bio-guided strategy, which strives to maintain or improve the original biological and
functional properties of food compounds. The development of a holistic approach with
cost-competitive yet bio-guided food processing strategies is needed to deliver healthy and
nutritious food for everyone.

This Special Issue of Journal Processes includes seven outstanding papers describing
novel advances in the development and application of innovative processing strategies, in
order to extract, isolate, and modify food compounds to produce ingredients and foods
with improved nutritional, functional, and biological properties.

In the review of Franca-Oliveira et al. [1], the existing evidence of suitable, cost-
effective, and environmentally friendly technologies to extract high concentrations of
valuable proteins from traditional and alternative natural sources is summarized. Novel
and eco-sustainable approaches are compared with conventional methods, describing their
advantages and current limitations. Moreover, in this article, the combination of these
methods with enzymatic hydrolysis is described as a successful strategy to release bioactive
peptides at high yield and concentration, which could enable their incorporation into
food products and supplements to prevent/treat chronic diseases of high incidence and
mortality in our society. One of these eco-friendly extraction technologies is the aqueous
extraction process, which relies on the use of upstream mechanical treatments to disrupt
the matrix and facilitate the release of intracellular compounds into water. This sustainable
approach is used by Dias et al. [2] to concurrently extract oil and protein from almond
flour. The proof of concept of this process was demonstrated at a 7 L scale with respect
to oil and protein extractability and their distribution amongst the fractions that were
generated. Moreover, the impact of enzymatic and chemical demulsification approaches
was evaluated on the physicochemical properties and stability of the emulsion proteins and
final oil recovery. Aqueous extraction, followed by chemical or enzymatic demulsification,
produced a final oil with a similar fatty acid composition to hexane extracted lipids.

In addition to soybean oil, there has been an increasing interest in the use of techniques
with a reduced environmental and economic impact to produce plant-based oils such as
coconut, flaxseed, and hemp seed as a source of added-value oils. Although expeller
pressing and flammable solvent extractions are common methods that are used for oil

Processes 2022, 10, 1425. https://doi.org/10.3390/pr10071425 https://www.mdpi.com/journal/processes1



Processes 2022, 10, 1425

extraction in the food industry, the low yield for expeller pressing and the environmental
impact resulting from the use of organic solvents remain the main concerns limiting the
current application of both traditional methodologies, highlighting the importance of
alternative green alternatives such as supercritical CO2 and enzyme-assisted extractions. In
the review of Lavenburg et al. [3], the advantages and disadvantages of conventional and
novel eco-friendly approaches applied to extract oil from seed by-products are summarized
from economic, environmental, and practical perspectives.

Similarly, other food wastes can be a source of bioactive compounds for subsequent
recovery and industrial/nutraceutical applications. In the review of Risner et al. [4], the
potential of untreated whey permeate as a growth medium for recombinant Escherichia coli
is described as an affordable approach to microbially produce pinene, a secondary plant
metabolite with functional properties as a flavor additive and cognitive health benefits.
This process would allow valorizing a dairy by-product by converting it into a valuable
co-product, while reducing the detrimental environmental impact that is associated with
its disposal. Seeking the development of circular processes, the research of Truong et al. [5]
aimed at isolating acid-soluble collagen from snakehead fish (Channa striata) by-products,
including skin and skin–scale mixtures. The functional and rheological properties of
extracted collagen are evaluated, showing that proteins that are obtained from marine
sources have the potential to be used as a promising alternative to mammalian collagens.

In the study of Handa et al. [6], the angiotensin-converting enzyme (ACE) inhibitory
potential of fermented and non-fermented soy products and isolated 7S and 11S protein
fractions is evaluated after their digestion under simulated gastrointestinal conditions. The
results of this research provide evidence supporting the important biological role of these
products as new functional foods or ingredients to prevent and/or control hypertension
and associated diseases.

In addition to extraction methods, in this Special Issue, techniques that are applied for
the characterization of the extract compounds are included. The study of Félix-Palomares
and Donis-González [7] focuses on the application of Response Surface Methodology (RSM),
a multivariate statistic technique, in combination with a Box–Behnken experimental design
to optimize and validate the Rancimat operational parameters such as sample weight,
temperature, and airflow. The optimized approach allows the identification of standard
operational parameters for a more precise, accurate, and efficient determination of walnut
oil induction time (resistance of lipids to be oxidized) estimations.

Author Contributions: Writing—original draft preparation, B.H.-L.; writing—review and editing,
B.H.-L., R.C.d.S. and J.M.L.N.D.M.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
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Abstract: Pinene is a secondary plant metabolite that has functional properties as a flavor additive
as well as potential cognitive health benefits. Although pinene is present in low concentrations in
several plants, it is possible to engineer microorganisms to produce pinene. However, feedstock cost
is currently limiting the industrial scale-up of microbial pinene production. One potential solution is
to leverage waste streams such as whey permeate as an alternative to expensive feedstocks. Whey
permeate is a sterile-filtered dairy effluent that contains 4.5% weight/weight lactose, and it must be
processed or disposed of due its high biochemical oxygen demand, often at significant cost to the
producer. Approximately 180 million m3 of whey is produced annually in the U.S., and only half
of this quantity receives additional processing for the recovery of lactose. Given that organisms
such as recombinant Escherichia coli grow on untreated whey permeate, there is an opportunity for
dairy producers to microbially produce pinene and reduce the biological oxygen demand of whey
permeate via microbial lactose consumption. The process would convert a waste stream into a
valuable coproduct. This review examines the current approaches for microbial pinene production,
and the suitability of whey permeate as a medium for microbial pinene production.

Keywords: terpene; pinene; Escherichia coli; whey; whey permeate; biosynthesis; microbial

1. Introduction

Terpenoids/isoprenoids are multifunctional organic compounds that contribute to an array of
applications and are currently used as solvents, fragrances, natural pesticides, lubricants, flavoring
agents, and in nutraceutical/medical applications [1–4]. Terpenoids/isoprenoids are hydrocarbons
comprised of five carbon isoprene units and are classified by their number of carbon atoms, namely
hemiterpenoids (C5), monoterpenoids (C10), sesquiterpenoids (C15), diterpenoids (C20), triterpenoids
(C30) tetraterpenoids (C40) and polyterpenoids (C45+). Terpenoid precursors are produced in most
organisms via the mevalonate (MVA) (Figure 1) and/or the 2-C-methyl-D-erythrithol 4-phosphate/
1-deoxy-D-xylose 5 phosphate (MEP/DOXP) pathway (Figure 2) and are synthesized via terpenoid
synthases [5]. Pinene is synthesized from isopentenyl pyrophosphate produced from the MVA or
MEP/DOXP pathway via geranyl diphosphate synthase and pinene synthase (Figure 3).

Pinene is a monoterpene with two structural isomers, α-pinene and β-pinene (IUPAC
names: (2,6,6-trimethylbicyclo[3.1.1]hept-2-ene and 6,6-dimethyl-2-methylenebicyclo[3.1.1]heptane,
respectively). Both α-pinene and β-pinene have multiple commercial applications. They are commonly
used as flavor compounds to produce herbal or earthy flavors in food [6]. Additional potential
commercial applications include uses as a antimicrobial agent, potential use as a jet fuel alternative
and functionality as a starting compound for the synthesis of other terpenoids [3,7,8]. This review will
examine the potential industrial applications of pinene, the current approaches for microbial pinene
production, and the suitability of whey permeate as a medium for microbial pinene production.

Processes 2020, 8, 263; doi:10.3390/pr8030263 www.mdpi.com/journal/processes
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Figure 1. Mevalonate (MVA) pathway for eukaryotes.
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Figure 2. Methylerythritol phosphate (MEP/DOX) pathway.
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Figure 3. Pinene biosynthesis from isopentenyl pyrophosphate.

2. Applications of Pinene

Pinene is a compound with several current and potential applications in medicine, as a
flavor/aroma agent, and as a precursor for fuel production. α- and β-Pinene have several potential
applications in medicine. Firstly, it exhibited antimicrobial properties and increased the effectiveness of
commercial antibiotics against methicillin resistant Staphylococcus aureus [7]. α-pinene also reversibly
inhibited acetylcholinesterase, and therefore has potential to treat neurodegenerative diseases such
as Alzheimer’s disease and Parkinson’s disease [1,9]. Additionally, α-Pinene reduced the impact of
scopolamine-induced cognitive impairment in mice and 6-hydroxydopamine-induced Parkinson’s
disease in rats [9,10]. Pinene itself is used as flavoring agent and in cosmetics, but is also used to derive
the additional aromatic compounds, verbenone and carvone, which are used in perfumery and as
insect repellents [8,11,12]. Collectively, this evidence indicates that pinene has flavoring applications,
potential medical value, or could be used as an ingredient in nutraceutical products.

Dimerized pinene also has a volumetric energy similar to that of commercial jet fuel (JP-10) [3].
Although it is not applied commercially as a fuel at this time, increased availability of dimerized pinene
could assist airlines in shifting from reliance on fossil fuels towards biofuels. For dimerized pinene to
be an economically viable fuel, a sustainable production method must be developed. The combined
annual production volume of α and β-pinene is approximately 49 million liters [13]. This is several
orders of magnitude less than what would be needed to make a tangible contribution to the jet fuel
market, considering that U.S. airline carriers consumed 67 billion liters of jet fuel in 2016 [14].

3. Plant Pinene Biosynthesis and Purification

Pinene is a secondary plant metabolite produced in a wide variety of aromatic plants in small
concentrations, however it is produced industrially during the paper making process [15]. Plant-derived
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) are the precursors of pinene
and other terpenoids [16]. Geranyl diphosphate (GPP), a monoterpenoid precursor, is formed through
the condensation of IPP and DMAPP, which is catalyzed by a terpene synthase (GPPS). GPP is cyclized
by pinene synthase (PS) to form α- or β-pinene (Figure 3) [16]. IPP and DMAPP are biosynthesized in
plants via the MVA pathway or the MEP pathway [5]. The MVA pathway is initiated by the condensation
of two acetyl coenzyme A (acetyl CoA) molecules (Figure 1). The MEP pathway is initiated by the
condensation of glyceraldehyde 3-phosohate and pyruvate (Figure 2). Glyceraldehyde 3-phosohate,
pyruvate and acetyl CoA are inputs into several metabolic pathways (glycolysis, tricarboxylic acid

8
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cycle, gluconeogenesis and the pentose phosphate pathway), thus the MVA and MEP pathways are
heavily regulated [5]. Plants can utilize both pathways for terpenoid production; however, pinene
and other terpenoids are produced in relatively small quantities in plants from these pathways due to
metabolic regulation [3,5].

Currently, in the United States, pinene is produced as a byproduct from the wood pulp production
process known as kraft pulping [6,17,18]. Turpentine is collected during the heated digestion process
for wood pulp production and pinene can be extracted from turpentine via fractional vacuum
distillation [19]. One ton of fresh pine wood yields between 6–18 L of turpentine [20]. Turpentine
is composed of a variety of terpenoids and its concentration is variable. α-Pinene is the primary
constituent (75%–85%) with variable amounts of β-pinene (up to 3%), camphene (4%–15%), and
limonene (5%–15%) [21]. Pinene can also be found in low concentrations in variety of other plants
including rosemary (Rosmarinus officinalis), sage (Salvia officinalis) [22], wild thyme (Thymus serpyllum)
and a variety of conifers (plants from the class Pinosida) [23]. Additional refining and processing are
required for pinene to be used as a flavor ingredient, nutraceutical, or fuel additive.

4. Microbial Pinene Biosynthesis

With only small quantities produced in plants, there is an opportunity to produce pinene and other
terpenoids microbially. A common strategy for the microbial production of pinene is the transformation
of plasmids containing genes isolated from pinene producing plants [6,8,16,24].

These plasmids encode for the production of the enzymes within the pathways illustrated in
Figures 1–3, which enables for the production of the intermediate compounds and subsequently,
pinene. The precursors to these pathways are pyruvate and acetyl-CoA, products of the glycolysis and
citric acid cycle, which are commonly utilized for cellular energy production. A portion of pyruvate
and acetyl-CoA produced during cellular metabolism can be potentially utilized for microbial pinene
production. For example, pinene could be produced in a similar manner to the microbial production of
β-farnesene, another terpenoid [25]. Currently, recombinant Saccharomyces cerevisiae is being used to
produce β-farnesene in 200,000 L bioreactors for industrial production; β- farnesene is then used in
variety of commercial applications [25]. The following sections discuss the pros and cons of utilizing
some promising organisms for the microbial production of pinene and highlights the strategies used
for microbial engineering (Table 1).
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4.1. E. coli

The MVA pathway was expressed in E. coli using genes from Enterococcus faecalis (mvaE, mvaS,
mvaE) and S. cerevisiae (ERG12, ERG8, ERG19, IDI1) ([6,8,16,26]. Geranyl diphosphate synthase (GPPS)
and pinene synthase (PS) were expressed using GPPS2 and Pt30 genes derived from Abies grandis and
Pinus taeda, respectively [8]. GPPS catalyzes the conversion of isopentenyl pyrophosphate, also known
as isopentenyl diphosphate (IPP) into geranyl diphosphate (GPP), which is the substrate for PS whose
final product is pinene [16]. Using the expressed pathways described above, an accumulation of 5.44
mg/L of E. coli produced α-pinene was reported [8].

A 30-fold increase in E. coli pinene production was reported from 2013 to 2018 (Figure 4). These
advancements were initiated with screening PS and GPPS from three different species of plants in a strain
of E. coli harboring the MVA pathway [6]. E. coli expression of a combination of PS and GPPS from Abies
grandis resulted in the production of 28 mg/L of pinene [6]. It was hypothesized that pinene production
was limited by the toxicity of GPP, an intermediate in the pinene production pathway. To overcome
GPP toxicity, a GPPS-PS protein fusion was produced in order to reduce GPPS inhibition [6]. That step
resulted in an increased pinene yield of 32 mg/L [6].

Figure 4. Reported pinene concentration produced by genetically engineered E. coli in a single
batch laboratory production system. Values obtained from the following reports: 2013—Reported
in Biotechnology for Biofuels [8], 2014—Reported in ACS Synthetic Biology [6], 2016—Reported in ACS
Synthetic Biology [26], 2018—Reported in Frontiers in Microbiology [16], reported standard deviation ± 0.3.

An even higher level of pinene synthesis by E. coli (140 mg/L) was subsequently reported, due to
the introduction of a laboratory-evolved pinene synthase variant with a higher activity than the parent
enzyme native to Pinus taeda [26]. Most recently, E. coli production of pinene at levels of 166 mg/L was
shown using two recombinant E. coli strains. One strain expressed the genes for the MVA pathway
and the other expressed the genes for GPPS and PS [16]. Each strain was propagated separately and
then were combined into a whole cell biocatalyst that was a phosphate buffer overlaid with dodecane.
The dodecane accumulated 166 mg/L of pinene after 28 h [16]. This finding indicates that the scale-up
of the whole cell biocatalyst system may warrant further research for pinene production.
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There are several challenges related to increasing E. coli-produced pinene titers. The heterologous
enzymes introduced to E. coli for pinene production produce intermediates that cannot be utilized by
the E. coli cell and this metabolic burden can cause plasmid instability [36]. Plasmid recombination
can be reduced and pinene titer increased by altering the transcriptional rrnB-T1 terminators on the
plasmid to strong terminators that are not homologous [36]. An E. coli strain with the genes recA, recE,
recF, recI and endA removed was transformed with a plasmid encoded for pinene production with
strong terminators. This E. coli strain increased pinene titer by 6.9 fold [36].

The catalytic process of mevalonic kinase and mevalonate diphosphate decarboxylase were
identified as the bottlenecks of the MVA pathway in recombinant E. coli [36]. A strain of laboratory
involved pinene-producing E. coli strain was whole genome sequenced, then aligned with the
E. coli reference strain MG1655 genome sequence, then non-synonymous mutant genes were up and
downregulated [37]. Using comparative genomics and transcriptional level analysis, it was shown that
mutations and up-regulation of transcription levels of the MEP pathway genes (dxr, dxs, ispH, and
ispU) and some protein membrane genes (gsiA, nlpA, sufBCDS, opgB, setC, oppF, ypjK, btuB, pitA and
cusA) are related to increased pinene tolerance and production in E. coli [37]. Overexpression of genetic
information processing genes (cbpA, rpoA, mutS and dusB) and cellular process genes (tabA and flgFGH)
also improved pinene titer [37]. The mutation and transcriptional downregulation of cellular division
modulation genes (ydiJ, yjbQ, prpR, marR, fabR and cedA) was also associated with increased pinene
tolerance and production [37].

Although the use of E. coli for pinene production has many advantages, including but not limited
to its genetic tractability and its current use for the production of other isoprenoids [24], a limitation
with this organism is that E. coli’s outer membrane is comprised of LPS, a potential food safety concern
if pinene is destined for human consumption.

4.2. S. cereviseae and K. marxianus

S. cerevisiae is another commonly used microorganism for genetic engineering, and has been
successfully used to commercially produce β-farnesene, a sesquiterpene [25]. Monoterpenoid
production has also been reported for genetically engineered S. cerevisiae in conjunction with other
isoprenoids [29,30,38]. S. cerevisiae and Kluyveromyces marxianus that are generally recognized as safe
may be better candidates for pinene production if the genetic engineering challenges can be overcome. K.
marxianus can metabolize lactose; however, it has the same genetic engineering challenge as S. cerevisiae;
the presence of a native competing MVA pathway.

S. cerevisiae is an attractive organism to use for monoterpenoid production due it’s genetic
traceability and being GRAS. The MVA pathway is native to S. cerevisiae, which initially seems promising;
however, it is highly regulated and critical for cell survival. Monoterpene synthesis is more difficult to
engineer into recombinant S. cerevisiae due to the presence of the farnesyl pyrophosphate synthase
(Erg20p), an enzyme which competes for GPP, the precursor to pinene and other monoterpenoids [30,39].
Farnesyl pyrophosphate is an intermediate in the ergosterol production pathway and ergosterol plays
a critical role in S. cerevisiae cell membrane fluidity, permeability, and structure [40]. Deletion of
ERG20, the gene responsible for Erg20p production, is lethal [30]. It has been reported that direct
downregulation of ERG20 did not increase monoterpene production, and instead may have decreased
production [40]. Evidence also indicates that Erg20p has greater activity for GPP than PS, another
factor which could limit pinene production [41,42].

Several strategies have been employed to overcome the necessity of ergosterol production and
the enzymatic competition of the synthases for S. cerevisiae monoterpenoid production. N-degron
protein degradation was employed to regulate Erg20p/ERG20; this yielded reported titers of 76 mg/L
of limonene [39]. It was also shown that fusion of a terpene synthase with Erg20p increased S. cerevisiae
monoterpene titers by 69% [41]. Another strategy is to replace the native ERG20 promoter with a
heterologous promoter [42]. The native ERG20 promoter was replaced with a glucose sensing promoter
(HXT1) in a geraniol producing strain of S. cerevisiae. This resulted in 897 mg/L of geraniol being
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produced when the organisms were fed pure ethanol. It was further reported that a titer of 1.69 g/L
was achieved via gene deletion (OYE2) and engineering for complemented LEU2 auxotrophy [42].
These strategies could be employed to produce pinene using S. cerevisiae as the host organism. Further,
it may be advantageous to use a microorganism for which the MVA pathway is not critical for cell
survival, or a strain of S. cerevisiae with lower Erg20p activity.

4.3. Corynebacterium glutamicum and Rhodosporidium torulides

C. glutamicum is used for microbial amino acid production on a commercial scale GRAS status and,
in one study, was used to produce pinene [31]. Pinene synthesis was shown using plasmid-encoded
genes for deoxy-D-xylose-5-phosphate synthase, isopentenyl diphosphate isomerase, two geranyl
diphosphate synthases, and pinene synthase. The native MEP pathway genes responsible for
deoxy-D-xylose-5-phosphate synthase and isopentenyl diphosphate isomerase production (dxs and
idi genes) were also overexpressed. The maximum pinene titer reported was 176 μg/L, a quantity
that is several orders of magnitude lower than the pinene production reported for E. coli [31].
A potential solution to the lower pinene yields is the introduction of a heterologous MVA pathway
into C. glutamicum. The use of a heterologous MVA pathway has led to increased pinene titers in
E. coli [8,16,37]. Introduction of the MVA pathway could increase the ability of a strain of C. glutamicum
to produce pinene.

Monoterpene production using a strain of carotenogenic yeast, Rhodosporidium torulides, was
also reported [33]. Recombinant R. torulides harboring genes to produce nine different monoterpenes
produced very little pinene according to a dodecane overlay analyzed using GC-MS; however, it was
detected using solid-phase microextraction. It was determined that the synthesis of GPP, which is
an intermediate in ergosterol production, was found to be a limiting factor [33]. Strategies used
for S. cerevisiae to increase monoterpene production, such as using N-degron protein degradation to
regulate Erg20p/ERG20 or replacement of the ERG20 promoter with a heterologous promoter, could
be employed.

5. Possible Challenges for Large-Scale Synthesis of Pinene by Microorganisms

Besides increasing the quantities of pinene produced by microorganisms, several other genetic
and physiological challenges must be overcome for the microbial production of pinene or other
monoterpenoids to be economically feasible. Cell toxicity to pinene must be overcome for pinene
production to achieve commercial viability. This might be achieved by strategies such as the serial
culturing of cells with increasing pinene concentrations. Serial culturing of E. coli improved pinene
tolerance and increased pinene titer 31% compared with the starting strain and this may be an applicable
strategy for other microorganisms [16]. Overexpression of efflux pumps has been shown to increase
tolerance to harmful secondary metabolites. The over expression of efflux pumps which remove pinene
from the cell such as E. coli acrAB and Pseudomonas putida KT2440 TtgB could be employed in E. coli or
other microorganisms [16]. The over expression of E. coli acrAB and Pseudomonas putida KT2440 TtgB
efflux pumps increased the pinene titer from 7.3 ± 0.2 mg/L to 9.1 mg/L, a 25% increase in E. coli [16].

It will be important for the pinene-producing microorganisms to withstand the fluctuating
hydrostatic pressures of industrial bioreactors [25]. Standard industrial bioreactors are reported to
contain up to 200,000 L [25,43]. Thermotolerance is also important because removal of heat produced
from cellular metabolism is a challenge as bioreactor size is increased [43]. Heat accumulates due to
the volume of fluid being much greater than the heat transfer surface area [43]. The addition of oxygen
to medium could potentially cause facultative anaerobes to respire which releases more energy (74.4 vs.
2808 kJ per C6H12O6 molecule metabolized) [44] into the system, which must subsequently be removed.
The microorganisms would also ideally grow on an inexpensive and readily available medium.

Recent studies focused on the production of pinene by E. coli in a single-batch system [6,8,16,37].
Alternatively, a fed-batch system can be used. A titer of 970 mg/L of E. coli-produced pinene was
reported in fed-batch fermentation conditions, whereas the same strain in the single-batch system
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produced 5.44 mg/L [8]. This indicates that a fed-batch system may be more commercially viable
on an industrial scale. This yielded a conversion efficiency of 2.61% by mass of pinene to mass of
glucose for the fed batch system [8]. The production of harmful metabolites may reduce microbial
pinene production efficiency. An example of this was the production acetic acid, which is a harmful
metabolic by-product of the E. coli in a single-batch system [8]. This was found to be a non-limiting
factor in a fed-batch system using the same strain of E. coli in a fed-batch system maintained at 0.5 g/L
of glucose [8]. These highly controlled conditions are the likely reason for the increase in pinene titer
when compared with the single-batch system. These findings indicate that more research is required to
understand if increases in pinene concentration in a single-batch bioreactor will translate to increased
pinene production in a fed-batch bioreactor or chemostat.

Lastly, increased titers of E. coli produced pinene was reported using a laboratory-scale whole
cell biocatalyst system [16,37]. This system involved growing strains independently, then combining
them into an agitated bioreactor. The biocatalyst system has produced a titer 2.6-fold higher than a
fermentation system (166 vs. 64 mg/L) [16]. This indicates that the scale-up of a whole cell biocatalyst
system for pinene production should be explored.

The differences in titer in the fed-batch bioreactor and the single-batch system indicate that
environmental factors other than genetics influence microbial pinene production yields such as pH,
temperature, solute or ion concentration, etc. Pinene producing microorganisms would ideally
grow on an inexpensive and readily available medium. Given that feedstock is a major expense for
biomanufacturers, the use of an inexpensive feedstock could potentially impact the economic feasibility
of microbial pinene production.

6. Whey as a Feedstock for Microbial Pinene Production

A recent techno-economic assessment of microbial terpenoid production indicated that 80%–95%
of the costs can be attributed to the cost of the feedstock [13]. Cane syrup is often utilized as the
industrial feedstock for S. cerevisiae β-farnesene synthesis [25,45], but its cost is a current limitation to
commercializing the microbial production of pinene due to lower titers [13]. Thus, the identification
of an alternative low-cost feedstock for microbial pinene production could significantly improve
the cost-effectiveness.

Whey permeate may be an economically viable feedstock for microbial pinene production. Whey
and whey permeate have been used as a microbial medium to industrially produce ethanol since
1978, indicating that it may be an economically viable microbial medium [46]. It is produced in
large quantities during cheese production, undergoes a filtration process for protein recovery, and
is considered a waste stream in many production facilities. The ultrafiltration and diafiltration of
whey produce a sterile permeate composed of water, lactose, non-protein nitrogen and minerals. The
sterile filtration of whey and the composition of the permeate indicate that it may be a viable microbial
medium. Table 2 illustrates the approximate composition of whey and whey permeate [47]. For most
microbes that can utilize lactose, it is hydrolyzed intracellularly into its constituents, glucose and
galactose. Glucose can be utilized for cellular energy production via glycolysis and galactose can be
converted to glucose-6-phosphate, an intermediate in glycolysis. The product of glycolysis is pyruvate,
which can be converted to acetyl-CoA. Both of these compounds serve as the precursors to the MEP and
MVA pathways, respectively. Trace amounts of oligosaccharides, peptides and (β-casein, αs1-casein,
GLCM1, PIGR, SAA, κ-casein and αs2-casein) and enzymes (plasmin, cathepsin and elastase) have
been identified with whey permeate [48,49].

The majority of value-added processing of whey permeate currently focuses on recovering
lactose. However, lactose recovery is an energetically expensive process and requires significant
capital investment. Lactose recovery from whey permeate is a multi-stage process that requires an
evaporator, crystallization tanks, decanter centrifuges, fluid-bed drier and hammer mill [47]. As such,
lactose recovery is not a viable economic option for many creameries (especially small to medium-size
creameries).
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Table 2. Approximate composition of whey and whey permeate.

Protein
(% w/w)

Lactose
(% w/w)

Non-Nitrogen
Protein (% w/w)

Ash
(% w/w)

Fat
(% w/w)

Whey 0.6 4.5 0.20 0.50 0.03

Whey Permeate 0.01 4.5 0.20 0.50 n.d.a

Table derived from the Tetra Pak’s Dairy Processing Handbook [47]. a n.d. = not detectable.

If not used for other purposes, whey permeate is a costly waste stream in the dairy industry,
and in some situations can represent an economic limitation to creamery expansion. The biological
oxygen demand (BOD) (approximately 30–50 g/L) of whey permeate is the main driver of the high
cost of disposal. Importantly, microbial lactose consumption can lower the BOD up to 75% [50], and
thus, microbial treatment of whey permeate represents the potential combined benefit of delivering
value-added product while simultaneously reducing treatment and disposal costs of whey permeate.

Whey permeate is currently used as a fermentation medium for the production of single cell
protein, lactic acid, vitamin B12 and ethanol. More specifically, recombinant E. coli strains have
produced ethanol using untreated whey permeate as a fermentation medium (Table 1) [51]. This
indicates that whey permeate may be a suitable medium for other recombinant E. coli strains or other
recombinant microorganisms. In fact, multiple studies have demonstrated the ability of E. coli to
metabolize the lactose within whey permeate [6,8,16,26,52]. It was reported in 2017 that an E. coli strain
efficiently grew and fermented untreated whey permeate without nutritional supplementation in a
pH-controlled bioreactor [51]. Recent efforts also indicate that recombinant homofermentative E. coli
strains expressing the Vitreoscilla hemoglobin successfully produce ethanol using rehydrated whey
powder and autoclaved cheese whey as a medium [53,54]. This indicates that recombinant E. coli used
to produce pinene may be able grow on whey permeate.

S. cerevisiae, the organism traditionally used for ethanol production, cannot metabolize lactose.
Native S. cerevisiae does not produce lactose permease to facilitate the transmembrane transport of
lactose, nor does it produce β-galactosidase to hydrolyze lactose to D-glucose and D-galactose [55,56].
The addition of β-galactosidase to whey permeate can make whey permeate a suitable medium for
S. cerevisiae [57]. Alternatively, engineered S. cerevisiae strains can metabolize lactose directly [55,56,58].
This indicates that a recombinant strain of S. cerevisiae may be utilized to produce pinene from
whey permeate.

C. glutamicum lacks the necessary genes to metabolize lactose or galactose, but similar to the
case with S. cerevisiae, recombinant strains of C. glutamicum have been produced that can metabolize
lactose and galactose directly [59]. The inability of C. glutamicum to metabolize galactose indicates that
the addition of exogenous β-galactosidase to whey permeate would not be an effective treatment for
the medium. The additional metabolic engineering requirement for C. glutamicum may make it an
inappropriate candidate for microbial pinene production using whey permeate.

R. torulides can metabolize glucose and galactose; however, it grows poorly using whey permeate
as a medium [60]. Treatment of whey permeate with exogenous β-galactosidase would likely make
the whey permeate a more suitable medium for R. torulides as it can metabolize galactose.

The production of ethanol using whey permeate as a feedstock has been accomplished on a
commercial scale using K. marxianus as the fermentation organism. K. marxianus is GRAS and can
metabolize lactose [46]. K. marxianus could be a suitable recombinant microorganism for the microbial
production of pinene using whey permeate as a medium (Table 1). K. marxianus is a fast growing
microorganism and has been observed to grow at temperatures greater than 50 ◦C [61–63]. K. marxianus
has not traditionally been used in genetic engineering; however, K. marxianus’ genome has been
sequenced and tools have been developed for the genetic engineering of K. marxianus NBRC1777 [35].
A plasmid-based CRISPR-Cas9 was adapted for the genome editing of K. marxianus Km17 [63]. This
enabled the engineering of stable heterothallic haploid strains of K. marxianus [63]. Recombinant K.
marxianus KM-L9-20 has been cultured in an optimized whey medium to overproduce lactase [34].
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This indicates that whey permeate may be a suitable medium for K. marxianus genetically engineered
to produce pinene.

7. Whey Standardization and Pinene Recovery

To scale-up pinene production utilizing dairy waste streams, the composition of whey and whey
permeate feedstocks would need to be standardized. Evaporators, already commonly used for lactose
recovery, could be used to standardize the lactose concentration of the permeate and/or increase the
lactose concentration to a desired level. The evaporators could also be used to make a concentrate,
which could then be used in a fed-batch bioreactor system. This could make whey permeate a more
consistent and desirable microbial medium for pinene production.

Due to the fact that the commercial production of pinene utilizes condensers to collect the volatile
compound from heated wood pulp digestors [20,64], the recovery method for pinene from whey
would need to employ a different technology. Liquid-liquid extraction is the common method for
recovery of microbially produced non-polar compounds [65]. Disruption of the cell wall may increase
pinene yields, and due to pinene being a small non-polar compound, counter-current supercritical
CO2 extraction could be used as an alternative recovery process [65,66].

Currently, the highest reported yield for E. coli pinene production is 2.61% g pinene/g glucose [8].
If the 10% of annual lactose produced from cheese production (860,000 metric tons) can be utilized in a
similar manner as glucose, this would equate to 22,446 metric tons of pinene that could be produced a
year. This represents approximately half of the current market for pinene [13]. The 2018 market size
for α- and β -pinene was approximately $56 and $102 million/year, respectively [13]. If the challenges
of monoterpenoid production can be overcome and microbial production yields are similar to those of
the microbially produced sesquiterpene, β-farnesene (17.3% g β-farnesene/g glucose) then this could
equate to the production of 148,780 metric tons of pinene [25]. This level of production could lend itself
to production as a fuel additive precursor like β-farnesene. This highlights the potential of using whey
permeate, a sterile-filtered cheese production by-product, as a microbial medium for recombinant
microorganisms to produce pinene. Whey and whey permeate are considered waste streams at many
cheese production facilities. The production of pinene using a whey permeate as a medium potentially
decreases the BOD of whey, due to the consumption of lactose, and produces a valuable compound
that has several different commercial applications. This process could potentially be applied to other
microbially produced terpenoids which have health, perfumery, and flavoring applications.

8. Conclusions

Whey permeate, a dairy processing effluent, has the potential to become a feedstock to produce
high-value bioactive compounds such as pinene. As the capacity for microbial synthesis of high-value
bioactive compounds progresses, the need for a sterile growth medium will become increasingly
relevant to biotechnology companies. This opportunity coincides with the need of cheese production
facilities to process whey permeate, to reduce its BOD. Such synergy could lead to an opportunity
to create a value-added product—pinene—from what is currently a waste stream in many cheese
production facilities. Although several challenges must be overcome for the microbial production
of pinene or other terpenoids to be economically feasible, they could be overcome by improving
genetic methods for non-model organisms that also have GRAS status (e.g., K. marxianus). Research
related to the scale-up of a co-modular biocatalyst system and a pinene separation system is also
needed. An economic evaluation, such as a techno-economic assessment, should be conducted to
understand the economic feasibility of this proposed process. An environmental evaluation, such
as a life cycle assessment comparing the current processing methods of whey permeate with the
proposed process, should be conducted to understand the environmental implications of embracing
this emerging technology. This review calls for further research into the use of whey permeate as a
microbial medium for recombinant microorganisms that produce plant secondary metabolites.
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Abstract: Angiotensin converting enzyme (ACE) converts angiotensin I into the vasoconstrictor
angiotensin II and eventually elevates blood pressure. High blood pressure is a major risk factor
for heart disease and stroke. Studies show peptides present anti-hypertensive activity by ACE
inhibition. During food processing and digestion, food proteins may be hydrolyzed and release
peptides. Our objective was to determine and compare the ACE inhibitory potential of fermented and
non-fermented soy foods and isolated 7S and 11S protein fractions. Soy foods (e.g., soybean, natto,
tempeh, yogurt, soymilk, tofu, soy-sprouts) and isolated proteins were in vitro digested prior to the
determination of ACE inhibitory activity. Peptide molecular weight distribution in digested samples
was analyzed and correlated with ACE inhibitory capacity. Raw and cooked soymilk showed the
highest ACE inhibitory potential. Bacteria-fermented soy foods had higher ACE inhibitory activity
than fungus-fermented soy food, and 3 day germinated sprouts had higher ACE inhibition than those
germinated for 5 and 7 days. The 11S hydrolysates showed higher ACE inhibitory capacity than 7S.
Peptides of 1–4.5 kDa showed a higher contribution to reducing IC50. This study provides evidence
that soy foods and isolated 7S and 11S proteins may be used as functional foods or ingredients to
prevent or control hypertension.

Keywords: peptides; hydrolysates; hypertension

1. Introduction

High blood pressure is a major risk factor for heart attacks and strokes [1]. Angiotensin converting
enzyme (ACE) (peptidyl-dipeptidase, E.C. 3.4.15.1) plays a vital role in the regulation of blood pressure
in the renin–angiotensin system. Inhibition of ACE is the dominant therapeutic approach to treat high
blood pressure, since angiotensin II generation is inhibited and bradykinin is preserved. In this context,
research is being developed in order to study the potential food-derived ACE inhibitors [2].

Soybean (Glycine max (L.) Merrill) is rich in proteins, and 11S and 7S proteins are two major proteins
representing more than 70% of the total proteins [3] with the rest being lipoxygenases, trypsin inhibitors,
lectins, lunasin, and other minor proteins. Soy isolates are composed mostly of 11S and 7S proteins and
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are used as protein ingredients in many processed food products. Peptides from soybean have been
identified and characterized for their potential ACE inhibition [4,5]. Inhibitory peptides of ACE have
been reported to exist in soy protein hydrolysates [6,7], fermented soy foods, such as soybean paste [8],
tempeh and natto [6], and in non-fermented soy foods such as soybean-based infant formulas and
soymilk [4,9,10].

Peptides and phenolic compounds released during food processing or in vitro digestion
usually show a multifunctional nature including antioxidant, immunomodulatory, antimicrobial,
antithrombotic, hypocholesterolemic, and anti-hypertensive potential [11]. However, foods must
be digested before absorption can occur. Therefore, it is meaningful to conduct simulated in vitro
digestion prior to the assay for ACE inhibition.

Many food processing technologies, employing various physical, chemical, enzymatic, biological,
and engineering principles or a combination of these are used in making various fermented
(natto, tempeh, and soy yogurt) and non-fermented soy foods or protein ingredients (soy isolates,
protein hydrolysates, soymilk, tofu, and soy sprouts). The processing technologies have a major
influence on the peptides and phenolic contents and compositions in the products.

In addition to the variability of processing methods, there are hundreds of soybean varieties
with different protein and phenolic compositions. Therefore, due to the differences in raw materials,
food processing methods and storage conditions, the ability of ACE inhibition of soy products reported
in the literature is very difficult to compare, since the reported studies used different materials and
methods. To attempt to understand how food processing and storage methods affect ACE inhibition of
the products, the same soybean variety must be used. Thus far, a systematic study to compare the ACE
inhibition of various commonly consumed soy products using one soybean variety is lacking.

Therefore, the objectives of this study were: (i) to investigate the ACE inhibitory activity of
in vitro digested soy foods, such as soymilk, tofu, sprout, natto, tempeh and soy yogurt, made from
the same soybean variety; (ii) to evaluate the effect of hydrolysis of 7S and 11S protein fractions on
ACE inhibitory capacity; and (iii) to determine the correlation between ACE inhibitory capacity and
peptide molecular size.

2. Materials and Methods

2.1. Soybean Material and Chemicals

The soybean cultivar Prosoy, harvested in 2012, was obtained from Sinner Brothers and Bresnahan
Co. grown in Casselton, ND, USA. Raw soybean (RSoy) was stored in a cool and dry air-conditioned
room (5 ◦C) prior to use.

Pepsin from porcine gastric mucosa, pancreatin from porcine pancreas, trypsin from
porcine pancreas, α-chymotrypsin from bovine pancreas, captopril, hippuric acid (HA), ACE,
N-α-hippuryl-L-histidyl-L-leucine (HHL), HPLC-grade trifluoroacetic acid (TFA) were purchased from
Sigma–Aldrich (St. Louis, MO, USA).

2.2. Preparation of Soy Foods

2.2.1. Soymilk

Raw traditional soymilk (RTSoyM), cooked traditional soymilk (CTSoyM), raw cooked soymilk
slurry (RSoyMS), and cooked soymilk slurry (CSoyMSF) were prepared. RTSoyM was prepared
according to Zhang et al. [12]. For CSoyMSF, the soy slurry was subjected to the same cooking method
as that used for soymilk (obtained by filtration first), followed by filtration through muslin cloth to
separate the okara from the soymilk. Both types of soymilk (filtered the slurry then cooked, and cooked
the slurry then filtered) were cooled in an ice bath, freeze-dried, and stored at −20 ◦C before analysis.
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2.2.2. Tofu

Pressed tofu (PT) and filled tofu (FT) were prepared according to Meng et al. [13]. Both PT and FT
were freeze-dried and stored at −20 ◦C before analysis.

2.2.3. Natto

Natto was prepared as reported by our previous study [14]. Bacillus natto culture was prepared
from a commercial natto purchased from an Asian grocery store in Starkville, MS, USA. Natto (N)
samples were stored at 4 ◦C for 2 (Nd2), 4 (Nd4), and 6 days (Nd6), then freeze-dried and stored at
−20 ◦C before analysis.

2.2.4. Tempeh

Tempeh was prepared using starter culture, Rhizopus oryzae obtained from the Cultures for
Health (Morrisville, NC, USA). Manufacturer’s recommended protocol was followed with minor
modifications. Soybeans were soaked in water at 30 ◦C until pH reached 6.5, and were then washed,
steamed for 15 min and dried on a mesh screen with an electric fan to evaporate the water of the beans.
Soybeans were inoculated with the culture and packaged in zip lock bags with tiny holes that were
manually poked with toothpicks. The sample was incubated at 31 ◦C for 48 h. Tempeh (T) samples
were kept at 4 ◦C for 2 (Td2), 4 (Td4), and 6 days (Td6) before freeze-drying and then stored at −20 ◦C
before analysis.

2.2.5. Soy Yogurt

Soy yogurt was made as follows: To make soymilk, the bean-to-water ratio used was 1:7 (w/w).
Soymilk was sterilized at 121 ◦C for 5 min in glass bottles. When soymilk reached 40 ◦C,
aseptic inoculation was conducted according to the manufacturer’s recommended rate with a yogurt
culture (YC−087; Chr. Hansen Laboratory, Inc., Milwaukee, WI, USA) that contained strains of
Streptococcus thermophilus and L. delbrueckii ssp. bulgaricus. The inoculated soymilk was poured into
500 mL sterile transparent plastic cups with lids (300 mL per cup) and incubated at 40 ◦C until the pH
decreased to between 4.2 and 4.5. The soy yogurt (Y) samples were stored at 4 ◦C for 0 (Yd0), 2(Yd2),
6 (Yd6), and 8 days (Yd8) before freeze-drying and then stored at −20 ◦C before analysis.

2.2.6. Soybean Sprout

Soybean sprouts were prepared as reported by Kumari and Chang [15] using Freshlife Automatic
Sprouter (Tribest Corporation, Cerritos, CA, USA). Raw sprouts (RS) germinated for 1, 2, 3, 5, and 7 days
were designated as RSd1, RSd2, RSd3, RSd5, and RSd7, respectively. Meanwhile, a portion of each type
of sprout was cooked using common household cooking practice according to Kumari and Chang [15].
The cooked sprouts (CS) were named as CSd1, CSd2, CSd3, CSd5, and CSd7, respectively. All sprouts
were freeze-dried for further analysis.

2.3. Simulated In Vitro Digestion of Soy Foods

The freeze-dried soy foods were subjected to simulated in vitro gastrointestinal digestion using
pepsin and pancreatin in sequence (done in duplicate). Freeze-dried soy foods (3 g) were put in a 50 mL
conical flask containing 30 mL of distilled water and mixed for 30 s. For each sample, 0.3 mL of pepsin
(10,000 units/mL) was added, mixed, and the pH was adjusted to 2.0 using 5 N HCl, before the flasks
were incubated at 37 ◦C in a shaking water bath (220 rpm) for 2 h. The pH of the pepsin digests was
adjusted to 8.0 using 5 N NaOH and 3 mL of pancreatin (40 mg/mL) was added to each flask. The pH
was adjusted again to 8.0 using 5 N NaOH. Incubation was continued for 2 h. The digested sample
was held in the boiling water for 15 min to inactivate the digestive enzymes, and then it was cooled
and centrifuged (3000× g, 15 min). The digested sample was filtered, freeze-dried and stored at −20 ◦C
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until use. The freeze-dried digested samples were suspended in water and adjusted to 0.25 mg/mL
(on dried basis) for ACE inhibitory activity.

2.4. Characterization of Digested Soy Foods

From the results of ACE inhibitory activity of all soy foods subjected to simulated in vitro digestion,
the digested soy foods for each type of processing methods that gave a higher percentage of ACE
inhibition were selected to represent that category of processing methods for further characterizations
of ACE inhibitory capacity (IC50 = concentration of extracts required to inhibit 50% of the enzyme
activity), soluble proteins, and peptide molecular weight (MW) distribution.

2.5. Preparation and Hydrolysis of 7S and 11S Fractions

To study the ACE inhibition effect of the major storage proteins, 7S and 11S fractions were
isolated from low-temperature defatted soybean meal according to the method of Liu et al. [16] and
were freeze-dried and stored at −20 ◦C. Before hydrolysis, to remove the effect of residual phenolic
compounds in the soy proteins, the freeze-dried 7S and 11S fractions were suspended into 80% acetone,
shaken overnight at 25 ◦C and centrifuged at 15,000× g for 30 min. The precipitates were dried
in an oven at 40 ◦C for 48 h.

To study the relationships of the peptides produced after each digestive protease, and their
resultant ACE inhibition potency, duplicated experiments were carried out in five steps with steps B,
C, and D to study the stepwise effect of pepsin, trypsin, and α-chymotrypsin sequentially, and step E
to study the combined effect of the two pancreatic proteases (trypsin and α-chymotrypsin) following
pepsin digestion: (A) 7S and 11S fractions were suspended in deionized water (10 g into 100 mL);
(B) the pH value was adjusted to 2 with 5 N HCl, 1 mL of pepsin (10,000 units/mL) was added,
and the suspension was incubated at 37 ◦C in a shaking water bath (220 rpm) for 2 h; (C) the pH was
adjusted to 8 using 5 N NaOH, 0.7 mL of trypsin (520,000–800,000 units/mL) was added, and incubation
was continued for 2 h; (D) the pH was adjusted to 8 using 5 N NaOH, 0.4 mL of α-chymotrypsin
(1600 units/mL) was added, and incubation was continued for additional 2 h; and (E) 7S and 11S
fractions were suspended in deionized water (3 g into 30 mL in a flask), the pH value was adjusted to
2.0 with 5 N HCl, 0.3 mL of pepsin (10,000 units/mL) was added, and the flasks incubated at 37 ◦C
in a shaking water bath (220 rpm) for 2 h; then the pH was adjusted to 8 using 5 N NaOH, 0.3 mL
of trypsin (520,000–800,000 units/mL) and 0.3 mL of α-chymotrypsin (1600 units/mL) were added,
and incubation was continued for 2 h. Aliquots of 30 mL were collected from the reaction mixtures after
the completion of (B), (C), (D), and (E) steps, respectively. The collected mixtures were heated at 100 ◦C
for 10 min to inactivate enzymes, and were labeled as follows: A—no hydrolyzed; B—hydrolyzed
by pepsin for 2 h; C—hydrolyzed by pepsin for 2 h + trypsin for 2 h; D—hydrolyzed by pepsin for
2 h + trypsin for 2 h + α-chymotrypsin for 2 h; and E—hydrolyzed by pepsin for 2 h + (trypsin and
α-chymotrypsin) for 2 h. The hydrolysates were cooled, freeze-dried and stored at −20 ◦C until use.
These hydrolysates were suspended in water (10 mg/mL, on dried basis) for measuring ACE inhibitory
capacity (IC50) and peptide MW distribution.

2.6. Determination of Angiotensin Converting Enzyme (ACE) Inhibitory Activity

In vitro ACE inhibitory activity was measured according to Cushman and Cheung [17] with
modifications. N-α-hippuryl-L-histidyl-L-leucine (HHL) and ACE were dissolved in 100 mM borate
buffer (pH = 8.3, 300 mM NaCl), at concentrations of 2.5 mM and 10 mU/mL, respectively. The reaction
mixture containing 75 μL HHL, 35 μL sample, and 75 μL ACE was incubated at 37 ◦C in a shaking
water bath (200 rpm) for 30 min. The reaction was stopped by heating at 85 ◦C for 15 min and 185 μL
of water was added before injecting into the ultra-high-performance liquid chromatography (UHPLC)
sample loop. The UHPLC analyses were performed to quantify the hippuric acid (HA) produced
by the enzymatic hydrolysis of the HHL using a Thermo Scientific Dionex UltiMate 3000 RSLC
UHPLC focused System (Thermo Scientific Dionex, Fürstenfeldbruck, Germany). Data acquisition was
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performed with Chromeleon 7 software. Separations were accomplished on a Waters UPLC column
(CORTECS® UPLC®, C18 1.6 μm, 2.1 × 50 mm) and column temperature was maintained at 37 ◦C.
The analytical procedure for quantification of HA by UHPLC was previously validated. The injection
volume was 100 μL and the detection wavelength was set at 228 nm. The mobile phase consisted
of a gradient of 0.1% TFA in water (A) and 0.1% TFA in acetonitrile (B). The flow rate was set at
0.176 mL/min, and the gradient profile was as follows: t0–0.96 min: linear gradient from 5% to 30% of
B, and 95% to 70% of A; t0.96–1.60 min: linear gradient from 30% to 60% of B, and 70% to 40% of A;
t1.60–1.90 min: curve 7 gradient from 60% to 70% of B, and 40% to 30% of A; t1.90–2.2 0 min: isocratic
elution with 70% of B, and 30% of A; t2.20–2.60 min: linear gradient from 70% to 5% of B, and 30% to
95% of A; total time of 4 min. The HA control contained water instead of sample solution, and the
blank sample contained buffer instead of ACE solution. The ACE inhibitory activity was calculated
according to the following equation:

ACE inhibitory activity (%) = ((A − B)/(A)) × 100, (1)

where A is HA from control containing water instead of sample solution and B is HA from sample
reaction with the subtraction of sample blank. The concentration to inhibit ACE by 50 % (IC50) (mg/mL
on dried basis) was calculated using GraphPad Prism software.

2.7. Determination of Peptide Molecular Weight Distribution

Molecular Weight Distribution of peptides from digested samples was analyzed by size exclusion
chromatography [18] with modifications. Each sample was dissolved in water, at a concentration of
10 mg/mL (on dried basis) for 7 S and 11S hydrolysates, and 8.6 mg/mL (on dried basis) for digested soy
foods. A 40 μL aliquot was injected onto the Superdex™ peptide 10/300 GL column (GE Healthcare,
Piscataway, NJ, USA) coupled with an Agilent Technologies Chromatography 1200 series system
(Agilent Technologies, Santa Clara, CA, USA), and eluted with 30% acetonitrile at a flow rate of
0.380 mL/min. The eluate was monitored at 214 nm. A calibration curve of MW was obtained with
the following standards: cytochrome C (12,384 Da), aprotinin (6500 Da), vitamin B12 (1855 Da),
and L-reduced glutathione (307 Da).

2.8. Determination of Soluble Proteins

Soluble proteins were measured by bicinchoninic acid (BCA) method [19] and expressed as
micrograms/milligram of sample (μg/mg) on dried basis with bovine serum albumin (BSA) as
a standard.

2.9. Statistical Analysis

The soy food preparation, in vitro gastrointestinal digestion and analyses were carried out
in duplicate, duplicate and triplicate, respectively. One-way analysis of variance (ANOVA) tests
followed by Tukey’s multiple comparisons test (α = 0.05) was carried out using the software program
Statistic 10 (StatSoft, Tulsa, OK, USA). Differences among sample groups were visualized by principal
component analysis (PCA).

3. Results and Discussion

3.1. Angiotensin Converting Enzyme (ACE) Inhibitory Activity of Digested Fermented and Non-Fermented
Soy Foods

The processing methods employed to manufacture soy foods, such as cooking, grinding, soaking,
coagulation, germination, dilution, and fermentation, influenced the ACE inhibitory activity of the
digested soy foods (Figure 1). Soymilk, tofu, and raw sprout germinated for 1, 2, and 3 days, and most
fermented soy foods (all natto and yogurt products and Tempeh 2 day) had increased in % ACE
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inhibition as compared to raw soybean (RSoy). However, raw sprout germinated for 7 days (RSd7),
cooked sprouts and tempeh stored for 6 days had lower % ACE inhibition than RSoy. The influence
of the thermal treatment on ACE inhibitory activity was dependent upon the type of soy food as
observed in the raw and cooked traditional soymilk (RTSoyM and CTSoyM), whose ACE inhibition
percentage did not distinguish from each other. While the CSoyMSF (soymilk from filtered cooked
slurry) showed a 14% reduction in the ACE inhibitory activity as compared to RSoyMS (raw soymilk
slurry). The greatest impact of heat treatment on ACE inhibitory activity of sprouts was observed
in the cooked sprout germinated for 3 days (CSd3), which showed a 69% reduction in comparison with
its correspondent raw sprout (RSd3).

Figure 1. Percentage inhibition of angiotensin converting enzyme (ACE) of digested fermented and
non-fermented soy foods. Results are expressed as the mean± standard deviation. Sample concentration
= 0.25 mg/mL in water (on dried basis). RSoy: raw soybean; RTSoyM: raw traditional soymilk; CTSoyM:
cooked traditional soymilk; RSoyMS: raw soymilk slurry; CSoyMSF: cooked soymilk with okara and
filtered; PT: pressed tofu; FT: filled tofu; RSd (1, 2, 3, 5, and 7): raw sprout germinated for 1, 2, 3, 5, and
7 days; CSd (1, 2, 3, 5, and 7): cooked sprout germinated for 1, 2, 3, 5, and 7 days; Nd (2, 4, and 6): natto
stored for 2, 4, and 6 days; Td (2, 4, and 6): tempeh stored for 2, 4, and 6 days; and Yd (2, 4, 6, and 8):
yogurt stored for 2, 4, and 6 days. Different lowercase letters over the bar are significantly (p < 0.05)
different among samples.

The thermal treatments applied in the preparation of the different soy foods, possibly, altered the
protein structure in different ways, affecting the enzyme activity or hydrolysis sites on the peptide
chains during in vitro digestion. Consequently, different peptides may be formed [20].

Germination time also significantly affected the ACE inhibition percentage of the sprouts with
a 1.5 fold increase after 24 h of germination. The ACE inhibition remained constant through the
third day and then decreased until the seventh day which showed about 42% smaller inhibition than
RSoy. The increase in the % ACE inhibition followed by reduction could be attributed to the excessive
hydrolysis of the proteins or to the breakdown of the complex phenolic compounds caused by long
germination time followed by in vitro digestion. According to Zakharov et al. [21], at the beginning of
germination, the proteins started to become hydrolyzed by endopeptidases to oligopeptides, and then
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were hydrolyzed by exopeptidases to free amino acids which could be used to synthesize new proteins
and tissues. Yang and Li [22] found by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) that α′ and α subunits of β-conglycinin (7S) and the acidic chains of glycinin (11S) were
gradually degraded with germination time right after the soybean imbibition. During gastrointestinal
digestion, the additional presence of exopeptidases and endopeptidases would further degrade these
compounds [4].

The angiotensin converting enzyme inhibitory activity was dependent on the type of
microorganisms used in the making of fermented soy foods. Bacteria and fungi were used in the
solid-state fermentation to obtain natto and tempeh, respectively. Whereas, soy yogurt was fermented
with bacteria by submersion fermentation. As observed in Figure 1, natto stored for 2 days (Nd2)
showed an increase of 40% in the ACE inhibitory activity as compared to RSoy and remained constant
until the sixth day of storage. Tempeh stored for 2 days (Td2) increased just 17% in the ACE inhibitory
activity as compared to RSoy, and the activity decreased with the storage time. However, the ACE
inhibitory activity of soy yogurt was 36% higher than RSoy and about 11% smaller than CTSoyM
(cooked traditional soymilk) and remained unchanged during the storage.

The differences in the ACE inhibitory activity between natto and tempeh could be due to the
presence of different enzymes, since fungi usually produce a wider range of extracellular enzymes than
bacteria [23]. The proteases from Bacillus and Rhizopus strains may hydrolyze the main soy proteins
into large peptides [8], and the subsequent hydrolysis of these peptides during in vitro digestion
by digestive enzymes could lead to formation of different, smaller peptides. Therefore, the high
% ACE inhibition and storage stability of natto and soy yogurt compared to tempeh indicated that
bacteria could be more promising than fungi for production of fermented soy foods with better ACE
inhibitory activity.

3.2. Characterization of Digested Soy Foods

Table 1 and Figure 2 show the ACE inhibitory capacity (IC50), soluble proteins, and peptide MW
distribution of the representative digested soy foods that gave higher percentages of ACE inhibition
in each food processing category. As shown in Table 1, soymilk exhibited the highest ACE inhibition
with RTSoyM (raw traditional soymilk) and CTSoyM (cooked traditional soymilk) representing
approximately 47% and 37% IC50 decreases, respectively, in comparison with RSoy (raw soybean).

Table 1. Characteristics of the soy products after simulated in vitro digestion.

Digested Soy Foods IC50 (mg/mL) Soluble Protein (μg/mg)

RSoy 0.19 ± 0.01 d 368.64 ± 4.25 d

RTSoyM 0.10 ± 0.01 a 546.36 ± 2.04 a,b

CTSoyM 0.12 ± 0.01 a,b 482.38 ± 18.82 a,b,c,d

PT 0.20 ± 0.00 d 432.00 ± 15.31 b,c,d

RSd3 0.15 ± 0.00 b,c 562.46 ± 10.91 a

CSd3 0.20 ± 0.02 d 381.32 ± 15.81 c,d

Nd2 0.16 ± 0.01 c,d 569.60 ± 8.98 a

Td2 0.26 ± 0.00 e 487.44 ± 2.57 a,b,c

Yd2 0.17 ± 0.01 c,d 418.19 ± 8.07 c,d

Results are expressed as the mean ± standard deviation (on dried basis). Values followed by different superscript
lowercase letters in the same column differ significantly (p < 0.05). IC50: concentration to inhibit angiotensin
converting enzyme (ACE) by 50 %; RSoy: raw soybean; RTSoyM: raw traditional soymilk; CTSoyM: cooked traditional
soymilk; PT: pressed tofu; RSd3: raw sprout germinated for 3 days; CSd3: cooked sprout germinated for 3 days;
Nd2: natto stored for 2 days; Td2: tempeh stored for 2 days; and Yd2: yogurt stored for 2 days.

However, when the soymilk was fermented into soy yogurt or made into pressed tofu (PT), the IC50

values were not significantly different from that of raw soybean (p > 0.05). The effect of solid-state
fermentation on ACE inhibitory capacity was dependent on the specific type of microorganisms used
in the making of soy foods. IC50 value of the natto 2 day (Nd2, made from Bacillus natto) was not
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significantly different from that of RSoy (raw soybean), whereas Td2 (made from Rhizopus species)
showed a 1.36 fold increase in the IC50 value as compared with RSoy. The sprouting of soybean for
3 days (RSd3) reduced about 21% of the IC50 value in comparison with RSoy, but the cooking of sprout
(CSd3) increased the IC50 value which was equivalent to that of RSoy thus eliminating the advantage
of sprouting.

Figure 2. Molecular weight distribution of peptides from the hydrolysates of the simulated in vitro
digested soy foods (a), 7S protein (b), and 11S protein (c). RSoy: raw soybean; RTSoyM: raw traditional
soymilk; CTSoyM: cooked traditional soymilk; PT: pressed tofu; RSd3: raw sprout germinated for
3 days; CSd3: cooked sprout germinated for 3 days; Nd2: natto stored for 2 days; Td2: tempeh stored
for 2 days; and Yd2: yogurt stored for 2 days. 7S and 11S: A—no hydrolyzed; B—hydrolyzed by pepsin
for 2 h; C—hydrolyzed by pepsin for 2 h + trypsin for 2h; D—hydrolyzed by pepsin for 2 h + trypsin
for 2 h + α-chymotrypsin for 2 h; and E—hydrolyzed by pepsin for 2 h + trypsin and α-chymotrypsin
for 2 h. Different lowercase letters over the bar denote significant differences among samples (p < 0.05)
on the same range of peptide molecular weight.

Comparing the IC50 values from different digested fermented and non-fermented soy foods from
the seeds of the same soybean variety had not been reported in the literature. Our research agreed
with the concept that ACE inhibition ability depended on the experimental protocol, protein extraction
procedure, and differences in the peptide mixture compositions after digestion process [24].

The IC50 value of the synthetic inhibitor, captopril, was analyzed in our laboratory to verify ACE
inhibition efficiency of the digested soy foods. Results showed captopril was a very strong inhibitor as
compared with digested soy foods. The IC50 value of captopril was 1.05 nM, which was comparable to
that reported by Lahogue et al. [25]. Our research is consistent with the report of Hayes and Tiwari [26]
that bioactive peptides derived from natural sources needed higher concentrations than synthetic
drugs to be effective.

The samples Nd2, Td2, RTSoyM, CTSoyM, and RSd3 showed relatively higher soluble proteins,
while RSoy gave the lowest soluble proteins (Table 1) which reflected protein digestibility. Raw soy
contains trypsin inhibitors and the native protein structure was compact and resistant to digestion by
proteases. The soluble proteins content was influenced by heat treatment the same way as observed
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in the ACE inhibitory capacity. After the size exclusion chromatography, the separated peptides were
grouped into six MW ranges: 4.5–10, 2–4.5, 1–2, 0.5–1, 0.1–0.5, and <0.1 kDa. Most of peptides (>70%)
present in soy foods exhibited MW below 2 kDa, although the 1–2 kDa group was pre-dominant in the
most of samples. As shown in Figure 2a, the processing had little effect on peptide MW distribution.
Except Nd2, which showed about 47% and 43% lower than Rsoy in the 4.5–10 and 2–4.5 kDa ranges,
respectively, all other soy foods exhibited similar MW distribution.

The relative content of peptides ranging from 1–2 and 0.5–1 kDa were similar among digested
soy foods (p > 0.05). The highest percentages between 0.1 and 0.5 kDa were observed in the Nd2 and
PT, which were 1.43 and 1.27-fold higher than RSoy, respectively, while no differences existed in the
relative content of these peptides between other soy foods and RSoy. CTSoyM and Td2 showed higher
percentages of compounds <0.1 kDa than RSoy. The compounds less than 0.5 kDa could be amino
acids released by the simulated in vitro digestion. In addition to the protein structural factors (such as
degrees of denaturation, unfolding and aggregations) that were induced by processing conditions,
the differences in the peptide MW distribution could be due to the lack of specificity of the digestive
enzymes and of the proteases which naturally present in different types of foods, particularly fermented
foods [4].

3.3. Angiotensin Converting Enzyme (ACE) Inhibitory Capacity and Molecular Weight Distribution of 7S and
11S Hydrolysates

As shown in Table 2, each enzyme sequentially involved changed the ACE inhibitory capacity
(A—no hydrolyzed; B—hydrolyzed by pepsin for 2 h; C—hydrolyzed by pepsin for 2 h + trypsin for
2 h; D—hydrolyzed by pepsin for 2 h + trypsin for 2 h + α-chymotrypsin for 2 h; and E—hydrolyzed
by pepsin for 2 h + trypsin and α-chymotrypsin for 2 h), and the two major storage proteins also
exhibited significant (p < 0.05) differences. The IC50 value of non-hydrolyzed 7S-A fraction was
2.16 fold higher than that of non-hydrolyzed 11S-A. Pepsin hydrolysis (B) for 2 h of 7S and 11S
fractions reduced the IC50 value by about 32% and 24%, respectively. The IC50 values of 7S and 11S
hydrolyzed by pepsin for 2 h + trypsin for 2 h (C) were approximately 81% and 84% smaller than those
of 7S-A and 11S-A, respectively, and remained constant with addition of α-chymotrypsin for 2 h (D).
No significant differences were observed between D and E hydrolysates of both 7S and 11S fractions,
indicating sequential and simultaneous actions of trypsin and α-chymotrypsin had no differences on
ACE inhibitory capacity. The IC50 value of 11S-E was about 85% smaller than that of 7S-C, indicating
more potent of the 11S digest as compared to 7S protein digest. The differences in the IC50 values
observed among 7S and 11S hydrolysates can be due to the differences in their structures, amino acid
composition, and processing properties [27]. Furthermore, Gibbs et al. [6] found the biologically active
peptides were mostly derived from glycinin (11S). The peptide YVVFK, which was resulted after the
hydrolysis of the 11S protein, had been identified as a strong ACE inhibitor [4].

Table 2. Angiotensin convert enzyme (ACE) inhibitory capacity of the 7S and 11S hydrolysates.

Samples IC50 (mg/mL) Samples IC50 (mg/mL)

7S-A 5.20 ± 0.13 a,A 11S-A 2.41 ± 0.38 a,B

7S-B 3.55 ± 0.03 b,A 11S-B 1.84 ± 0.06 b,B

7S-C 0.99 ± 0.01 c,A 11S-C 0.40 ± 0.04 c,B

7S-D 1.20 ± 0.01 c,A 11S-D 0.21 ± 0.02 c,d,B

7S-E 1.04 ± 0.01 c,A 11S-E 0.15 ± 0.07 d,B

Results are expressed as the mean ± standard deviation (on dried basis). Values followed by different superscript
lowercase letters in the same column differ significantly (p < 0.05). Values followed by different superscript
uppercase letters in the same row differ significantly (p < 0.05). IC50: concentration to inhibit ACE by 50%. 7S and
11S: A—no hydrolyzed; B—hydrolyzed by pepsin for 2 h; C—hydrolyzed by pepsin for 2 h + trypsin for 2 h;
D—hydrolyzed by pepsin for 2 h + trypsin for 2h + α-chymotrypsin for 2 h; and E—hydrolyzed by pepsin for
2 h + trypsin + α-chymotrypsin for 2 h.
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Hydrolysis of 7S and 11S proteins by different proteases resulted in distinct peptide MW
distribution for each fraction (Figure 2b,c). Most of peptides (>80%) present in protein hydrolysates
exhibited MW below 2 kDa. Similar results were found in soy protein isolate (SPI) and soy protein
hydrolysate (SPH) after simulated digestion [7]. In the non-hydrolyzed fractions (A), peptides of
4.5–10 kDa made up 77% and 55% of 7S-A and 11S-A, respectively. With pepsin, these peptides reduced
to less than 10% and were unchanged with the addition of other enzymes for both fractions (p > 0.05).
The percentage of peptides between 2 and 4.5 kDa was constant in all 7S and 11S hydrolysates (B, C,
D, and E).

Peptides between 1 and 2 kDa were not found in the non-hydrolyzed 7S-A, but higher percentages
were observed in the 7S-B and 7S-C, and they decreased in the 7S-D and 7S-E. While in the 11S protein,
the relative content of theses peptides increased 2.9 fold in the 11S-B and unchanged in the 11S-C
and 11S-D. The percentage of peptides of MW ranging from 0.5 to1 kDa increased until 7S-C and
remained unaltered in the 7S-D and 7S-E hydrolysates. However, the relative content of these peptides
remained unchanged with hydrolysis of 11S fraction (p > 0.05). No differences were observed in the
percentage of peptides ranging from 0.1 to 0.5 kDa between 7S-A and 7S-B, but it increased in the
7S-C and reduced in the 7S-D and 7S-E. In the 11S-A, the relative content of these peptides was 21%,
decreasing to 12% in the 11S-B and increasing in the 11S-D and 11S-E. The amount of the substances
with MW < 0.1 kDa was about 10% in the 7S-A and was above 35% in the 7S-B, D, and E. The highest
percentages of compounds <0.1 kDa in the 11S hydrolysates found in the 11S-B and 11S-C, were 31%
and 28%, respectively, and 11S-E had lower percentage than 11S-D.

The difference in the peptide MW distributions among 7S and 11S hydrolysates probably was due
to the diversity of generated peptides from each fraction. Glycinin (11S) is a hexamer with a molecular
mass of 320–380 kDa, and each monomer subunit involves one basic and one acidic polypeptide linked
via disulfide bond [3]. Whereas, β-conglycinin (7S) is a trimeric glycoprotein containing approximately
4% of carbohydrate with a molecular mass of 180 kDa consisting of three subunits associated by
hydrophobic and hydrogen bonding [28]. Gibbs et al. [6] found glycinin was the precursor for 95% of
the peptides isolated in their experiments, while the β-conglycinin was found to be more resistant to
proteolytic attack.

3.4. Effect of Molecular Weight of Peptides on Angiotensin Converting Enzyme (ACE) Inhibitory Activity

The principal component analysis (PCA) analysis was performed between peptide MW and
IC50 values from simulated in vitro digested soy foods and 7S and 11S hydrolysates (Figure 3a,b).
The projection on the factorial plane (FP1 × FP2) of peptide MW and IC50 values is shown in the
Figure 3a, and the projection of the soy foods and 7S and 11S hydrolysates is shown in the Figure 3b.
The percentages of variance among the samples were 83% and 9% for PCA axes 1 and 2, respectively.
The vectors of FP1 that were close indicated that the variables were positively correlated with each other
and, therefore, a positive correlation was observed between the peptides of different MW, except that
the substances smaller than 0.1 kDa had a lower correlation with others. The vectors that form an angle
close to 180◦ indicated a negative correlation and, thus, peptides between 1 and 2 kDa were those that
most contributed to the reduction of the IC50 values, followed by the peptides between 2 and 4.5 kDa.
Substances smaller than 0.1 kDa showed a weak negative correlation, indicating a smaller contribution
to reducing the IC50 value (Figure 3a). This result was consistent with reports by Puchalska, García,
and Marina [10], who found the most potent ACE inhibitory activity were observed in peptides with
MW below 3 kDa. Although studied intensively, the structure−function relationship between the
ACE inhibitory activity and peptides remained unclear. Moreover, the number of amino acids in the
composition of potentially antihypertensive peptides was not known. It might vary from two to several
amino acids. Wu, Aluko, and Nakai [29,30] studied models for ACE-inhibitory peptides through
computational analysis, and indicated that for dipeptides, amino acid residues with a large bulk chain
as well as hydrophobic side chains are preferred such as phenylalanine, tyrosine, and tryptophan.
The structure of the carboxyl terminal of a dipeptide is more relevant to the potency of ACE inhibitory

30



Processes 2020, 8, 978

activity than N-terminal. For tripeptides, the most favorable structure is to include an aromatic amino
acid residue in the C-terminal, and the hydrophobic amino acids such as leucine, tryptophan in the
N-terminal. Besides, the tetrapeptide residues from the C-terminal end determined the potency of
peptides that contained 4 to 10 amino acid residues.

Figure 3. Scatterplots of the principal component analysis (PCA): (a) representing 8 variables and
(b) representing 9 soybean foods, 5 hydrolysates of 7S and 5 hydrolysates of 11S. RSoy: raw soybean;
RTSoyM: raw traditional soymilk; CTSoyM: cooked traditional soymilkPT: pressed tofu; RSd3:
raw sprout germinated for 3 days; CSd3: cooked sprout germinated for 3 days; Nd2: natto stored for
2 days; Td2: tempeh stored for 2 days; and Yd2: yogurt stored for 2 days. 7S and 11S: A—no hydrolyzed;
B—hydrolyzed by pepsin for 2 h; C—hydrolyzed by pepsin for 2 h + trypsin for 2 h; D—hydrolyzed by
pepsin for 2 h + trypsin for 2 h + α-chymotrypsin for 2 h; and E—hydrolyzed by pepsin for 2 h + trypsin
and α-chymotrypsin for 2 h.

Thus, additional studies on the identification of the active peptides of each type of soy foods
should be performed in the future. In addition, it is necessary to clarify how the processing used to
obtain soy foods affects the formation/degradation of bioactive peptides during the digestion through
the human digestive tract.

Principal component analysis was used to group the samples according to the degree of similarity
(Figure 3b), and the results showed that 7S-A, 7S-B, and 11S-A were located in the fourth quadrant
and, therefore, were characterized by the higher IC50 values, and the 11S-A fraction was similar to
7S-B. The 11S-B was located in the first quadrant and grouped with 7S-C, D, and E. 11S-C, D, and E
were grouped in the second quadrant, indicating that they were similar and with lower IC50 values.
However, 11S-C, D, and E with low IC50 values did not show enough similarities to be clustered
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with the simulated in vitro digested soy foods. The digested soy foods Yd2, Td2, and CTSoyM were
grouped in the third quadrant, whereas RTSoyM, RSd3, CSd3, PT, Nd2, and RSoy were clustered
between quadrant 2 and 3. Therefore, results confirmed that the processing methods exerted an effect
on protein hydrolysis during in vitro digestion and ACE inhibitory activity.

Considering the differences between digested soy foods and 7S and 11S hydrolysates, it was
observed that peptides of MW between 1 and 4.5 kDa had a higher antihypertensive capacity. However,
it was not possible to confirm that peptides in general were the only ones responsible for ACE inhibition
activity, since results showed a lower IC50 value (53% less) of RTSoyM (a complex matrix) compared
to 11S-E (isolated protein hydrolysate). For example, our previous research confirmed the higher
ACE inhibitory activity of phenolics from various legume varieties [31]. Therefore, it is recommended
to investigate the possibility of the presence of other types of compounds that have ACE inhibitory
activity and if synergistic effects occur with other bioactive compounds. In addition, according
to Capriotti et al. [4], extensive hydrolysis of soybean proteins during simulated gastrointestinal
digestion generated a large number of peptides, some of which established biological activity. However,
one should take into account that the in vivo digestion is a more complicated process than the in vitro
model process, and the enzymes produced by the gut bacteria should also be considered.

4. Conclusions

The angiotensin converting enzyme (ACE) inhibitory properties of digested fermented and
non-fermented soy and of hydrolysates of 7S and 11S fractions were reported for the first time in this
study. Processing to manufacture soymilk, tofu, natto, tempeh, and soy yogurt improved the ACE
inhibition after in vitro simulated gastrointestinal digestion. Raw and cooked traditional soymilk
showed the highest anti-hypertensive activity. Among fermented soy foods, natto and soy yogurt had
higher ACE inhibitory activity than tempeh. The germination time for 3 days was the most optimal to
obtain sprouts with better anti-hypertensive activity. Hydrolysis of 7S and 11S fractions using pepsin
followed by trypsin was enough for the released peptides with good ACE inhibitory capacity, and 11S
hydrolysates were more powerful than 7S hydrolysates in ACE inhibition. Peptides between 1 and
4.5 kDa showed the highest ACE inhibitory activity. Further analysis is required for identification of
peptides from digested soy foods with anti-hypertensive potential.
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Abstract: The aqueous extraction process (AEP) allows the concurrent extraction of oil and protein
from almond flour without the use of harsh solvents. However, the majority of the oil extracted in
the AEP is present in an emulsion that needs to be demulsified for subsequent industrial utilization.
The effects of scaling-up the AEP of almond flour from 0.7 to 7 L and the efficiency of enzymatic and
chemical approaches to demulsify the cream were evaluated. The AEP was carried out at pH 9.0,
solids-to-liquid ratio of 1:10, and constant stirring of 120 rpm at 50 ◦C. Oil extraction yields of
61.9% and protein extraction yields of 66.6% were achieved. At optimum conditions, enzymatic and
chemical demulsification strategies led to a sevenfold increase (from 8 to 66%) in the oil recovery
compared with the control. However, enzymatic demulsification resulted in significant changes
in the physicochemical properties of the cream protein and faster demulsification (29% reduction
in the incubation time and a small reduction in the demulsification temperature from 55 to 50 ◦C)
compared with the chemical approach. Reduced cream stability after enzymatic demulsification could
be attributed to the hydrolysis of the amandin α-unit and reduced protein hydrophobicity. Moreover,
the fatty acid composition of the AEP oil obtained from both demulsification strategies was similar to
the hexane extracted oil.

Keywords: aqueous extraction process; extraction yields; cream demulsification; oil recovery;
almond flour

1. Introduction

Almond (Prunus dulcis L.) is the most widely consumed tree nut in the United States, with the
state of California being responsible for 100% of the U.S. almond supply and 80% of the world’s
almond production [1]. The consumption of almonds has been linked to nutritional and health benefits
arising from its composition [2,3]. Almonds are rich in oil, protein, and carbohydrates, as well as
micronutrients such as vitamin E, manganese, magnesium, copper, phosphorus, fiber, and riboflavin [4].
The lipid content in almonds is around 55% and consists mainly of polyunsaturated oleic and linoleic
fatty acids [4,5]. Almonds also contain a high protein content (27%), which contributes significantly
to nutrition, flavor, and other important functional properties when used as the main ingredient in
several food products [6].
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Almond proteins possess unique functional properties that make them a desirable ingredient for
use in several food applications, especially plant-based beverages. Similarly, almond oil is also known
for its health-promoting benefits (anti-inflammatory and anti-hepatotoxic) [7] and less harsh and
environmentally friendly extraction methods are needed. However, the isolation of almond proteins
for subsequent food/nutraceutical applications requires prior oil removal and the development of
environmentally friendly strategies able to preserve the functional properties of the extracted protein.
Oil extraction is commonly achieved by solvent extraction and/or mechanical pressing, the choice
of which depends on the composition of the starting material. Pressing is usually the method of
choice to produce specialty oils (i.e., tree nuts), however, it might generate a high oil protein-meal
that needs to be subjected to subsequent solvent extraction to improve oil removal [8,9]. However,
the use of hazardous solvents (i.e., hexane) has raised several environmental, safety, and consumer
concerns [10,11]. In response to these concerns, research has been undertaken to develop alternative
environmentally friendly strategies [12–14] to fractionate oil and protein from many oil-bearing
materials. The aqueous extraction process (AEP) is a promising alternative for the fractionation of the
almond constituents (i.e., protein, lipids, and carbohydrates) for subsequent use in the development of
new food products and nutraceuticals. This water-based technology allows the simultaneous extraction
of oil and proteins without the use of solvents, with potential value-added products [10,15–18].
Although this technique has been more extensively evaluated for soybeans [10,16,19], peanuts [20,21],
linseed [22], flaxseed [23], olive [24,25], and corn [26,27], its use for the fractionation and production of
almond ingredients for food and nutraceutical applications is still in its early stages [28–30].

The AEP of almond flour and almond cake (the protein-rich meal generated by the mechanical
expression of the almond oil) achieved oil extraction yields from 50 to 70% at laboratory scale [28,30].
However, only a reduced fraction of the almond oil was extracted as free oil (1 to 3%) [28,30]. As a
matter of fact, 25–27% of the almond cake oil [30] and 40–64% of the almond flour oil [28], although
extracted from their respective starting material, ended up entrapped in the cream emulsion. Therefore,
the development of viable methods to demulsify the cream emulsion, a necessary step to increase the
recovery of the extracted oil, is essential to maximize the feasibility of the AEP [31–33].

The stability of the cream emulsion depends on the molecular and chemical properties of the
emulsifier at the interface and on the process conditions [33,34]. Enzymatic and physical treatments have
been exploited to reduce the cream stability and increase free oil release from the AEP and enzyme-assisted
aqueous extraction processing (EAEP) of soybeans [10,33,35,36], peanut [20], yellow mustard [37],
sunflower [38], and almond cake [29]. However, the effects of different demulsification strategies on the
release of free oil from the almond cream and resulting physicochemical changes in the cream remain a
challenge to the development of a structural-based approach to improve oil recovery and quality.

The objectives of this study were to (i) scale up the aqueous extraction process of almond flour
from 0.07 to 0.7 kg of almond flour using a 1:10 solids-to-liquid ratio (SLR) (~7 L of slurry) to produce
adequate quantities of cream for the demulsification and characterization experiments, (ii) assess the
distribution of the extracted oil and protein among the fractions generated (skim, cream, and insoluble),
(iii) evaluate the resistance of the cream against enzymatic and chemical demulsification strategies,
(iv) determine the effects of chemical and enzymatic demulsification strategies in the physicochemical
properties of the cream proteins (peptide profile and surface hydrophobicity), and (v) determine the
fatty acid profile of the AEP almond oil. With the goal of maximizing free oil recovery, sequential
optimization strategies using response surface methodology were employed to destabilize the cream
produced by the AEP.

2. Materials and Methods

2.1. Material

The almond flour used in this study (ultra-fine granulometry) was provided by Blue Diamond
Growers (Sacramento, CA, USA). Whole almonds (Prunus dulcis) were grounded and sieved in a
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#12 mesh sieve (minimum recovery of 85%). The almond flour composition was 43% oil, 22% protein,
and 5% moisture (determined according to Section 2.6).

2.2. Processing Scale-Up of the Aqueous Extraction Process (AEP) of Oil and Protein from Almond Flour

Almond flour (0.7 kg) was mixed with water to achieve a 1:10 solids-to-liquid ratio (SLR) in a
10 L jacketed glass reactor model CG-1965-610M (Chemglass Life Sciences LLC, Vineland, NJ, USA).
The slurry pH was adjusted and kept at 9.0 for 60 min. The slurry pH was constantly monitored with a
pH meter and it was maintained at pH 9.0 with the addition of 2 M NaOH or 2 MHCl. Extractions were
performed at 50 ◦C under constant agitation at 120 rpm. Extraction conditions were previously
optimized by Almeida et al. [28] at laboratory-scale. After the extraction, the slurry was centrifuged at
3000× g for 30 min to separate the insoluble fraction (Figure 1) from the liquid phase (cream and skim).
The liquid phase was cooled to 4 ◦C and subsequently fractionated into (i) skim–protein-rich fraction
and (ii) cream–oil-rich fraction. The separation was performed based on the density difference among
the fractions; the skim was the lower phase and the cream was the upper phase The fractionation of
cream and skim was performed by opening the chemical reactor valve and letting the skim fraction flow
until the cream fraction reached the valve. The cream fraction was subsequently collected in a separate
container. The weight of both fractions was recorded for mass balance calculations. The extraction
process was performed in triplicate.

The AEP fractions (skim, cream, and insoluble) and the starting material (almond flour) were
evaluated for oil and protein content. Total oil extraction (TOE) yield, oil distribution in the fractions,
total protein extraction (TPE) yield, and protein distribution in the fractions were determined according
to Equations (1)–(4), respectively [28].

TOE (%) =

[
100−

(
Oil (g) in the insoluble fraction

Oil (g) in the almondflour

)]
× 100 (1)

Oil distribution in each fraction (%) =

(
Oil (g) in each fraction∗

Oil (g) in the almond flour

)
× 100 (2)

TPE (%) =

[
100−

(
Protein (g) in the insoluble fraction

Protein (g) in the almond flour

)]
× 100 (3)

Protein distribution in each fraction (%) =

(
Protein (g) in each fraction∗

Protein (g) in the almond flour

)
× 100 (4)

* with fraction corresponding to either cream, skim, or insoluble.
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Figure 1. Process flow diagram for the aqueous extraction process (AEP) of almond flour and
demulsification (ED: enzymatic demulsification and CD: chemical demulsification) strategies to
recover the oil from the cream emulsion. SLR, solids-to-liquid ratio; SDS-PAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis.

2.3. Recovering the Extracted Oil: Enzymatic (ED) and Chemical Demulsification (CD) of the Almond Cream

Considering that the majority of the oil extracted by the AEP is entrapped in the cream [18,31,33],
the development of strategies to demulsify the cream is necessary to free the entrapped oil for
subsequent utilization. Understanding the effects of processing variables (i.e., pH, time, temperature,
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amount of enzyme) on the release and quality of the extracted oil is a key step to maximize the feasibility
of the AEP.

Overall, cream demulsification was performed using 10 g of well-mixed cream (cream + free oil)
placed in a 30 mL beaker. For the enzymatic demulsification, the cream pH was adjusted to different
pH values (Table 1, fractional factorial design matrix) using a 2 N NaOH solution before the addition
of the Neutral Protease 2 million (NP2M) (BIO-CAT, Virginia, NY, USA). Enzyme selection was based
on the ability of this enzyme to extract a higher amount of almond oil in its free form in laboratory
scale experiments [28]. No enzyme was added during the chemical demulsification and control sample
after pH adjustment. Cream demulsification was performed under constant stirring (120 rpm) and
controlled temperature in a water bath with a multipoint inductive-drive stirrer (ThermoScientific
Variomag, Thermo Scientific, Daytona Beach, FL, USA). After the demulsification treatment, samples
were transferred to a 50 mL centrifuge tube and centrifuged at 3000× g for 15 min at 25 ◦C. Three distinct
layers were obtained (free oil, an intermediate layer, and a water phase referred to as second skim)
(Figure 1). Most of the free oil was collected using a Pasteur pipette and the remaining free oil was
extracted by rinsing the cream twice with hexane (2 mL in total), which was subsequently evaporated
under nitrogen flux, as described by Lamsal and Johnson 2007. The free oil yield (%) was calculated as
follows (5) [12]:

Demulsification yield (%) =
free oil (g) × 100

[cream (g) × oil content (%)]/100%
(5)

2.3.1. Enzymatic Demulsification (ED): Tailoring Enzyme Use to Maximize the Cream
Demulsification Efficiency

A sequential strategy based on the use of a fractional factorial design (FFD) followed by a central
composite rotatable design (CCRD) was used to optimize the enzymatic demulsification of the cream
emulsion. The effects of pH (6.0–9.0), amount of enzyme (0.5–1.0%), time (30–90 min), and temperature
(50–65 ◦C) on the destabilization of the cream emulsion were evaluated using a FFD. The fractional
factorial design matrix is described in Table 1. The levels of the variables used in the experimental
design were selected based on preliminary experiments, optimum conditions of enzyme activity, and
existing literature data [15,32]. Cream demulsification yield (%) was the dependent variable, indicating
the amount of oil recovered from the cream emulsion.

According to the FFD experiments, pH and amount of enzyme significantly affected the stability
of the cream emulsion. On the basis of the significance and type of effect (i.e., positive or negative)
of pH and amount of enzyme observed in the FFD, a CCRD with three central points and four axial
points (total of 11 runs) was developed to maximize the cream demulsification yield. The variables
with negative effects had their values shifted to lower levels, and the variables with positive effects had
their values shifted to higher levels in the CCRD. Therefore, the effects of pH (6.6–9.4) and amount
of enzyme (0.1–1.51%) on the demulsification of the cream were evaluated. Demulsification yields
were calculated as described in Equation (5) and the second-order equation used for the model is
represented by Equation (6):

Y = β0 +
n∑

i=1

βixi +
n−1∑
i=1

n∑
j=i+1

βi jxixj (6)

where Y is the estimated response, i and j are values from 1 to the number of variables (n), β0 is the
intercept term, βi are the linear coefficients, βij are quadratic coefficients, and xi and xj are coded
independent variables. The significance of the model was tested by analysis of variance (ANOVA).
Best experimental conditions determined by the CCRD were subsequently validated in triplicate and
compared with the predicted value generated by the regression model.
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2.3.2. Chemical Demulsification (CD): Effects of Temperature and Incubation Time on the Cream
Demulsification Efficiency

For the chemical demulsification, the pH of the cream was kept at 5.0, which is the almond protein
isoelectric point [39]. The effects of incubation temperature (46.9–68.1 ◦C) and time (5.8–69.2 min) on
the demulsification of the cream were evaluated. Cream demulsification yield (%) was calculated as
described in Equation (5). The best experimental condition identified by the CCRD was validated in
triplicate and compared with the predicted value generated by the regression model.

2.4. Effects of Demulsification Strategies on the Physicochemical Properties of the Cream Proteins

2.4.1. Low Molecular Weight (MW) Polypeptide Profile Characterization of the Cream Proteins by
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The proteins in the intact cream (IC) (before demulsification) and in the chemically (CD) and
enzymatically (ED) demulsified creams were isolated as described by Chabrand and Glatz [35].
Briefly, proteins in the cream oil/water interface were isolated by precipitation with ice-cold acetone in
the proportion of 1:20 (sample/acetone), followed by incubation at −20 ◦C for 2 h and centrifugation at
12,000× g for 15 min at 4 ◦C. The protein pellets obtained were washed three times with cold acetone and
air-dried at 25 ◦C. Air-dried proteins were mixed with Laemmli buffer containing β-mercaptoethanol
and placed in a water bath at 95 ◦C for 5 min as described by Laemmli [40]. A total of 30 μg of protein
was loaded per well onto a precast gradient acrylamide 4–20% gel (Criterion TM TGX Precast Gels,
Bio Rad, Hercules, CA, USA). A 25 mM Tris buffer pH 8.3 containing 192 mM glycine and 0.1% of
sodium dodecyl sulfate (Bio Rad, Hercules, CA, USA) was used as the running buffer at 200 V at
room temperature for 60 min. A Precision Plus Protein™ Dual Color Standards SDS-PAGE standard
(0–250 kDa) (Bio Rad, Hercules, CA, USA) was used as the molecular weight size marker. Relative
quantification and polypeptide distribution were performed using a Gel Doc TM EZ Imager system
and Image Lab software (Bio-Rad, Hercules, CA, USA).

2.4.2. Surface Hydrophobicity (H0) of the Cream Proteins

The H0 of the cream proteins was determined using the ANS (1-anilino-8-naphthalenesulfonate)
fluorescence probe as described by Zhang et al. [41] with a few modifications. Protein samples from
intact cream (before demulsification, IC) and after chemical (pH treated cream, CD) and enzymatic
(enzymatically treated cream, ED) demulsification (prepared as described in item 2.4) were dispersed
into a 100 mM PBS (phosphate-buffered saline solution) at pH 7.0 and centrifuged at 10,000× g for 20 min.
The amount of protein in the supernatant was quantified by the fluorometric based method Qubit
(Protein assay kit, ThermoFisher, Waltham, MA, USA) using the Qubit Fluorometer 4.0 (ThermoFisher,
Waltham, MA, USA). The amount of protein was adjusted to concentrations ranging from 0.04 to
0.70 mg/mL and 1.25 μL of ANS solution (8.0 mM in 100 mM PBS, pH 7.0, solution) was added to
250 μL of sample solution in a 96-well plate. Fluorescence intensity was measured in a plate reader
(SpectraMax M5, Molecular Devices, San Jose, CA, USA) at 390 and 470 nm of excitation and emission
wavelength, respectively. Sample hydrophobicity was defined as the slope of the fluorescence intensity
versus protein concentration curve and was calculated by linear regression analysis [31]. The H0 value
was calculated as the average of six measurements.

2.5. Fatty Acid Composition of the Almond Oil Recovered by Chemical and Enzymatic Demulsification
Strategies and Solvent Extraction

Total fatty acids were measured by gas chromatography coupled to a flame ionization detector
(GC-FID). An aliquot of 400 μL of toluene spiked internal standard (triheptadecanoic acid) was added
to 10 mg of almond oil (oil recovered from chemical and enzymatic demulsification and solvent
extraction), followed by the addition of 3 mL of 100% methanol and 600 μL of HCl/methanol (8:92 v/v).
Sample derivatization was performed at 90 ◦C for 60 min followed by a cooling step of 5 min at room
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temperature. The fatty acid methyl esters (FAMEs) were extracted using 1 mL of hexane and 1 mL
of ultrapure water and separating the hexane layer (containing the FAMEs) to a new centrifuge tube
containing 450 μL of ultrapure water. Samples were centrifuged at 15,000× g for 1 min at 0 ◦C, and the
top hexane layer was transferred to a new tube, dried under nitrogen, and reconstituted in 200 μL
of hexane.

FAMEs were analyzed by a gas chromatograph (GC, Clarus 500, Perkin Elmer, Waltham, MA, USA)
coupled with a flame ionization detector (FID) with helium as the carrier gas at 1.0 mL/min. The column
used was a DB-FFAP (30 m × 0.25 mm id × 0.25 μm; Agilent, Santa Clara, CA, USA). The injector
temperature was 240 ◦C with a split of 1:10 and injection volume of 1 μL. The oven program temperature
was 80 ◦C for 2 min, increased to 180 ◦C at 10 ◦C/min, increased to 240 ◦C at 5 ◦C/min, and held
at 240 ◦C for 13 min. The detector temperature was kept at 300 ◦C. A mix of 29 FAME standards
was used to identify the different fatty acids (FAs) based on their retention times. For comparison
purposes, hexane extracted almond oil was used as the control for the oil recovered by chemical and
enzymatic demulsification strategies. Almond oil solvent extraction was performed using a Soxhlet
apparatus for 5 h at 65–68 ◦C using hexane as the solvent, according to the AOAC official method for
oil extraction [42]. The hexane was removed from the oil under nitrogen flux and the oil was stored at
−80 ◦C until further analysis.

2.6. Proximate Analyses

Total oil content was determined by the Mojonnier method (AOAC Method 922.06 for solid
samples, and AOAC Methods 995.19 and 989.05 for cream and skim fractions, respectively) [43].
Nitrogen content was determined using the Dumas method (Vario Max Cube, Elementar Americas,
Ronkonkoma, NY, USA). Protein content (%) was calculated as total nitrogen (%) × 5.18 (conversion
factor). Total solids (dry matter) was determined by weighing after drying the samples in a vacuum oven
at 65 ◦C until constant weight (AACC Method 44–40) [44]. All analyses were conducted in duplicate
for each extraction replicate (n = 3) and a mass balance was provided for all extracted compounds.

2.7. Statistical Analyses

Multivariate statistical analyses were performed for the FFD and CCRD using the Protimiza
Experimental Design® Software (http://experimental-design.protimiza.com.br). GraphPad Prism
(Version 7.0, La Jolla, CA, USA) was used for additional experiments. Replicates of each measurement
were analyzed by analysis of variance (ANOVA) followed by Tukey with a level of significance set at
p < 0.05.

3. Results and Discussion

3.1. Processing Scale-Up of the Aqueous Extraction Process of Oil and Protein from Almond Flour

To ensure the production of adequate quantities of cream (oil-rich fraction) for subsequent
demulsification and compositional analyses, optimum extraction conditions identified at laboratory
scale for the AEP (pH 9.0, 50 ◦C, 1:10 SLR, 60 min of extraction time) were scaled-up from 0.07 to
0.7 kg of almond flour, producing ~7 L of slurry. Total oil and protein extraction yields and their
distribution in the fractions are shown in Figure 2A,B. Total oil and protein extraction yields of 61.9 and
66.6% were achieved at pilot scale, respectively. These results are in agreement with those obtained at
laboratory scale (0.07 kg of almond flour), where oil and protein extraction yields of 69.8 and 64.8%
were achieved, respectively [28]. Overall, the distribution of the extracted oil and protein in the skim
and cream fractions was in agreement with that observed at lab-scale experiments. Low oil yield
(<5%) was observed in the skim fraction, a desirable finding because the presence of oil in the skim
might reduce the skim protein solubility, and there are no feasible methods to remove the oil from the
skim fraction [12]. Although 61.9% of the almond flour oil was extracted, 93.5% of extracted oil was
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entrapped in the cream fraction when scaling up the extraction process (Figure 2A). The cream fraction
contained approximately 1.5% of the almond protein.

Because proteins can behave as potent emulsifiers [20], the cream protein content and composition
might influence the resistance of the cream against subsequent demulsification (i.e., the recovery of the
oil from the emulsion) [45].

Figure 2. Extraction yields and distribution of oil (A) and protein (B) among the fractions generated
(cream, insoluble, and skim) by the aqueous extraction process of almond flour. Different letters indicate
a significant difference between extraction yields among the fractions within each compound (oil and
protein) by the Tukey’s test (p < 0.05).

Although tailoring extraction conditions to maximize overall extractability of oil and protein from
almond flour is unquestionably the first step in the process development, it is important to understand
the effects of extraction conditions on the recovery of the extracted oil (commonly entrapped in the
cream emulsion) for subsequent applications (i.e., food, feed, and fuel).

3.2. Recovering the Extracted Oil: Enzymatic and Chemical Demulsification of the Cream Emulsion

In view of the fact that most of the extracted oil in the AEP is entrapped in the cream (oil-rich
fraction), it becomes necessary to carefully consider the techniques employed to free the oil from
the cream emulsion. Maximizing oil recovery and oil quality is key to process feasibility and will
depend critically on the development of successful demulsification steps [18]. Because demulsification
conditions (e.g., use of enzyme, pH, temperature, and incubation time) can impact the destabilization of
the cream, we have employed different statistical approaches to optimize the enzymatic and chemical
demulsification of the cream.

3.2.1. Enzymatic Demulsification: Tailoring Enzyme Use to Maximize Cream
Demulsification Efficiency

The effects of pH, amount of enzyme, reaction time, and temperature were evaluated on the
enzymatic demulsification of the cream by an FFD. Fractional factorial design matrix (24−1, with four
independent variables and three repetitions in the central point) and the respective responses for each
experiment are presented in Table 1. The independent variables were pH, temperature, reaction time,
and amount of enzyme; the dependent variable was the cream demulsification yield. Higher free
oil recoveries were observed in experiment #6 (55.6% at pH 9.0 and 50 ◦C), followed by experiments
#4 (49.6%) and #9–10 (central points) (48.5 ± 1.2%), with free oil recovery varying from 18 to 55%.
These results highlight the importance of demulsification parameters on the destabilization of the cream.
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Table 1. Effects of pH, temperature, reaction time, and amount of enzyme on cream demulsification
yield using a fractional factorial design.

Experiments
Experimental Parameters

Demulsification Yield (%)
X1 (pH) X2 (T, ◦C) X3 (t, min) X4 (E, %)

1 −1 (6.0) −1 (50.0) −1 (30) −1 (0.5) 18.6
2 1 (9.0) −1 (50.0) −1 (30) 1 (2.5) 20.4
3 −1 (6.0) 1 (65.0) −1 (30) 1 (2.5) 17.8
4 1 (9.0) 1 (65.0) −1 (30) −1 (0.5) 49.6
5 −1 (6.0) −1 (50.0) 1 (90) 1 (2.5) 19.2
6 1 (9.0) −1 (50.0) 1 (90) −1 (0.5) 55.6
7 −1 (6.0) 1 (65.0) 1 (90) −1 (0.5) 24.3
8 1 (9.0) 1 (65.0) 1 (90) 1 (2.5) 31.2
9 0 (7.5) 0 (57.5) 0 (60) 0 (1.5) 47.4

10 0 (7.5) 0 (57.5) 0 (60) 0 (1.5) 49.8
11 0 (7.5) 0 (57.5) 0 (60) 0 (1.5) 48.4

pH is the pH of the cream, T is the temperature (◦C), t is incubation time (min), and E is the amount of enzyme
added in the cream (%, weight of enzyme/weight of the cream emulsion). Fractional factorial design matrix (24−1,
with four independent variables and three repetitions in the central point).

The FFD results showed that the pH had a significant and positive effect (19.96) on the demulsification
yield of the cream (Table 2), indicating that higher pH values favor oil release. The observed effect is
likely because enzyme activity increases when pH increases from 6 to 8, but it is slightly reduced at
higher pH values such as pH 9.0. The amount of enzyme used during the demulsification had a negative
effect (−15.62) on demulsification yields, indicating that increasing the amount of enzyme from 0.5 to
2.5% would reduce free oil recovery. A similar trend, where increased oil recovery was observed up to
certain enzyme concentration followed by steady or decreased free oil recovery, has been reported by
Jiang et al. [21]. Such behavior could be attributed to extensive hydrolysis, which might increase emulsion
formation [20]. Overall, enzyme concentration depends on the composition of the cream, enzyme cost,
and quality of the extracted oil [18,29,46].

Within the range evaluated, incubation time (30–90 min) and temperature (50–65 ◦C) did not
significantly affect the cream demulsification efficiency, indicating that the temperature values and
the incubation times evaluated in this study were within the optimal range for the enzyme activity.
These results indicate that the destabilization of the cream could be achieved in a shorter reaction time
(30 min) and at a lower temperature (50 ◦C), which would reduce energy costs while better preserving
the quality of the extracted oil. Overall, the FFD results indicate that enzymatic destabilization of the
AEP cream can be achieved by the use of a reduced amount of enzyme (<2.5%) and higher pH (>6.0).

Table 2. Estimated effects of pH, temperature, incubation time, and amount of enzyme on the enzymatic
demulsification yield of the cream emulsion.

Variables * Effect p-Value

pH (X1) 19.96 0.02
Temperature (◦C)
(X2) 1.52 0.80

Time (min) (X3) 6.75 0.30
Enzyme (%) (w/w)
(X4) −15.62 0.05

* R2 = 0.86.

On the basis of the significance of the effects of the variables evaluated in the FFD, a CCRD was
used to optimize the reaction pH and amount of enzyme to maximize free oil recovery. Time and
temperature were fixed at their lowest levels (30 min and 50 ◦C) as both variables did not significantly
affect demulsification yields. The values of the variables with significant effects (pH and amount of
enzyme) were shifted to higher (from 6.0–9.0 to 6.6–9.4 for the pH) or lower values (from 0.5–2.5%
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to 0.1–1.51% for the amount of enzyme) depending on the type of effect observed (i.e., positive
or negative).

The CCRD showed that higher demulsification yields were obtained at the central points
(experiments #5, 6, and 7: 63.1 ± 3.6%, pH 8 and 0.8% of enzyme) and the lowest yield (37.2%)
was observed in experiment #8 (pH 6.6 and 0.8% of enzyme), where the lowest pH value was used
(Table 3). The highest demulsification yield obtained in the CCDR was 13% higher than the maximum
demulsification yield reported in the FFD, highlighting that the preliminary evaluation of the effects of
the demulsification variables followed by the optimization of selected variables was a useful approach
to further increase free oil recovery.

Table 3. Effects of pH and amount of enzyme on the enzymatic demulsification of the cream.

Experiments
Experimental Parameters

Demulsification Yield (%)
X1 (pH) X2 (E, %)

1 −1 (7.0) −1 (0.3) 50.0
2 1 (9.0) −1 (0.3) 40.4
3 −1 (7.0) 1 (1.3) 39.0
4 1 (9.0) 1 (1.3) 42.6
5 0 (8.0) 0 (0.8) 60.2
6 0 (8.0) 0 (0.8) 62.1
7 0 (8.0) 0 (0.8) 67.1
8 −α * (6.6) 0 (0.8) 37.2
9 α (9.4) 0 (0.8) 46.2

10 0 (8.0) −α (0.1) 42.9
11 0 (8.0) α (1.5) 39.5

pH is the pH of the cream, and E is the enzyme amount added in the cream (%, weight of enzyme/weight of the
cream emulsion). * Central composite rotatable design (22, with two independent variables, three repetitions in the
central point and four axial points), α = 1.4142.

The individual and interaction effects between pH and amount of enzyme were determined by
multiple regression analysis of the experimental data (Table 4). Only regression coefficients statistically
significant at p < 0.05 were used in the reparameterized models. The regression model for enzymatic
demulsification (YED(%) = 63.11− 10.31X2

1 − 10.57X2
2) and the response surface (Figure 3A) indicate

that free oil release is influenced by the pH (X1) and amount of enzyme (X2). The reparametrized model
was able to explain 86% of the total variation between the observed and predicted values. The regression
was statistically significant (Fcalculated (25.4) > Ftabulated (4.5)), whereas the F-test for lack of fit was not
statistically significant (Fcalculated (1.6) < Ftablulated (19.3)) at p < 0.05 (Table S1—Supplementary Material).
According to the predictive model and response surface (Figure 3A), 63% free oil recovery can be
achieved by enzymatic demulsification when using pH 8.0 and 0.8% (w/w) of enzyme.

Table 4. Analysis of variance (ANOVA) including models, R2, and probability for the final reduced
models for the chemical and enzymatic cream demulsification.

Response Equation F-Test R2 p-Value

ED YED(%) = 63.11− 10.31X2
1 − 10.57X2

2 5.64 0.8639 0.00034
CD YCD(%) = 67.35− 3.49X1 − 9.34X2

1 + 3.33X2 − 7.10X2
2 5.14 0.9368 0.00096

ED: enzymatic demulsification; YED is the dependent variable, enzymatic demulsification yield (%); CD: chemical
demulsification; YCD is the dependent variable, chemical demulsification yield (%); X1 and X2 are the independent
variables (pH, and amount of enzyme for the ED and temperature and time for the CD).

44



Processes 2020, 8, 1228

Figure 3. Response surface plot for the (A) enzymatic and (B) chemical demulsification of the AEP cream.

3.2.2. Chemical Demulsification: Effects of Temperature and Incubation Time on the Cream
Demulsification Efficiency

A central composite rotatable design (CCRD) was used to optimize the incubation time
(5.8 to 69.2 min) and the reaction temperature (46.9 to 68.1 ◦C) during the chemical demulsification of the
cream. Table 5 shows the CCDR matrix and the respective responses to maximize chemical demulsification
yields. The pH was kept at 5.0 [39] to favor protein precipitation, which could in turn minimize electrostatic
repulsion between the oil droplets and increase free oil recovery. Maximum demulsification yields
(67.3 ± 2.0%) were achieved in the central points (experiments #5, 6, and 7: 57.5 ◦C and 37.5 min), with the
lowest oil recovery being observed at the axial point, experiment #10 (42.5%), where the shortest reaction
time was used (5.8 min).

Table 5. Effects of reaction time and temperature on chemical demulsification of the cream.

Experiments
Experimental Parameters

Demulsification Yield (%)
X1 (T, ◦C) X2 (t, min)

1 −1 (50.0) −1 (15.0) 49.9
2 1 (65.5) −1 (15.0) 47.7
3 −1 (50.0) 1 (60.0) 59.0
4 1 (65.5) 1 (60.0) 46.2
5 0 (57.5) 0 (37.5) 67.4
6 0 (57.5) 0 (37.5) 69.3
7 0 (57.5) 0 (37.5) 65.3
8 −α* (46.96) 0 (37.5) 53.7
9 α (68.1) 0 (37.5) 43.9
10 0 (57.5) −α (5.8) 42.5
11 0 (57.5) α (69.2) 57.9

T is the temperature and t is the incubation time. * Central composite rotatable design (22, with two independent
variables, three repetitions in the central point and four axial points), α = 1.4142.

The individual and interaction effects between time and temperature were determined by multiple
regression analysis of the experimental data (Table 4). Regression coefficients not statistically significant
at p< 0.05 were disabled in the reparametrized model to a significance level of 5%. The regression model
for enzymatic demulsification (YCD(%) = 67.35 − 3.49X1 − 9.34X2

1 + 3.33X2 − 7.10X2
2) and response

surface (Figure 3B) show that free oil release is influenced by the linear and quadratic terms of
time (X1) and temperature (X2). The reparametrized model was able to explain 94% of the total
variation between the observed and predicted values. The regression was statistically significant
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(Fcalculated (22.1) > Ftabulated (4.3)), whereas the F-test for lack of fit was not statistically significant
(Fcalculated (2.9) < Ftablulated (19.3)) at p < 0.05 (Table S2—Supplementary Material). According to the
predictive model and response surface (Figure 3B), 68% free oil recovery can be achieved by chemical
demulsification when using 55 ◦C and 46 min.

Higher temperatures can promote almond protein denaturation, leading to reduced protein
solubility [47], which could help destabilize the cream emulsion. The denaturation temperature of
almond proteins (globulins, albumin, and prolamins) ranges from 54 to 62 ◦C [20], which corresponds
to the maximum demulsification yields observed in our study. Moreover, at the pH corresponding
to the protein isoelectric point, electrostatic repulsion between oil droplets decreases, thus further
enhancing oil droplets’ coalescence and higher free oil yield [10].

3.3. Experimental Validation of Optimum Enzymatic and Chemical Demulsification Conditions

In order to validate the optimum demulsification conditions predicted by each empirical model,
optimum demulsification conditions were performed in triplicate for each demulsification strategy,
and a t-test was used to evaluate if the data obtained were statistically different from the predicted value.

For the enzymatic demulsification, the experimental validation was performed at pH 8.0 and 0.8%
of enzyme (optimum demulsification conditions identified by the model). Enzymatic demulsification
yields of 65.77± 2.77% were achieved during the experimental validation, not being statistically different
(p < 0.05) from the value predicted by the model (63.11%) (Table 6). These results demonstrate that the
predictive model is reliable and accurate for the prediction of how pH and amount of enzyme affect the
demulsification efficiency of the AEP cream. For the chemical approach, the validation was performed
at optimum conditions suggested by the regression model (55 ◦C and 42 min), and demulsification
yields of 65.53 ± 2.29% were achieved. These values were not statistically different (p < 0.05) from the
predicted value (68.04%) (Table 6).

Table 6. Experimental validation of optimum enzymatic and chemical demulsification conditions.

Treatment Experimental Conditions
Demulsification Yield (%)

Predicted * Experimental Validation **

Chemical pH 5.0, 55 ◦C, 46 min, no enzyme 68.14 a 65.53 ± 2.29 a,A

Enzymatic pH 8.0, 50 ◦C, 30 min, 0.8% (w/w) of enzyme 63.11 a 65.77 ± 2.77 a,A

Control pH 9.0, 50 ◦C, 60 min, no enzyme - 7.85 ± 0.51 B

* Predicted value by the regression model. ** Result presented as the mean (n = 3) ± SD, different lower letters in the
same row indicate a significant difference between the predicted vs. observed value and different capital letters
within the column indicate a significant difference among the demulsification treatments (p < 0.05).

Despite the similar demulsification efficiency of chemical and enzymatic strategies (~65%),
enzymatic demulsification promoted a 29% reduction in the demulsification time (from 42 into 30 min)
and a reduction in the reaction temperature used (from 55 to 50 ◦C), which could mitigate enzyme and
energy costs. Furthermore, both strategies significantly increased the demulsification yield compared
with non-optimized conditions (control). The low demulsification yield achieved by the control (7.8%)
(Table 6) reflects the formation of a stable cream emulsion during the AEP, which has been attributed
to the presence of proteins that act as an excellent emulsifier. Our results are in agreement with those
reported by Chabrand and Glatz [35], Chabrand et al. [33], Tabtabaei and Diosady [37], and Wu et al. [10],
who showed that the use of enzymatic reactions leads to greater oil droplet coalescence, thus assisting
with free oil release from creams produced from soybean flour, dehulled yellow mustard, and extruded
soybean flakes.

Our results are also in agreement with a study by Souza et al. [29], who reported the free oil recovery
from the cream produced from the aqueous extraction of almond cake. For the enzymatic strategy,
the authors reported similar demulsification yields (63% in theirs vs. 65% in ours) using less enzyme
during the cream demulsification (0.5% in their study vs. 0.8% in ours). However, the incubation time
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was three times higher than the one used in our study (90 min vs. 30 min) at the same temperature
(50 ◦C) and slightly different pH (9.0 in theirs vs. 8.0 in ours). For the chemical approach, our results
were significantly higher (65 vs. 37%), with a significant reduction in the incubation time (46 vs. 90 min)
compared with those reported by the same authors using the same temperature. The observed difference
could be attributed to compositional differences in both starting materials (almond cake in theirs vs.
almond flour in ours) as well as to the different temperatures to which these materials were subjected to
during milling and mechanical pressing. The reduced fat content in the almond cake (16 vs. 43% for
the almond flour) and the reduced oil yield in the cream (10 vs. 58% for the almond flour) indicate a
potential effect of matrix composition and upstream unit operations to which the material might have
been subjected to on the efficiency of specific demulsification strategies. Therefore, our results highlight
the importance of careful processing optimization to maximize the overall recovery of the extracted oil.

3.4. Effects of Demulsification Strategies on the Physicochemical Properties of the Cream Proteins

3.4.1. Low Molecular Weight (MW) Polypeptide Profile Characterization of the Cream Proteins by
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Demulsification yields are closely related to the structure of the protein remaining in the cream.
The amount and type of proteins present at the interface significantly affect the emulsion stability [20,35].
Therefore, understanding the impact of different demulsification strategies in the cream protein structure
becomes necessary to better select the approach leading to higher demulsification yields.

The effects of chemical and enzymatic demulsification strategies (CD and ED) on the polypeptide
profile of the cream are shown in Figure 4A. The AEP cream contains high molecular weight amandin
proteins (α- andβ-chain) and smaller oleosin proteins that form a multilayer interface (intact cream, Lane 2).
A similar electrophoretic profile was observed for the cream proteins after chemical demulsification
(Lane 3), which was expected because the chemical strategy consists of destabilizing the cream emulsion
by adjusting the pH to the protein isoelectric point. Lanes 2 and 3 show that the proteins were composed of
two major bands at 38–40 kDa (~22% of the lane area) and 20 kDa (~30%). The two fragments were reported
as the subunits of the amandin (α- and β-subunit), which represents 70% of the almond protein [39]
(Figure 4B). However, the use of enzymes to destabilize the cream resulted in complete degradation of
the basic subunit of amandin (α-subunit) and a significant reduction in the acidic subunit (β-subunit)
(from 30 to 12% of relative abundance) (Lane 4) (Figure 4A,B). Approximately 70% of the peptides
had molecular weight smaller than 10 kDa, demonstrating that enzymatic demulsification of the cream
effectively reduced the size of the interfacial proteins. The presence of short polypeptides (<10 kDa) and
the reduced amount of peptides within ~15–26 kDa after enzymatic demulsification might indicate the
hydrolysis of amphiphilic oleosins small proteins that prevent the oil droplets from coalescing [15,48,49].
Oleosin hydrolysis could affect the interfacial film integrity and promote the coalescence of the oil, thus
explaining the reduced stability and faster oil release of the enzymatic strategy in relation to the chemical
and control treatments.
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Figure 4. sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of cream proteins (A),
Lane 1: molecular weight standard (10–250 kDa), Lane 2: intact cream (IC) protein, Lane 3: chemically
demulsified (CD) cream protein, and Lane 4: enzymatically demulsified (ED) cream protein; molecular
weight distribution and relative abundance of the cream proteins (B); protein surface hydrophobicity
(H0) of the cream proteins (C). Different letters indicate a significant difference (p < 0.05) among
the samples.

3.4.2. Surface Hydrophobicity (H0) of Cream Proteins

The physicochemical properties of proteins play a key role in determining their emulsification
properties [50]. Proteins from the intact cream exhibited similar surface hydrophobicity (H0) to those
after chemical demulsification (1644.1 ± 79.9 vs. 1693.7 ± 122.3) (Figure 4C). However, the cream
proteins after enzymatic demulsification had significantly lower surface hydrophobicity (1293.7 ± 25.3).
A reduction in surface hydrophobicity after enzymatic hydrolysis has been reported for soybeans [51,52],
peanuts [31,46], and lentil proteins [53], in agreement with the present study. Jung et al. [52] proposed
that protein hydrolysis could promote the exposure of buried hydrophobic groups and their aggregation
via hydrophobic interactions, consequently reburying them in larger aggregates, which could lead to
reduced surface hydrophobicity. However, the exact mechanism of enzymatic hydrolysis on H0 remains
unclear. Reduced hydrophobicity was associated with reduced emulsion stability of peanut cream
protein [31]. Therefore, the reduced H0 value observed in our study after enzymatic demulsification of
the cream might explain the faster destabilization of the almond cream.

3.5. Fatty Acid Composition of Almond Oil from Chemical and Enzymatic Demulsification Strategies and
Solvent Extraction

The fatty acid composition of the enzymatically and chemically recovered oils and of the solvent
extracted oil is reported in Table 7. Regardless of the extraction/demulsification method employed,
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the major fatty acids found in the almond oil were oleic (C18:1-cis, 72–74%), linoleic (C18:2, 20–22%),
and palmitic acid (C16:0, 4.5–5.5%). No significant differences were observed for the fatty acid
composition of the oils recovered from enzymatic and chemical demulsification and solvent extraction
(Soxhlet). Stearic acid (C18:0), palmitoleic (C16:1), alpha-linolenic acid (C18:3 (n-3), and eicosanoic acid
(C20:0) were detected in the lowest amounts, with no significant difference among the strategies used
to recover/extract the oil. The oil composition is in accordance with that reported by Sathe et al. [54].
Our results are also in agreement with those reported by Latif and Anwar [55], where no significant
difference was observed among sesame oils extracted with solvent (Soxhlet) and those obtained by the
enzyme assisted aqueous extraction process. To the best of our knowledge, this is the first study to
compare the fatty acid composition of almond oil obtained from different demulsification strategies.

Table 7. Fatty acid composition (%) of almond oil recovered from chemical and enzymatic
demulsification strategies.

Fatty Acid (%, w/w *) Enzymatic Demulsification Chemical Demulsification Solvent Extraction

C16:0 5.01 ± 0.4 5.50 ± 0.54 4.58 ± 0.36
C16:1 0.24 ± 0.02 0.28 ± 0.05 0.20 ± 0.04
C18:0 0.42 ± 0.07 0.46 ± 0.06 0.45 ± 0.04
C18:1 (cis) 71.73 ± 1.03 72.85 ± 1.38 74.37 ± 2.12
C18:2 (n-6) 22.55 ± 0.60 20.86 ± 1.80 20.33 ± 1.75
C18:3 (n-3) 0.03 ± 0.001 0.02 ± 0.001 0.05 ± 0.002
C20:0 0.03 ± 0.002 0.03 ± 0.001 0.02 ± 0.001

* Relative percentage of the total fatty acid groups. The absence of letters indicates no statistical difference (p < 0.05)
in the row for each fatty acid analyzed.

4. Conclusions

Chemical and enzymatic demulsification strategies significantly increased the recovery of almond
oil extracted by the aqueous extraction process. Although similar oil recovery (65%) was achieved
by both approaches, enzymatic demulsification was accomplished in a shorter reaction time at lower
temperatures, which could reduce processing costs and preserve oil quality. Enzymatic demulsification
resulted in significant changes in the physicochemical properties of the cream protein. Reduced
cream stability after enzymatic demulsification could be attributed to the hydrolysis of the alpha unit
of amandin and reduced protein hydrophobicity. Fatty acid composition of the oils recovered by
both demulsification strategies was similar to that of the hexane extracted oil. These results provide
destabilization strategies for the oil-rich emulsion formed during the aqueous extraction processing
of almond flour, thus contributing to the development of this environmentally friendly technology.
Subsequent evaluation of the use of enzyme during the extraction is warranted to further improve
the overall recovery of the extracted oil. Moreover, considering the possible effects of the enzyme on
hydrolysis-induced protein unfolding provides the basis for expanding this processing approach to
extract proteins from other matrices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/10/1228/s1.
Table S1. Analysis of variance (ANOVA) of the estimated regression models for enzymatic cream demulsification
for the AEP cream; Table S2. Analysis of variance (ANOVA) of the estimated regression models for chemical cream
demulsification for the AEP cream.
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Abstract: This study was performed to optimize and validate Rancimat (Metrohm Ltd., Herisau,
Switzerland) operational parameters including temperature, air-flow, and sample weight to minimize
Induction-Time (IT) and IT-Coefficient-of-Variation (CV), using Response Surface Methodology
(RSM). According to a Box–Behnken experimental design, walnut oil equivalent to 3-, 6-, or 9-g was
added to each reaction vessel and heated to 100, 110, or 120 ◦C, while an air-flow equal to 10-, 15-,
or 20-L·h−1 was forced through the reaction vessels. A stationary point was found per response
variable (IT and CV), and optimal parameters were defined considering the determined stationary
points for both response variables at 100 ◦C, 25 L·h−1, and 3.9 g. Optimal parameters provided
an IT of 5.42 ± 0.02 h with a CV of 1.25 ± 0.83%. RSM proved to be a useful methodology to find
Rancimat operational parameters that translate to accurate and efficient values of walnut oil IT.

Keywords: walnut oil; rancidity; induction time; rancimat; response surface methodology

1. Introduction

Oxidative deterioration, commonly known as lipid oxidation or rancidity, causes off-
flavors, discoloration, unpleasant odors, and decreases edible oil nutritional value. Lipid ox-
idation is a problem of economic concern to the walnut industry, as it decreases the nuts
positive quality characteristics (e.g., flavor, smell, and color) and shortens their shelf life [1].
Walnuts are particularly susceptible to oxidation-induced rancidity because of their high
oil content (60 to 70%) and elevated content (~70%) of polyunsaturated fatty acids (PUFA),
such as linoleic (56.5–57.5%) and linolenic (11.6–13.2%) fatty acids, and monounsaturated
(~21%) fatty acids, mainly composed by including oleic acid (21.0–21.2%) [2,3]. Nuts with
lower PUFA content have a longer shelf life [4] like hazelnut and macadamia, which contain
around 13.6% and 3.7%, respectively [5].

In order to evaluate rancidity in walnut oil, extracted from fresh walnut kernels, it is
necessary to determine the oil oxidative stability. Walnut rancidity in fresh walnut samples
is highly variable [6]. Therefore, it is preferred to estimate the oil rancidity, instead of its
corresponding fresh ground samples, as oil is a better and more uniform representation of a
large batch of walnuts. The quantification of free fatty acids (FFA) and peroxides or peroxide
value (PV), p-Anisidine, and test of thiobarbituric acid (TBA) are important measurements
that have been used for decades to evaluate oil oxidative stability [1]. However, these tests
provide information regarding a temporal fat oxidative state, and rely on the use of toxic
solvents [7] and manual titration that may lead to erroneous results [8,9]. Considering that
lipid oxidation is a dynamic process, a forward path in directly evaluating rancidity is to
use an accelerated oxidation method to determine the lipid’s relative oxidative stability,
also known as the Induction Time (IT), which is defined as the resistance of lipids to be
oxidized [9]. The Rancimat equipment is widely used by the edible and pharmaceutical
oils industries, as it does not require the use of hazardous materials and intensive labor in
comparison to other accelerated oxidation methods, such as the Active Oxygen Method
(AOCS Method Cd 12-57) [9,10].
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The Rancimat equipment (Metrohm Ltd., Herisau, Switzerland) automatically deter-
mines the IT by measuring conductivity changes as volatile compounds are generated
through an accelerated oxidation method or aging test. The Rancimat accelerated oxidation
method consists of exposing an oil sample to a constant high temperature (between 50 and
200 ◦C), and airflow (between 1 and 25 L·h−1) to guarantee a sufficient oxygen supply to
rapidly induce lipid oxidation. Operational parameters are typically established by the
Rancimat equipment manufacturer, suggesting that parameters to estimate walnut oil IT
are 3 g of sample, using a temperature of 110 ◦C, and an airflow equal to 20 L·h−1 [11].
Nonetheless, others studies that have evaluated walnut oil IT, using the Rancimat equip-
ment, have used a broad range of sample weights (2.5 to 5 g), temperatures (100 to 110 ◦C),
and airflows (15 to 20 L·h−1) [2,4]. Unfortunately, none of the previous studies including
the suggested manufacturer parameters properly describe how the operational parameters
were optimized and validated. Therefore, results are widely variable, inconsistent, and in-
comparable. Therefore, there is a clear need to accurately describe how walnut Rancimat
equipment IT determination can be optimized and validated, as described in this study.
Additionally, there are currently no studies properly describing the effect of differences
in the Rancimat operational parameters in the IT determination. This study provides an
in-depth understanding of this effect, providing valuable information to those in need of
properly estimating walnut oil oxidative stability.

Response Surface Methodology (RSM) is a multivariate statistic technique used to
develop and improve processes in which several input variables may have an effect in the
process performance and output [12]. RSM statistical designs offer quadratic response sur-
faces, which include central composite, Doehlert matrix, three level full factorial, and Box–
Behnken designs. Overall, the Box–Behnken design has proven to be one of the most
efficient, as it requires a fewer number of experiments than the minimum required for a
complete three level factorial design [13]. By using Box–Behnken experimental design,
Donis-González, Guyer [14] successfully optimized the computed tomography image scan-
ning parameters (voltage, current, and slice thickness) to predict chestnut (Castanea spp.)
internal quality. Rodríguez-González, Femenia [15] also used a Box–Behnken experimen-
tal design to resolve the parameters (plant age, pasteurization temperature, and time)
that maximized alcohol swelling, water retention capacity, and fat absorption capacity of
Aloe vera as a polysaccharide-rich food ingredient extract.

Therefore, the objective of this study was to use the RSM statistical technique in
combination with a Box–Behnken experimental design to optimize and validate the Ranci-
mat operational parameters (sample weight, temperature, and airflow), and establish a
standard for future walnut oil IT estimations. The goal was to minimize the IT Coefficient-
of-Variation (CV) within the same oil sample, and report the yielded IT measurements.
A minimized CV within the same oil is reflected as a minimum error in IT estimation.

2. Materials and Methods

Figure 1 shows a schematic representation of the methodology followed in this study.

2.1. Walnut Collection, Oil Extraction and Storage

Walnuts (Juglans regia L.) var. “Howards” and “Tulare” were collected during the
2017 harvesting season from two walnut hullers/driers located at Meridian and Visalia,
California. Walnuts were dehydrated in a six-column convective dryer at 43 ◦C for 48 h,
to achieve an in-shell moisture content of around 6 to 8% wet basis (MCwb), as specified by
Khir, Pan [16]. In-shell walnuts were stored in burlap bags at ambient conditions (8–20 ◦C,
and 53–93% relative humidity) for six months, before oil extraction.

Six kg of walnuts were manually shelled using a walnut cracker, and shells were
disposed of. Walnut kernels were placed inside Ziploc bags, manually crushed with a
hammer, and strained through a 1.70 mm sieve. Forty g batches of the crushed walnut
kernels retained on a secondary sieve (710 μm) were placed in a stainless-steel oil extraction
cylinder (5.7 cm diameter by 7.6 cm height) to extract their oil. Walnut oil was extracted
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using a Carver Press Model 3351 by applying a constant force of 5 metric tons (MT) for
5 min (Carver Inc., Wabash, IN, USA). On average, 15 mL of walnut oil were collected per
batch in a stainless-steel pan.

Figure 1. Description of the followed methodology to optimize Rancimat operational parameters.

For this study, oil extraction was repeated for approximately 70 batches, producing a
total of 1 L of oil. The extracted oil was divided into 50 mL centrifuge tubes, and centrifuged
at 3000 rpm for 5 min to precipitate the solid particles from the supernatant. Oil supernatant
was collected to avoid the potential influence of solid particles on IT estimation. To ensure
uniformity, the oil was poured in a 2 L glass beaker and stirred for 3 min on a stirring plate.
Thereafter, the walnut oil was divided into 15 mL polypropylene vials and immediately
immersed in liquid nitrogen for 5 min and stored at −80 ◦C for further analysis.

2.2. Optimization of Rancimat Operational Parameters (Independent Variables) Using Response
Surface Methodology (RSM) and Box-Behnken Experimental Design

RSM using a three factor, three level Box–Behnken statistical design was used to
optimize the Rancimat operational parameters (sample weight, temperature, and airflow)
by maximizing the CV−1 [14]. In parallel, a model for the effect of operational parameters
on the IT was also generated. The latter was performed to offer an in-depth understanding
of the effect of optimized operational parameters in the walnut oil IT, and their implemen-
tation feasibility. R (V1.3.1093, R Development, Core Team, Vienna, Austria) software was
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used to develop the models. The models with coded-factors for the experimental design is
described in Equation (1).

Yn = b0 + b1X1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 + b23X2X3 + b11 X1
2 + b22X2

2 + b33X3
2 (1)

where the index n in Y refers to each response (dependent) variable (Y1 = CV−1 and Y2 = IT);
b0 is the regression intercept; b1 through b3 are the regression coefficients; and X1, X2, and
X3 are the Rancimat operational parameters (sample weight, temperature, and airflow) or
independent variables [12].

Levels for each operational parameter were coded as low (−1), medium (0), and high
(+1), as described in Myers, Montgomery [12] (Table 1a). Table 1b shows the combinations
of operational parameters on each run of the Box–Behnken statistical design.

Table 1. (a) Box–Behnken statistical design factors. (b) Combination of factors in Box–Behnken
statistical design.

(a)

Levels (coded)/uncoded

Operational parameters (units) Low (−1) Medium (0) High (+1)

Sample weight (g) 3 6 9
Temperature (◦C) 100 110 120
Airflow (L·h−1) 10 15 20

(b)

Block 1
Independent variables (operational parameters)

Run Sample weight (g) Temperature (◦C) Airflow (L·h−1)

1 3 110 10
2 3 100 15
3 3 120 15
4 3 110 20
5 6 100 10
6 6 120 10
7 6 110 15
8 6 110 15
9 6 110 15

10 6 100 20
11 6 120 20
12 9 110 10
13 9 100 15
14 9 120 15
15 9 110 20

Block 2
Independent variables (operational parameters)

Run Sample weight (g) Temperature (◦C) Airflow (L·h−1)

16 3 100 10
17 9 120 20

2.3. Walnut Oil IT and CV (RSM Models Dependent Variables)

Walnut oil IT was evaluated using a Metrohm Rancimat Model 892 (Metrohm Ltd.,
Herisau, Switzerland). Eight vials containing walnut oil were removed at a time from
storage (−80 ◦C), as this is the maximum number of samples that Rancimat can analyze
at the same time. Before analysis, closed vials were thawed at room temperature (be-
tween 20 to 25 ◦C) for approximately 50 min. According to the Box–Behnken experimental
design (Table 1a,b), walnut oil equivalent to 3, 6, or 9 g was added to each reaction vessel,
and heated to 100, 110, or 120 ◦C, while 10, 15, or 20 L·h−1 of filtered air was forced through
the oil within the reaction vessels. Each operational parameter combination (run) was
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carried out in triplicate (n). Glass and plastic vessels were used and cleaned as described by
the Rancimat manufacturer Metrohm [17]. The IT CV was calculated per run, as specified
in Farhoosh [18], using Equation (2).

V =

√
∑n

i=1

(∣∣∣IT − ∑n
i=1 IT

n

∣∣∣)2

∑n
i=1 IT

n

(2)

where CV is the Coefficient-Of-Variation of the IT measurements per run (Table 1b), and n
is the number of replications per run (3).

Values for the CV were expected to be near zero, as the oil samples and corresponding
replicates were obtained from the same batch of oil and were exposed to the same handling
and storage conditions. To facilitate data visualization and statistical analysis, the response
variable (CV) was inversed (CV−1).

2.4. Validation of Optimal Rancimat Operational Parameters

To validate the RSM model optimization results, an independent test was ran, in dupli-
cate, using the optimized operational parameters (sample weight, temperature, and airflow)
that correspond to the RSM stationary point as the CV−1 was maximized (validations-1).
In addition, an independent test was run, in duplicate, after the effect of the optimized
parameters onto the IT were considered (validations-2).

The same walnut oil was used to optimize and perform model validation-1 and -2.
Ultimately, a paired t-test at 95% confidence was performed to evaluate if there was a signif-
icant difference in the CV and IT between validation-1 and -2. R (V1.3.1093, R Development,
Core Team, Vienna, Austria) software was used to perform the t-test.

3. Results and Discussion

3.1. Optimization of Rancimat Operational Parameters (Independent Variables)

As shown in Table 2, the results for the lack of fit test were non-significant (p-value > 0.05),
suggesting that for each model (RSM for CV−1 and IT), the second order non-linear models
adequately described the relationship between the operational parameters (sample weight,
temperature, and airflow) and the response variables (IT and CV−1) [12]. This is an indica-
tor that the RSM stationary points are relevant and models were properly developed [19].

Table 2. Regression coefficients and p-value a for each non-linear response variable model.

Term (Code)
CV−1 IT (h)

Coeff. p-Value Coeff. p-Value

Intercept (b0) 1.1908 0.0110 a 2.7166 4.137 × 10−10 a

Block effect 0.8066 0.2939 0.0255 0.7557
Sample weight (X1) −0.0306 0.8746 0.0165 0.4565
Temperature (X2) −0.2111 0.2999 −1.9661 9.570 × 10−11 a

Airflow (X3) 0.1911 0.3442 0.0362 0.1330
Temperature x sample weight (X2X1) −0.0337 0.9093 −0.0025 0.9400

Airflow x sample weight (X3X1) −0.2764 0.3685 0.0117 0.7248
Temperature x airflow (X2X3) −0.3699 0.2410 −0.0317 0.3572

Sample weight (X1
2) −0.4239 0.2020 0.0086 0.8025

Temperature (X2
2) −0.2150 0.4948 0.6221 1.475 × 10−6 a

Airflow (X3
2) −0.2759 0.3872 0.0279 0.4319

a ANOVA for each term at p = 0.05. Statistically significant values (p-value ≤ 0.05) are in bold text.

The regression coefficients for the CV−1 optimization model (Table 2) suggested that
none of the operational parameters (sample weight, temperature, and airflow) or interaction
of these significantly contributed to the model, as the p-values for all terms were significant
(p-values ≤ 0.05). The mathematical relationship between the response (dependent variable)
and operational parameters can be understood by interpreting the regression coefficients
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of the polynomial equation (Table 2) [14]. The coefficients represent the expected change
in the response per unit change in each operational parameter (independent variable),
when the remaining operational parameters are held constant [12].

Table 3 displays the results of ANOVA for the CV−1 model, where an R2 of 57.8% and
an R2

adj of −12.4% were obtained. According to Myers, Montgomery [12], when R and
R2

adj differ dramatically, there is a high probability that non-significant terms have been in-
cluded into the model [12]. The fact that none of the regression coefficients were significant
could explain why R2 and R2

adj values differ substantially. The previous also indicates that
the CV is highly variable within the range of evaluated parameters. Table 3 shows that for
the CV−1 model none of the linear, quadratic, and polynomial order terms were significant
as the three terms yielded a p-values > 0.05. This confirms that none of the operational
parameters significantly contributed to the CV−1 model, and reiterates that the Rancimat
equipment performs with high accuracy and consistency, regardless of operational param-
eters setup [12]. Nevertheless, a CV−1 maximum stationary point was discerned, as an
indicator of low variation within a specific range of operation parameters, as three negative
eigenvalues were obtained (Table 4) [12]. The optimized response (lowest variation) for
CV−1 was established at 3.9 g for sample weight, 85.5 ◦C for temperature, and 26.7 L·h−1

for airflow. The stationary point for sample weight was inside the experimental region,
while the stationary points for temperature and airflow were outside the experimental
region. In RSM, it is possible to find a stationary point that is beyond the experimental
region. This is called a rising or falling ridge. Therefore, if possible, further experiments
need to be explored following the ridge path.

Table 3. ANOVA table for the inverse of coefficient of variation (CV−1), induction time (IT), and non-linear response models.

Term
SS MS F-Value p-Value a

df CV−1 IT CV−1 IT CV−1 IT CV−1 IT

Block 1 0.159 0.170 0.159 0.170 0.492 41.950 0.509 0.0064
Linear 3 0.661 38.261 0.220 12.753 0.681 3144.644 0.594 5.616 × 10−10 a

Quadratic 3 0.857 0.005 0.285 0.0015 0.883 0.378 0.500 0.772
Polynomial 3 0.985 1.436 0.328 0.4787 1.015 118.029 0.449 1.006 × 10−5 a

Residuals 6 0.941 0.024 0.323 0.0041
Lack of fit 4 0.865 0.018 0.216 0.0044 0.402 1.293 0.801 0.478
Pure error 2 1.075 0.007 0.537 0.0034

a ANOVA for each term at p-value = 0.05. Statistically significant values (p-value ≤ 0.05) are in bold text.

Table 4. Stationary maximized points in original units for each non-linear response variable model.

Response
Variable

Operational Parameters Eigenvalues
Sample Weight

(g)
Temperature

(◦C)
Airflow
(L·h−1)

Sample Weight
(g)

Temperature
(◦C)

Airflow
(L·h−1)

CV−1 3.9 85.5 26.7 −0.550 −0.041 −0.323
IT 2.8 125.9 17.3 0.006 0.622 0.029

Mean 3.3 105.7 22.0
Max 3.9 125.9 26.7
Min 2.8 85.5 17.3

Optimized 3.9 100 25

The surface regression plots in Figure 2a–c show that at a lower temperature and
higher airflow, the CV−1 increases, therefore decreasing the CV. This indicates that the
conditions under which walnut oil oxidizes are more variable as temperature increases
and airflow decreases [18]. A rising ridge in the direction of a lower temperature and
a higher airflow can also be observed, indicating further analysis must be performed
on those directions [12,19]. However, the maximum airflow set point for the Rancimat
equipment is 25 L·h−1 and it is impossible to perform studies above that value. Regardless,
this study demonstrated that at the optimized stationary point for a high sample weight
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(3.9 g), low temperature (85.5 ◦C), and high airflow (26.7 L·h−1) air has the potential to
evenly saturate the walnut oil, yielding a less variable IT [18]. This result agrees with the
reported by Farhoosh [18], and Jebe and Matlock [20] that concluded that a reduction in
temperature leads to a decrease in the IT CV.

Figure 2. Surface and contour plots for the inverse of the coefficient of variation (CV−1) versus (a) sample weight (g) and
temperature (◦C); (b) sample weight (g) and airflow (L·h−1); and (c) airflow (L·h−1) and temperature (◦C).

If optimized conditions to minimize the CV are considered, it can be predicted that
the IT will equal 21.31 ± 0.80 h. The previous was concluded, based on the generated IT
model, as the IT at the lowest evaluated temperature (100 ◦C) equaled 5.33 ± 0.20 h. IT at
the optimized conditions, which reflects the time of each test, is high and not practical for
researcher and industrial application, especially as many samples need to be evaluated
at once. In addition; even though a stationary point for the CV−1 optimized model
was resolved, because none of the operational parameters (sample weight, temperature,
and airflow) or interaction of these significantly contributed to the model, it is required to
further explore the effect of operation parameters on the IT model.

Regarding the IT model, the p-value for the temperature regression coefficient was
<0.05, suggesting that the effect of temperature in the IT was statistically significant. Sam-
ple weight, and airflow appeared to be non-significant, and no interaction of parameters
was significant (p-value > 0.05). The temperature regression coefficient yielded a negative
value, indicating that temperature has an antagonistic effect in the response, or the IT
significantly decreases at a higher temperature. The IT response surface plots (Figure 3a–c)
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visually confirm that temperature was the only variable that significantly affected the IT,
and that the IT decreases with an increase in temperature. This behavior was expected, as it
is known that the rate of an oxidation reaction is exponentially related to temperature [9,21].
These results coincided with those obtained by [10,18,21], who found a similar relationship
between the IT and temperature.

Figure 3. Surface and contour plots for the induction time (IT-h) versus (a) sample weight (g) and temperature (◦C),
(b) sample weight (g) and airflow (L·h−1), and (c) air-flow and temperature.

The results of the ANOVA for IT are shown in Table 3. It was determined that the R2

and R2
adj (adjusted for degrees of freedom) were 99.9% and 99.8%, respectively. This means

that the operational parameters (sample weight, temperature, and airflow) significantly
explained the variation in the IT [14]. Moreover, the p-value for the first and polynomial
order terms were <0.05. Therefore, the hypothesis that none of the parameters signifi-
cantly contribute to the model was rejected [12]. In other words, the canonical analysis or
relationship between the response and operational parameters was relevant [12,14].

For the IT model, a ridge is present in the sample weight equal to 2.8 g, and a
temperature of 125.9 ◦C, advising that sample sizes below 2.8 g, and temperatures above
125.9 ◦C should be explored. The Rancimat upper achievable temperature limit is 120 ◦C;
therefore, it is not possible to perform an experiment at temperatures above 125.9 ◦C.
Moreover, previous studies have determined that temperature stabilization is unreliable at
a sample below 2.5 g. It is hypothesized that air-saturation cannot be maintained for a low
sample weight, when exposed to high airflow rates [10,20]. Figure 3b shows that the IT
increases from 2.72 to 2.82 h, as the sample weight and airflow increase to their maximum
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values. A potential reason is that as the sample weight increases, the airflow becomes
limited, making it impossible to maintain the air-saturated conditions, as required to
uniformly induce the oil oxidation [10]. For these reasons, it was concluded that exploring
additional conditions for the IT model was not feasible and will not lead to a significant
improvement. Hence, if only the IT model was to be considered, the IT would be at
its minimum when a sample weight, temperature, and airflow equaled 2.8 g, 125.9 ◦C,
and 17.4 L·h−1, respectively.

Studying and analyzing the relationship between operation parameters on both re-
sponse variables (CV−1 and IT) was crucial to properly optimize the Rancimat method
to accurately and feasible evaluate walnut oil IT. Optimized operational parameters need
to consider the Rancimat equipment capabilities, and analysis time, while minimizing
the IT CV (model that maximizes the CV−1). Therefore, final optimized parameters for
sample weight, temperature, and airflow were established at 3.9 g, 100 ◦C, and 25 L·h−1,
respectively (Table 4). Table 4, shows that the final optimized parameters are close to the
arithmetic mean of operational parameters that minimize the IT, which ultimately defines
the sample analysis time, and maximize the CV−1 (sample weight = 3.3 g, temperature
= 105 ◦C, and airflow = 22 L·h−1). As it was determined through the IT RSM model that
the sample weight and airflow do not have a significant effect on the IT, values for these
two parameters were selected whenever they minimize the CV, while falling within the
experimental region and the Rancimat equipment capabilities.

3.2. Validation of optimal Rancimat Operational Parameters

As shown in Table 5, a CV of 0.966 ± 0.851%, and an IT of 16.261 ± 0.360 h were
observed, when applying the operational parameters that exclusively maximized the CV−1

(validation-1). On the other hand, the final operational parameters yielded a CV and an IT
equal to 1.259 ± 0.838 and 5.421 ± 0.016, respectively. The CV obtained in validation-1 and
validation-2 were not significantly different (p-value > 0.05, df = 1.99, t-statistic = −0.34),
while the IT was significantly different (p-value ≤ 0.05, df = 1.00, t-statistic = 42.46).
These results are illustrated in Figure 4. The IT from validation-2, is approximately a third
of the IT from validation-1, without significantly increasing the results variability (CV).
A lower IT, as observed in the final operational parameters, represents an advantage as a
significantly larger number of samples can be evaluated within the same timeframe.

Table 5. Mean and standard deviation of the IT (h), CV (%), and CV−1 obtained from the validation of operational
parameters at the stationary point (Validation-1) and optimal parameters (Validation-2).

Validation
Sample Weight

(g)
Temperature

(◦C)
Air Flow
(L·h−1)

IT (h) CV (%) CV−1

Validation-1
(Validation at the

maximized stationary
point for CV−1)

3.9 85 25 16.261 ± 0.360 0.966 ± 0.851 1.688 ± 1.486

Validation-2
(Validation at final

optimal parameters)
3.9 100 25 5.421 ± 0.016 1.259 ± 0.838 1.020 ± 0.679
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Figure 4. Box-plots showing: (a) The CV (%); and (b) IT (h) distributions in Validation-1 and Validation-2. The median
is represented as a thick horizontal black line, upper and lower quartiles as a box with the maximum and minimum
measurements as lines protruding from these. Box-plots followed by a different letter within each boxplot set are significantly
different between each other (p-value ≤ 0.05).

4. Conclusions

Using the second-order RSM prediction models for each individual response variable
(CV−1 and IT) yielded an optimized combination of Rancimat operational parameters for
sample weight, temperature, and airflow equal to 3.9 g, 100 ◦C, and 25 L-h−1, respectively.
Final operational parameters yielded a CV of 1.259 ± 0.838%, and IT of 5.421 ± 0.016 h.
RSM proved to be a useful methodology to properly optimize the Rancimat operational
parameters (sample weight, temperature, and air flow) that allow us to precisely, accurately,
and efficiently determine walnut oil IT. Choosing the appropriate temperature level is
pivotal in determining walnut oil IT using the Rancimat equipment, while the airflow rate
and sample size proved to not have a significant effect.

Even though the Rancimat equipment evaluates the relative oxidative stability of
walnut oil, the application of the optimized operational parameters, as a standard method
for future walnut oil IT determination, can lead to comparable results between studies.
In addition, having access to a reliable and accurate method of determining walnut rancidity
will facilitate the application of alternative postharvest and food processing techniques to
improve walnut quality, lipid stability, and nutritional value.
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Abstract: The isolation of acid-soluble collagen (ASC) from by-products of snakehead fish (Channa
striata), including skin and the mixture of skin and scale, has been investigated. The recovery yield
of fish skin ASC (13.6%) was higher than ASC from fish skin and scale (12.09%). Both ASCs were
identified as type I collagen and showed maximal solubility at pH 2. Collagen samples from the
mixture of skin and scale had higher imino acid content (226 residues/1000 residues) and lower
wavenumber in the amide I and amide III region (1642 and 1203 cm−1, respectively) than the fish
skin ASC (the imino acid content was 220 residues/1000 residues and the wavenumber in the amide
I and amide III were 1663 and 1206 cm−1, respectively. The difference scanning calorimeter (DSC)
showed higher thermal stability in ASC from the mixture of skin and scale (Td of 35.78 ◦C) than fish
skin ASC (34.21 ◦C). From the result, the denaturation temperature of ASC had a close relationship
with the content of imino acid as well as with the degradation of α-helix in amide I and III. These
results suggest that collagen could be obtained effectively from snakehead fish by-products and has
potential as a realistic alternative to mammalian collagens.

Keywords: acid-soluble collagen; snakehead fish; fish skin; the mixture of skin and scale; denatura-
tion temperature; FTIR

1. Introduction

The farming of snakehead fish, especially common snakeheads (Channa striata), a
popular freshwater fish species, has rapidly spread in Vietnam [1]. Snakehead fish is a
popular species and widely consumed in fresh and processed products in the Mekong
Delta [2]. Snakehead production has developed rapidly in recent years; total production
increased from 5300 tons to 40,000 tons during a 2002–2009 period [1]. The main processed
products from snakehead fish in Vietnam contained dried snakehead fish and fish balls.
The main steps to produce dried snakehead fish were, removed scales, fillet, remove
viscera, and skin. For producing fish balls, the main steps were to fillet and separate the
fish meat and the mixture of skin and scale. The by-products discarded during processing
mainly consisted of head, skin, bone, fins, scales, and viscera, and accounted for 54% of
the snakehead fish weight [3]. The huge amount of these by-products caused serious
ecological issues. Furthermore, it was also becoming a potential material for the production
of value-added products, especially for the extraction of collagen and gelatin [4].

Collagen has a huge application in food science for forming emulsions, edible films,
or using as an agent of antimicrobial, antioxidant, and anti-hypertensive properties dur-
ing food storage. Furthermore, collagen and gelatin protein hydrolysis could be used
as a material for edible film production [5]. The utilization of fish by-products as a ma-
terial for collagen extraction has been of interest in recent years [6] by the absence of
disease transmission and dietary restrictions [7] when compared to the initial sources
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of collagen extraction as bovine and porcine. Some previous research utilized different
fish by-products for collagen extraction, such as the skin of tra catfish, clown knifefish,
tilapia [8], golden fish [9], or from the scales of horse mackerel or flying fish [10]. However,
the recovery yield of fish collagen is mainly dependent on the kind of fish by-products
and fish species involved [11]. Furthermore, some important characteristics of collagen,
such as the denaturation temperature, have a close correlation with fish habitat and imino
acid content [10,12]. However, we find no information on the collagen extraction from
snakehead fish by-products. Therefore, the aim of this study was to isolate acid-soluble
collagen (ASC) from snakehead fish skin and the mixture of skin and scale to compare the
extracted ASC characteristics and extraction yields between the representative materials
for selecting a suitable collagen extraction material.

2. Material and Methods

2.1. Collected and Pretreated Skin and the Mixture of Skin and Scale

Skin and the mixture of skin and scale of snakehead fish were collected from a dried
snakehead fish and fish ball company located in An Giang province, Vietnam. The main
steps for preparing these by-products from whole snakehead fish were, (i) wash in chilled
water, store under ice conditions, and transfer to the laboratory immediately; (ii) cut sample
into small pieces and put into PE bags; and (iii) store at −20 ◦C until used.

2.2. Acid Soluble Collagen Extraction (ASC)

ASC was isolated according to the method of [10] with slight adjustments. The
snakehead fish skin was soaked and stirred gently in NaOH 0.1 M for 6 h (changing
solution every 3 h) at 4 ◦C with a material/alkaline solution ratio of 1/8 (w/v) to remove the
non–collagenous proteins. The mixture of skin and scale were treated to demineralization
in EDTA-2Na 0.8 M for 24 h (change solution every 12 h) at 4 ◦C at a material/solution
ratio of 1/8 (w/v). After pretreated, the fish skin and the mixture of skin and scale were
washed completely in cold distilled water until a neutral pH was obtained. The collagen
extraction of skin and the mixture of skin and scale were conducted by using 10 volumes of
acetic acid 0.5 M for 3 days at 4 ◦C. The solution obtained after extraction was continuously
treated with these main steps: (i) centrifuging at 9000× g for 20 min at 4 ◦C to collect the
supernatant; (ii) using NaCl for salt-out until obtaining a final concentration of 2.6 M in
the presence of tris (hydroxymethyl) aminomethane 0.05 M at pH 7.0; (iii) centrifuging
again at 9000× g for 20 min at 4 ◦C to collect the precipitate; (iv) dissolving in 0.5 M acetic
acid, dialyzing and lyophilizing at −20 ◦C for 12 h; then (v) collecting the ASC by using a
freeze-dryer.

2.3. Yield of Extracted ASC

Basing on the hydroxyproline content (Hyp) in extracted ASC and the crude material,
the extraction yield of ASC was calculated following the described of [13] as below:

Yield (%) =
Hyp content in extracted ASC (mg/L)× Total extracted volume (L)

Hyp content in crude material (mg/g)× dry weight of crude material (g)

2.4. Viscosity of ASC

The collagen sample was dissolved completely in 0.1 M acetic acid to obtain a solution
with a final concentration of 6.67%. The viscosity of the collagen solution was measured as
described by [14] by using a digital viscometer (Brookfield DV, RVDV-11+CP, Middleboro,
MA 02346, USA) with the speed of the spindle at 100 rpm.

2.5. The Solubility of Collagen at Different pHs and Various NaCl Concentrations

For determining the changing ASC solubility at different pH, a collagen sample at
a final concentration of 3 mg/mL was prepared by dissolving in 0.1 M acetic acid and
separated into 10 parts, the volume of each part was 8 mL. We adjusted pH of each part
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by using either 6 M HCl or 6 M NaOH from 1 to 10 and then volume up to 10 mL by
adding distilled water. Each 10 mL of collecting solution was stirred for 30 min at 4 ◦C
and continuously centrifuged at 9000× g at 4 ◦C for 20 min. The resulting supernatant was
collected, and protein content was checked using Lowry’s method [15] with bovine serum
albumin as a protein standard. The solubility of the supernatant at each pH was calculated
by comparing it with the pH showing the highest solubility by the equation below:

The solubility at each pH (%) =
The protein content at each pH

The highest protein content
× 100

For testing the changing of ASC solubility at various NaCl concentrations, the collagen
solution at the concentration of 6 mg/mL was obtained by dissolving collagen in 0.1 M
acetic acid. Collagen solution was separated into 6 parts, with the volume of each part
being 5 mL. Mixing each part with 5 mL of NaCl solution at 0.2, 0.4, 0.6, 0.8, 1, and 1.2 M
while stirring for 30 min at 4 ◦C, and then centrifuging at 8000× g at 4 ◦C for 20 min. The
resulting supernatant was collected and checked protein content as described as above. The
supernatant obtained at each NaCl concentration was checked solubility and compared
with the NaCl concentration showing the highest solubility.

2.6. Amino Acid Analysis

The amino acid composition of ASC from the snakehead fish by-products was ana-
lyzed according to the method of [10]. Approximately 0.1 g of ASC was measured into a
media bottle for each analysis. Then we added 5 mL of oxidation solution into the bottle
while continuously stirring and placed it into a refrigerator at 0 ◦C for 16 h. Subsequently,
these ASC samples were combined with 0.84 g of sodium disulfite and 25 mL of hydrolysis
solution. After that, the ASC samples were hydrolyzed by furnacing at 110 ◦C for 23 h. The
hydrolytes were derivatized, using sample diluents for diluting, and compared with the
analyzed standard of amino acids. was used for Amino acids analysis was conducted with
20 μL of the sample by using the Amino Acid Analyzer system (Biochrom 32+, Holliston,
MA 01746, USA). The data were expressed in amino acid residues/1000 residues of amino
acid contents.

2.7. The Molecular Weight of Collagen by SDS-PAGE

The protein profiles of ASC were accomplished referring to [16], as described by [8],
with slight adjustments. ASC samples dissolved in sample buffer contained Tris-HCl 0.5 M,
pH 6.8, including SDS 10% (w/v) and glycerol 20% (v/v) in the presence of mercaptoethanol
10% (v/v) at a ratio of collagen/sample buffer 1/2 (v/v); then they were loaded onto
polyacrylamide gel 7.5% (Biorad, Hercules, CA 94547, USA) with protein molecular weight
markers (Sigma Chemical Co., St. Louis, MO, USA). After being separated, gels were
stained and destained. By comparing with protein markers, the molecular weight of
protein bands was estimated.

2.8. FTIR Spectra of Collagen

FTIR spectroscopy of collagen samples was collected using a PerkinElmer MIR/NIR
Frontier spectrometer in MIR mode. The data were analyzed using the software program
SPECTRUM (PerkinElmer, Hopkinton, MA 01748, USA). The recorded spectra were ob-
tained from a PerkinElmer MIR/NIR Frontier spectrometer, with spectra wavenumbers
from 4000 to 400 cm−1.

2.9. Thermal Stabilization of ASC by DSC (Differential Scanning Calorimeter)

The sample was conducted by dissolving ASC in 0.1 M acetic acid at a solid/acetic
acid ratio of 1:40 (w/v). The thermal stability was performed by DSC (Pyris 1; PerkinElmer
Co., Ltd., Yokohama, Japan) with a rate of scanning of 1 ◦C/min in the temperature
range of 20–50 ◦C as described by [8]. By estimating the endothermic peak of the DSC
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Thermogram, the total denaturation enthalpy (ΔH) and the denaturation temperature (Td)
were determined.

2.10. Data Analysis

All of the experiments were carried out in triplicate. The data was shown as a standard
deviation of the mean (S.D.M). Using Duncan’s tests we determined the variable differences,
and analyses of data were performed in SPSS 16.0 software.

2.11. Animal Welfare

The research was carried out according to the project CT2020.01.TCT.03, approved
by the Director of the Department of Science, Technology, and Environment, under the
Minister of Education and Training of Vietnam on 9 January 2020.

All experiments were carried out in accordance with national guidelines on the protec-
tion of animals and experimental animal welfare in Vietnam following the Law on Animal
Health, 2015, Vietnam National Assembly, No. 79/2015/QH13, approved 19 June 2015.

3. Results and Discussion

3.1. Extraction Yield and Viscosity of ASC According to Snakehead Fish Used Part

The extraction yields and viscosity of ASC from the skin and the mixture of skin and
scale of snakehead fish are shown in Table 1. The ASC yield in snakehead fish skin (13.6%)
was higher than the yield of ASC from the mixture of skin and scale (12.09%). However,
these extraction yields from by-products of snakehead fish (12.09–13.6%) showed a similar
tendency of collagen from the skin of tra catfish (13.81%) and tilapia (12.5%), but was
lower than the yield of ASC from clown knifefish skin (16.04%) [8] and black carp skin
(15.5%) [17]. Thus, Duan et al. [18] reported that the ASC extraction yield was dependent
on the fish skin by the differences in skin matrices and the dispensation of alignment in the
constituent of skin.

Table 1. The extraction yield (%) and viscosity (mPa·s) of ASC from by-products of snakehead fish.

Sample Recovery Yield (%) Viscosity (mPa·s)

Skin collagen 13.60 ± 0.13 a 37.5 ± 1.30 a

Skin and scale collagen 12.09 ± 0.20 b 21.3 ± 0.95 b

Data are expressed as mean ± standard deviation (n = 3). Different superscripts in the same column indicate
statistical differences (p < 0.05).

The viscosity of skin collagen was higher than 1.76 times when compared to collagen
from the mixture of skin and scale. It might be explained that the skin matrices were loose
in comparison to the skin and scale mixture and showed a higher solubility in the solution
of acetic acid during the extraction process than the skin and scale mixture. This leads to a
higher extraction yield and higher viscosity of ASC from snakehead fish skin.

3.2. Effect of Various pH and NaCl Concentrations on ASC Solubility

The solubility alteration of ASC from skin and the mixture of skin and scales at a pH
range from 1 to 10 are presented in Figure 1. The high solubility in an acidic pH range, and
the solubility decline in the alkaline pHs region by ASC precipitating when pH closed to
pI [19], could be observed in both ASCs. Collagen samples showed maximal solubility at
pH two. The solubility of both collagen samples showed a slight increase at pH above nine
because of the increased repulsion of collagen chains, as the pH gain to a higher value than
the pI [20]. This similar tendency in the changing of ASC solubility in this research was
agreeable to the reports of [9,18] about the solubility of skin ASC from golden carp and
three freshwater fish (tra catfish, clown knife fish, and tilapia), respectively.
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Figure 1. The solubility of ASC from by-products of snakehead fish at different pH values.

NaCl concentration also had a large effect on the ASC solubility. Figure 2 showed the
solubility of both ASCs at various NaCl concentrations. The similar solubility behaviors
could be observed in both collagen samples, with high solubility at the range of NaCl
concentrations from 0.2 to 0.4 M (92.16–100%). The dramatic decline in the solubility was
shown with NaCl concentrations above 0.4 M because the precipitation of protein by the
hydrophobic–hydrophobic interactions was increased [21].

 
Figure 2. The solubility of ASC from by-products of snakehead fish at different NaCl concentrations.

3.3. Amino Acid Composition of ASC from Snakehead Fish

Amino acid compositions from the ASC of skin and the mixture of snakehead fish
skin and scales are presented in Table 2.
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Table 2. Amino acid content of collagen from skin and skin-scale of snakehead fish.

Amino Acid
Amino Acid Content (Residues/1000 Residues)

ASC from Skin ASC from Skin and Scale

Aspartic acid 54 ± 3 49 ± 2
Threonine 22 ± 2 21 ± 2

Serine 35 ± 2 36 ± 3
Glutamic acid 74 ± 4 76 ± 4

Glycine 307 ± 7 314 ± 9
Alanine 89 ± 5 91 ± 6
Valine 26 ± 1 23 ± 1

Cystein 2 ± 1 2 ± 1
Methionine 12 ± 1 12 ± 2
Tryptophan 0 0
Isoleucine 9 ± 2 9 ± 2
Leucine 28 ± 3 24 ± 3
Tyrosine 5 ± 1 4 ± 1

Phenylalanine 18 ± 2 17 ± 2
Hydrolysine 6 ± 1 6 ± 1

Lysine 31 ± 2 30 ± 3
Histidine 6 ± 1 6 ± 1
Arginine 56 ± 3 54 ± 2

Hydroxyproline 94 ± 5 95 ± 4
Proline 126 ± 5 131 ± 6

Imino acid (Proline and Hydroxyproline) 220 ± 6 226 ± 7

The amino acid compositions of ASC from snakehead fish by-products, expressed as
residues/1000 residues, showed a similar tendency. It is well known that collagen type I is
abundant in glycine, which accounted for 307 and 314 residues/1000 residues, from ASC
of fish skin and ASC of skin and scale mixture. The α-chains in the triple-helix structure of
collagen had the general formula Glycine-Proline-Hydroxyproline [22]. The total amount
of proline and hydroxyproline (imino acid) of ASC from the skin (220 residues) and the
mixture of skin and scale (226 residues) was higher than the ASC from tra catfish, tilapia,
and clown knifefish skin (192, 195, and 200/1000 residues, respectively) [8] as well as the
skin collagen of Pacific cod (157 residues, [23]) and skin of bighead carp (165 residues, [24]).
Normally, the imino acids contribute to the stabilization of collagen via sustaining the
wholeness of the triple helix structure. Why the content of imino acid has been different
among collagens from various fish species is most likely due to the temperature in the fish
habitats [25]. Higher imino acid content of ASC is found in fish species living in warm
compared to cold water fishes [10].

3.4. Protein Pattern of ASC from Snakehead Fish

SDS-PAGE patterns of collagen from fish skins and the mixture of skin and scale are
shown in Figure 3.

SDS-PAGE profiles showed a similar pattern in the protein of ASC from skin and mix-
ture of skin and scale. All ASCs included α1, α2, as well as β chains as major components;
the low band intensity of the γ chain was found at a very low content, and was identified
as a type I collagen. Previous reports have classified ASCs from fish by-products such as
skin and scale as collagen type I, including the skin of tilapia, clown knifefish, and Pacific
cod [8,23], as well as in the scales of horse mackerel and flying fish [10].
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Figure 3. Protein patterns of collagen from skin and the mixture of skin and scale of snakehead fish.

3.5. FTIR Spectra of ASC from Snakehead Fish

The FTIR spectra of skin and the mixture of skin and scale ASCs from snakehead
fish are shown in Figure 4. Both samples had amide A (3400–3440 cm−1), amide I (1600
to 1700 cm−1), amide II (1500 to 1600 cm−1), and amide III (1200 to 1300 cm−1) bands,
which were in agreement with the research of [9]. Amide A of both ASCs was observed
at a wavenumber of 3422 and 3414, respectively. Furthermore, the spectra wavenumber
included amide I (1663 and 1642 cm−1 in ASC from skin and the mixture of skin and
scale, respectively), amide II (1564 and 1552 cm−1), and amide III (1206 and 1203 cm−1).
Amide A, normally associated with N–H stretching vibrations coupled with hydrogen
bonds, appears in the spectra range of 3400–3440 cm−1. Amide I bands are associated with
C=O stretching vibrations in peptides, with the main function to form a secondary protein
structure. Amide II (~1500 cm−1) represents N–H bending coupled to C–N stretching. The
triple-helix structure of collagen is involved with amide III [20]. The absorption bands
of amide I and amide III from the skin ASC were higher than the mixture of skin and
scale ASC, indicating an association between the transition of α-helix by uncoupling of
intermolecular cross-links and the interruption of intramolecular bonding [26]. Moreover,
it may lead to the thermal stability of ASC from skin and scale mixture being higher than
that from skin collagen. The correlation between denaturation temperature of ASC and the
decline of wavenumber of amide I and amide III bands has been described in the study by
Thuy et al. [8], who reported that ASC from the skin of clown knifefish, with the lowest
wavenumber of amide I and amide III, showed the highest thermal stability in comparison
to collagen from tra catfish and tilapia skin.

3.6. Thermal Properties of ASC from Snakehead Fish

The temperature of collagen denaturation from snakehead fish skin and the mixture
of skin and scale are presented in Figure 5. The endothermic peak of skin ASC was
observed with Td of 34.21 ◦C, which was slightly lower than that of ASC from the mixture
of skin and scale (35.78 ◦C). Some previous research reported the difference of Td from
different collagen sources and suggested that Td depended on fish species, fish tissues
used for extraction, age, habitat temperature and environments, and seasons [10,27–29].
The denaturation temperature of collagen had a close relationship with the imino acid
content [10,12]. Furthermore, Thuy et al. [8] reported that the denaturation temperature of
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ASC might not only depend on the imino acid content but is also directly related to the
degradation of wavenumber in the amide I and amide III region. ASC from skin and scale
mixture with higher content of imino acid (226 residues/1000 residues of amino acid) and
a lower wavenumber in amide I and amide III was shown with the Td higher than that of
skin collagen (220 residues).

Figure 4. FTIR of collagen from skin and skin-scale mixture of snakehead fish.

 

Figure 5. Denaturation temperature of collagen from by-products of snakehead fish.
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4. Conclusions

Based on SDS-PAGE, both ASC from snakehead fish skin and the mixture of skin and
scale have been isolated and classified as type I collagen. ASC from fish skin showed the
recovery yield was higher than those from the mixture of fish skin and scale. However,
collagen samples from skin and scale had higher thermal stability than skin collagen. Thus,
the by-products from snakehead fish could be an alternative source for collagen extraction
to reduce environmental pollution and increase the value of fish processing by-products.
Collagen from snakehead fish by-products could be applied in food science, especially in
food packaging.
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Abstract: In addition to their nutritional and physiological role, proteins are recognized as the major
compounds responsible for the rheological properties of food products and their stability during
manufacture and storage. Furthermore, proteins have been shown to be source of bioactive peptides
able to exert beneficial effects on human health. In recent years, scholarly interest has focused on
the incorporation of high-quality proteins into the diet. This fact, together with the new trends of
consumers directed to avoid the intake of animal proteins, has boosted the search for novel and
sustainable protein sources and the development of suitable, cost-affordable, and environmentally
friendly technologies to extract high concentrations of valuable proteins incorporated into food
products and supplements. In this review, current data on emergent and promising methodologies
applied for the extraction of proteins from natural sources are summarized. Moreover, the advantages
and disadvantages of these novel methods, compared with conventional methods, are detailed.
Additionally, this work describes the combination of these technologies with the enzymatic hydrolysis
of extracted proteins as a powerful strategy for releasing bioactive peptides.

Keywords: food proteins; novel extraction methodologies; enzymatic hydrolysis; bioactive peptides

1. Introduction

Proteins are essential macronutrients involved in the growth and development of the
body. In addition to their nutritional and physiological properties, the techno-functional
characteristics of proteins are responsible for the appearance, texture, and stability of food
products. Moreover, proteins have been demonstrated to be a source of peptides capable
of exerting multiple biological activities after their release by hydrolysis, gastrointestinal
digestion, and/or food processing [1].

The incorporation of high-quality proteins into the everyday diet is a prevalent theme
in current research. To meet consumer trends in limiting the intake of animal proteins,
nutritionists and food industries are exploring the use of novel and sustainable protein
sources from plants, insects, and algae. However, satisfying this demand requires the
simultaneous development of suitable, cost-effective, and eco-friendly technologies to
extract higher concentrations of valuable proteins to be incorporated into food and supple-
ments [2]. The application of conventional methods generally results in lower extraction
yields due to protein degradation from extreme pH, temperature, solvent conditions, and
long extraction times. Therefore, researchers are currently focused on non-thermal green
technologies for improving extraction efficiency and reducing protein degradation. These
methods generally have no damaging effect on the environment. Moreover, the minimal
use of toxic chemicals and reactants makes extracted proteins safe for animal and human
consumption. Other than improving the protein yield, these innovative techniques can
enhance their nutritional and techno-functional properties as well as their potential as a
source of bioactive peptides. Understanding the principles of each of these new methodolo-
gies, and their advantages and disadvantages in comparison with conventional methods,
is essential to advance in the knowledge of their applications in the food industry, and to
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achieve extractions, from new sources, of high-purity proteins with interesting properties
at high concentrations. Thus, this review aims to respond to this need by providing all
the existing evidence on the emergent extraction technologies applied on natural protein
sources. Moreover, the application of some novel technologies, in combination with the
enzymatic hydrolysis of extracted proteins with the aim to release bioactive peptides, is
also described.

2. Extraction of Proteins from Natural Sources

2.1. Chemical Extraction Techniques

The classification of chemical methods is based on the solvent used, such as water,
alkali, organic solvents, and acids. Although the efficiency of the methodology primarily
depends on the nature of the protein sample, the processing conditions have also been
demonstrated to show their influence on protein recovery [3]. Aqueous extraction is a
frequently used method due to the high protein solubility and stability of isolated proteins
in water. Moreover, this methodology shows other advantages such as its easy operation
conditions and low cost [4]. Generally, extraction with water is performed under basic
conditions, as it has been described for proteins from different plant sources such as
mung bean (Vigna radiata) [5], grass pea (Lathyrus sativus) [6], rice and rice bran [7,8],
and tomato [9,10], among others. However, extreme extraction conditions, such as high
temperature or high alkaline conditions, could influence the thermal, conformational, and
functional properties of protein fractions, reducing their nutritional value and degrading
their bioactive compounds [11]. Mild acidic conditions have also been reported to efficiently
extract proteins from sunflower with a 23–26% rate recovery [12].

To extract proteins containing non-polar, hydrophobic and/or aromatic amino acid
residues, organic solvents like ethanol, butanol, and acetone are required [13]. Thus, a
recent study has described the application of an ethanol-petroleum ether combination in
water to extract proteins from Moringa olifera seeds, reaching 33% of recovery after the
purification of the protein [4].

2.1.1. Aqueous Two-Phase System (ATPS)

Currently, aqueous two-phase system (ATPS) is being used for efficient protein extrac-
tion due to the associated properties, such as the hydrophobicity of the phase system, the
electrical potential between phases, molecular size, and the bioaffinity of the protein [2].
ATPS is a multifunctional technique that allows separating, concentrating, and purifying
proteins. It is based on the mixture of two components of different natures. The appropriate
choice of these two components guarantees the completion of two defined and equilibrated
layers. The benefits of the ATPS technique are of great interest to the scientific community.
Its attributes of rapidity, flexibility, economical convenience, and biocompatibility ensure
a higher selectivity, purity, and extraction yield than with conventional systems. On top
of that, phase constituents do not denature proteins; they can stabilize protein structures
within their biological activity [14]. A recent review summarizing the existing evidence
on the application of ATPS for the recovery of valuables, as well as the elimination of
contaminants from industrial waste discharges, has been published [15]. Among these
high-value components, proteins have been demonstrated to be efficiently extracted by
ATPS. Therefore, two-phase systems constituted by sodium citrate and polyethylene glycol,
or sodium citrate and ethanol, have been recently reported as useful in extracting proteins
from shrimp (Litopenaeus vannamei) waste and microalgae (Arthrospira platensis) [16,17].

2.1.2. Subcritical Water Extraction (SWE)

Subcritical water (SW) extraction (SWE) is a technique based on the use of hot water in
the range from water’s normal boiling point (100 ◦C) to water’s critical temperature (374 ◦C),
while using a high pressure to maintain water in its liquid state within those temperatures
(usually 220–230 bar). The increase in temperature significantly modifies water’s properties.
For example, its viscosity and density decrease, but its compressibility remains low, and
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indeed the most important change is the temperature-dependent decrease of water’s
dielectric constant. Thus, the hydrogen bonding structure of water is weakened, which
enables the solubilization of moderately polar and nonpolar compounds. Furthermore,
SW produces a high-ion product, a property suitable for hydrolysis reactions and thus,
when compared with water at lower temperatures and ambient pressures, SW conditions
enhance the depolymerization of polysaccharides and the generation of smaller soluble
protein fractions [18].

Mlyuka et al. [19] presented SWE as a strategic alternative for the food industry
with promising potential in the selective extraction of bioactive compounds and in green
hydrolysis reactions, while stressing scaling as the major challenge facing its commercial
use. SWE is an efficient, cheap, fast, and environmentally friendly technology. Several
reviews [19–21] analyzed the tuning of operation conditions in different types of raw
materials, to maximize extraction yield and/or to avoid the degradation and decomposition
of desired products. In general, in comparison with conventional alkali or enzymatic
hydrolysis, SW provides comparable or higher yields in shorter times. In a very recent
contribution, Álvarez-Viñas et al. (2021) reviewed the most important features in the
SWE/hydrolysis of proteins, the different modes of operation, and analyzed the effect of
process conditions on the product properties [22]. The authors highlighted the necessity of
establishing optimal conditions as a compromised solution for processing proteins derived
from agro-food wastes and algal biomass, suggesting that could be desirable in the stage
wise operation to sequentially obtain high-valued fractions. Nevertheless, the formation of
allergenic and/or toxic peptides from wastes and biomasses during protein extraction and
hydrolysis should be prudently tested.

2.2. Enzyme-Assisted Extraction

Enzyme-assisted extraction (EAE) is a green technology based, firstly, on the action
of degrading enzymes within the major components of the cell wall, such as cellulose,
hemicellulose, and/or pectins, resulting in the disruption of the wall and the release
of cellular proteins [23]. Secondly, proteases break down the high molecular weight
cell proteins into smaller and more soluble portions, thus providing valuable extraction
conditions [2]. Although EAE has been characterized by its long processing time, high costs,
elevated energy consumption, and irreversible carbohydrate-protein matrix disruption, it
has become an emergent strategy showing advantages in comparison with conventional
solvent-based extraction methods [23]. Moreover, products obtained using this technology
evidence a higher purity and suitability for human consumption [24–26]. Thus, Sari et al.
demonstrated the higher protein yield resulting from the extraction of proteins from
soybean (Glycine max) and rapeseed (Brassica napus subsp. napus) meals when serine, endo,
and exoproteases were used in comparison to the protein yield obtained without enzyme
addition [24]. Similarly, Rommi et al. [27] demonstrated the beneficial effects of pectinolytic
enzymes acting on pectic polysaccharides and glucans on the extraction yield of proteins
from rapeseed press cakes made from cold oil processing. The use of enzymes increased
the protein yield by 1.7 times in comparison with that obtained without enzymes. In
addition, these authors found that the enzymatic hydrolysis of carbohydrates at a pH of
6 allowed for the extraction of rapeseed press cake proteins with a higher solubility and
dispersion stability than those obtained using an alkaline extraction that provoked their
partial denaturation [28]. Chirinos et al. also found that the EAE (alcalase) of proteins
from sacha inchi (Plukenetia volubilis L.) kernel meal resulted in a higher (≈ 1.5-fold)
protein recovery than that obtained through alkaline extraction [29]. More recently, bi-(α-
amylase and amyloglucosidase) and tri-enzyme (α-amylase, amyloglucosidase, and β-1,3,4-
glucanase) treatments were applied to extract proteins from defatted barley flour, obtaining
a protein yield of 49% and 78.3%, respectively [30]. Similarly, defatted soybean flour was
treated with xylanase, pectinase, cellulase, and a cocktail of commercial carbohydrases
within alkaline extraction, resulting in the increase of the protein yield by 21% compared
to the 2 h alkaline extraction without enzymatic treatment [31]. In a recent study, four
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enzyme preparations, followed by assisted alkaline extraction, were tested for protein
extraction from the seaweed Palmaria palmata [32]. These authors found that the most
efficient treatments were the combination of Celluclast® 0.2% w/w plus Alcalase® 0.2%
w/w (90.0% extraction efficiency), or Shearzyme® 0.2% w/w plus Alcalase® 0.2% w/w
(85.5% extraction efficiency). Moreover, these methods allowed for improving the amino
acid profile, the essential amino acid score, and the ratio of the extracted proteins, in
which their potential as source of bioactive peptides was also improved, making this
methodology suitable for extracting proteins with interesting nutritional and functional
properties. Recent studies have reported on the suitability of enzyme-assisted extraction to
recover proteins from other sources, such as sugar beet (Beta vulgaris L.) leaves [33] and
almond cake [34].

2.3. Novel Assisting Cell Disruption Techniques
2.3.1. Microwave-Assisted Extraction (MAE)

Microwave-assisted extraction (MAE) is a novel cell disruption technique that uses
electromagnetic waves of frequency in the range from 300 MHz to 300 GHz [23]. These
waves are absorbed by the matrix and converted into thermal energy, which heats the
moisture inside the cells. This generates a high pressure on the cells’ walls, increasing
their porosity and thus facilitating the extraction of their compounds [35]. The main MAE
parameters required for optimization and scaling up the extraction process are the sample
solubility, the solid-liquid ratio, the extraction process time and temperature, the microwave
power, the system agitation, the dielectric constant, and the dissipation factor [36–38]. In
comparison with conventional technologies, MAE presents some advantages, such as a
higher reproducibility in a shorter period of time, and a lower solvent and energy con-
sumption. These advantages make MAE a suitable technology for extracting different
compounds, such as proteins, carbohydrates, and antioxidant polyphenols [39]. Studies
on the MAE of proteins from various biological sources are presented in Table 1. This
Table shows a comparison of the yield values, protein content, and other characteristics
of the resulting products with those obtained from traditional extraction technologies,
such as solvent extraction or steam infusion, among others. According to these studies,
the use of MAE results in higher plant protein yields compared to the standard alkaline
procedure [26,40]. Electromagnetic microwaves also provide other potential advantages
over conventional hydro-thermal treatments, such as uniform heating, an enhanced ex-
traction rate, lower solvent consumption, and a higher extraction speed [3,41]. Moreover,
the improvements of functional properties and the digestibility of extracted proteins when
using MAE have been reported [26,42]. Thus, MAE has been recommended as an approach
to extracting protein from structurally rigid biological samples, which are difficult to digest
using enzymes and/or ultrasound waves, such as bran, or other by-products of the milling
industry (i.e., sesame, rice, and wheat) [43–45].

2.3.2. Ultrasound-Assisted Extraction (UAE)

Although ultrasound-assisted extraction (UAE) has been studied since the 1950s as a
suitable approach to obtain proteins from natural sources, its application in food science
is very recent, being recognized as a clean and novel technology. UAE is based on the
propagation of pressure oscillations in a liquid medium at the speed of sound, which
results in the formation, growth, and collapse of microbubbles, allowing cell disruption
and a mass transfer to the medium [46]. The bubbles generated are relatively large and
their collapse provokes cell wall breakup, a reduction of in particle size, and a mass transfer
across cell membranes, allowing the extraction of substances from the medium. UAE’s
performance is affected by different parameters, such as the food matrix, extraction solvent,
exposure time and temperature, ultrasound frequency, power, amplitude, and the type of
equipment used [47]. As a green technology, UAE is energy efficient, easy to install, with
minimal environmental impact, and its maintenance costs are low. Moreover, it requires
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a low investment and shorter extraction times, thus reducing the process time and the
associated costs [48].

Thus, as a fast, cost-effective, and environmentally friendly technology, UAE has been
used to extract and modify vegetable proteins, improving the efficiency of the extraction
process. Recently, the existing evidence for the UAE of plant-based protein has been
summarized by Rahman et al. [47]. Moreover, comparison between UAE and conventional
technologies used to extract proteins from vegetal and animal food sources is shown in
Table 1. Ochoa-Rivas et al. compared alkali extraction, MAE, and UAE to extract protein
from peanut flour. The highest protein yield resulted from UAE, which also improved the
techno-functional properties (the water absorption, foaming and emulsifying activities)
and the in vitro protein digestibility of the extracted proteins [26]. Furthermore, UAE
was recently applied to extract individual arachin and conarachin from defatted peanut
protein, resulting in an increase in the extraction yield, a shortening of the extraction
time and temperature, and an improvement of the emulsifying properties of arachin [49].
Similarly, increases in the protein yield and the enhancement of the functional and biological
properties were reported after the UAE of proteins from pea and brewer’s spent grain
proteins [50,51]. Although the number of studies applying UAE to extract proteins from
animal sources is more limited, this technology has been also recognized as a means to
increase the extraction yield and improve the functional properties of extracted proteins
from chicken liver and common carp (Cyprinus carpio) byproducts [52,53].

Despite being considered a novel and suitable approach to extracting proteins from
different food materials, UAE has been associated with some weaknesses, such as the
formation of radicals responsible for the release of degradation products affecting protein
quality, resulting in protein oxidation, loss of aroma, changes in protein color, structure
changes, texture alterations, free radical formation, and a metallic flavor [54].

Table 1. Comparison between conventional and emergent assisting cell disruption technologies (microwave and ultrasound-
assisted) for the extraction of food proteins.

Food Protein Source

Results of the Extraction Process

ReferenceConventional
Extraction

Microwave-Assisted Ultrasound-Assisted

Rice bran

Extraction yield:
12.85%

Protein content: 75.32%
Extraction time: 60 min

Extraction yield:
15.68%

Protein content: 79.98%
Extraction time: 2 min

[41]

Protein yield: 2.92% Protein yield: 4.37%
Protein content: 71.27% [40]

Rice Extraction yield: 38.0%
Protein purity: 64.12%

Extraction yield: 65.0–86.0%
(combined with α-amylase

degradation)
Protein purity: 77.47–92.99%

Higher solubility, emulsifying activity
and foaming capacity

[55]

Sesame bran

Protein content: 24.5%
TPC: 3.45 mg GAE/g

Protein content: 43.8 to
61.6% (91.7% by MAEE)
TPC: 4.20 mg GAE/g
(8.04 mg GAE/g by

MAEE)
Highest recovery of

antioxidant compounds

[44]

Protein yield: 24.5%
(alkaline

extraction)-79.3%
(enzymatic-assisted

extraction)

Protein yield: 59.8
(ultrasound-assisted)-87.9%

(combined with enzymatic treatment)
[45]
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Table 1. Cont.

Food Protein Source

Results of the Extraction Process

ReferenceConventional
Extraction

Microwave-Assisted Ultrasound-Assisted

Protein yield: 58.0%
(vacuum-ultrasound assisted)-65.9%

(vacuum-ultrasound assisted
enzymatic extraction)

Higher total phenolic capacity and
antioxidant capacity

[56]

Peanut flour Protein yield: 42.4%

Protein yield: 55.0%
Improvement of water

absorption, foam
activity, emulsifying
activity, and in vitro

digestibility

Protein yield: 57.6%
Improvement of water absorption,

foam activity, emulsifying activity, and
in vitro digestibility

[26]

Defatted peanut
protein

Arachin extraction yield: 37.53%
Conarachin extraction yield: 7.57%

Shortening of the extraction time and
temperature

Improvement of emulsifying
properties of arachin

[49]

Defatted wheat germ
protein

Extraction yield:
24.0–37.0%

Extraction yield: 45.6%
(combined with reverse

micelles)
[43]

Pea protein Extraction yield: 71.6%

Extraction yield: 82.6%
Shortening of extraction times and
reduction of water consumption

Improvement of functional properties
and biological activities

[50]

Alfalfa protein

Extraction yield: 14.5%
(Ultrasound-ultrafiltration-assisted

alkaline ioelectric precipitation)
Potein content: 91.1 g/100 g

Increase of solubility, water-holding
and oil-binding capacities

Reduction of emulsifying and foaming
properties

[51]

Brewer’s spent grain
protein

Extraction yield:
45.71%

Extraction yield: 86.16%
Protein purity: 57.84%

Enhancement of the fat absorption
capacity, emulsifying and foaming

properties

[57]

Soy milk
Extraction yield: 3.86%

(steam infusion)
Protein content: 7.38%

Extraction yield: 4.83%
Protein content 13.12%

Improvement of
characteristics of soy

milk
Increase of protein

solubility and
digestibility

[58]

Soy okra
Extraction yield: 0.35%

(steam infusion)
Protein content: 25.0%

Extraction yield: 0.23%
Protein content 18.5% [58]

Jackfruit
leaves Protein content: 8.41% Protein content: 9.56% Protein content: 9.63% [59]
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Table 1. Cont.

Food Protein Source

Results of the Extraction Process

ReferenceConventional
Extraction

Microwave-Assisted Ultrasound-Assisted

Eurycoma longifolia
roots

Extraction yield: 9.76%
in 38 min (heat

assisted)
Extraction yield: 9.54% in 5 min [60]

Coffee silverskin

Protein yield: 24.35%
(alkali

extraction)-32.52%
(sequential

alkaline-acid
extraction)

Protein yield: 43.53% Protein yield: 14.04% [61]

Dolichos lablab L.
protein

Extraction yield:
40.95%

Extraction yield: 69.98%
Enhancement of functional

characteristics and antioxidant
capacity of the protein

[62]

Common carp
by-products

Extraction yield:
0.82–1.27%

Protein content: 87.63
to 88.19%

Reverse correlation
between the extraction

time and the gel
strength and viscosity

of gelatin

Extraction yield: 19.80–27.0%
Protein content: 86.15 to 90.21%
Decrease of the gel strength and

viscosity of gelatin

[53]

Duck feet gelatin

Extraction yield:
51.83% (water bath)
and 22.06% (electric

pressure cooker)

Extraction yield:
17.58%

Improvement of gel
strength, melting point,

and viscosity

[42]

Bighead carp

Protein yield:
19.15–36.39% (water

bath)
Protein content:

84.15–88.67%

Protein yield:
30.94–46.67%

Protein content:
89.17–91.85%

[63]

Chicken liver protein Extraction yield: 43.5%
Protein content: 63.9%

Extraction yield: 67.6%
Protein content: 61.8%

Improvement of the water/oil holding
capacity and emulsifying properties

[52]

TPC: total phenolic content; GAE: gallic acid equivalent; MAEE: Microwave-assisted enzymatic extraction.

In addition, when UAE is applied at high intensities, it generates heat which provokes
protein denaturation and unfolding. Thus, the intensity and synergy of ultrasound need to
be optimized before their application. Recently, UAE has been combined with other tech-
nologies to reduce its limitations and improve the extraction of food proteins. Among these
combinations, those including UAE and EAE have been reported to be effective to extract
target compounds with the advantages of enhanced extraction yield, reduced extraction
time, and physiological activity. Görgüç et al. compared alkali-EAE with ultrasound-EAE,
reporting an increase in the sesame bran protein yield from 79.3% to 87.9% [45]. These
authors also found an increase in the protein yield, phenolic content, and antioxidant
capacity of the protein extracts when vacuum-ultrasound-EAE was applied to the sesame
bran [56].
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2.3.3. Pulsed Electric Field and High Voltage Electrical Discharge Extraction

Pulsed electric field (PEF) and high voltage electrical discharge (HVED) are emerging
non-thermal technologies that use high voltage to generate an electric field to perform
an extraction. Both technologies are based on the pores formed on the cell membrane
(electroporation) resulting from the application of an electric field, thus allowing the
extraction of intracellular components through a diffusion process [64]. In PEF technology,
a material is placed between two electrodes through which high voltage pulses (from 100 to
300 V/cm to 20–80 kV/cm) are applied in short time periods. Under the effect of PEF, the
cell membrane is electrically pierced, losing its permeability in a reversible or irreversible
manner depending on the electrical parameters, the cell characteristics (size, age, and
shape), and the pulsing media composition [65]. These features have made PEF into an
extensive technology for microorganisms’ inactivation, recovering high-value compounds,
like proteins and polyphenols, and improving freezing and drying processes [66]. In HVED
technology, a current of high-voltage electrical discharge is applied between two electrodes
forming a plasma channel where energy is then presented directly in a liquid. Because PEF
and HVED are non-thermal techniques, they present some advantages over conventional
heat-assisted extraction techniques, such as their ability to preserve thermolabile food
constituents as proteins and increasing the quality of the extracts during processing and
throughout the storage period [13]. Moreover, the low energy consumption of these
extraction processes agrees with the principles of green extraction [67].

Recent studies have applied PEF and HVED to recover proteins from different nat-
ural sources. For example, Roselló-Soto et al. compared the effects of PEF, HVED, and
ultrasound pre-treatments before the extraction of intracellular compounds from olive
kernels [68]. In this study, HVED technology was found to be more effective than others in
terms of the energy and treatment time required to extract the phenolic compounds and
proteins. Sarkis et al. also reported on the efficiency of the PEF and HVED approaches in
increasing the yield of polyphenol, lignin, and protein extracts from sesame cake, and in
improving the kinetics of diffusion [69]. More recently, PEF technology was applied to re-
lease and extract proteins from the microalgae Chlorella vulgaris and Neochloris oleoabundans.
The protein yield was much lower than that obtained using mechanical approaches with
a higher energy input [70]. Although PEF technology has been associated with changes
in the solubility and functional properties of extracted proteins, these modifications can
be beneficial. Thus, Zhang et al. reported that the PEF treatment of canola (Brassica napus)
seeds increases the solubility, emulsifying, and foaming properties of the extracted pro-
teins [71]. Changes in the secondary structure and in the antioxidant activity of peptides
released from pine nut proteins have also been reported [72].

2.3.4. High Hydrostatic Pressure-Assisted Extraction

High hydrostatic pressure (HHP) technology is based on the application of an iso-
static pressure ranging from 100 to 1000 MPa transmitted instantaneously and uniformly
through a fluid, generally water. This pressure provokes the deformation of cells and the
damage of their membranes and protein structures, thus allowing for the penetration of
the solvent within cells and increasing the transfer rate of its intracellular components [73].
HHP processing, also known as “cold pasteurization”, has been traditionally used in
the food industry to reduce the microbial charge and improve the shelf-life of different
food systems [74]. However, in recent years, HHP processing has been extended to other
innovative uses, such as the selective recovery of phenolic compounds, polysaccharides,
fats, and proteins, among others [75–77]. Moreover, HHP processing has become one of
the most efficient methods for modifying the properties of proteins, such as thermal and
rheological properties, gelation solubility, water holding and foaming capacity, stability,
surface hydrophobicity, emulsifying activity, and stability [78]. It also induces the reversible
denaturation of native proteins and the modulation of protein-protein and protein-solvent
interactions, stimulating the formation of oligomeric and aggregated species that can nega-
tively affect the digestibility of the protein [79,80]. However, in some cases, the alteration
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of the food proteins profile caused by HHP results in the higher exposure of susceptible
digestion sites and, consequently, in a higher hydrolysis and yield of hydrolytic products,
thereby reducing both time and costs [81]. In addition to its ability to modify proteins,
HHP also shows an ability to modulate the conformation and activity of different enzymes
as well as their interaction with their target proteins [82]. Additionally, in the recent years
HHP has been employed in combination with enzymatic treatments to hydrolyze proteins
from different food sources, such as kidney and pinto bean (Phaseolus vulgaris), soy and
flaxseed (Linum usitatissimum) protein, and whey protein isolate, and to release bioactive
peptides (see the review of Ulug et al. [83]). Since the efficiency of hydrolysis depends
on the protein system, pressurization conditions, and the enzyme used, optimizing these
parameters to produce the maximum amount of bioactive peptides from a complex food
matrix is essential to accelerate the development of bioactive peptides-based food products.

3. Release of Bioactive Peptides

Bioactive peptides are sequences of amino acids inactive within the source protein.
Once released, they can exert antioxidant, anti-inflammatory, antihypertensive, anti-obesity,
antimicrobial, and immunomodulatory biological activities. These activities suggest their
potential as novel, safe, and effective ingredients for functional foods and/or nutraceuticals
to prevent and manage chronic disorders. Enzymatic hydrolysis and fermentation are the
most known conventional methods to release bioactive peptides from their source protein.
However, their use in the food industry is limited due to some disadvantages. Acid and
alkaline hydrolysis are low-cost methodologies, but they affect some amino acid residues,
thus resulting in the loss of nutritional and biological value of the released peptides [8].
Enzymatic proteolysis is a better alternative for hydrolyzing proteins due to the enzyme’s
specificity, but it can be expensive, time consuming, and require the use of acids and
bases for pH control [84]. In the case of fermentation, it offers the advantage of removing
hyper-allergic or antinutritional factors, but the costs are also relatively high [8]. Moreover,
to produce protein hydrolyzates and bioactive peptides, efficient and scalable methods
should be used to avoid the use of harmful chemicals and solvents, costly enzymes,
and long processing times [21]. Therefore, in recent years, novel technologies such as
ultrasounds, microwave-assisted processing, HHP, PEF, and SW hydrolysis are being
explored to enhance the production of bioactive peptides [83] (Figure 1).

In addition to extracting proteins, microwave radiation is capable of improving pro-
teolysis and releasing low molecular weight peptides when combined with enzymatic
hydrolysis, thereby increasing the bioactivities of the resultant hydrolyzates. Thus, in
comparison to thermal processing, MA-hydrolysis has significantly increased the dipep-
tidyl peptidase IV (DPP-IV) and ACE inhibitory activities of cricket (Gryllodes sigillatus)
protein hydrolyzates [85], and the antioxidant capacity of chia (Salvia hispanica) protein
hydrolyzates [86]. Similarly, this combination has been used to prepare bioactive pep-
tides from bovine serum albumin, ginkgo (Ginkgo biloba) nuts [87], milk protein concen-
trate [88], bighead carp (Aristichthys nobilis) [89], fish protein [90], trout frame (Oncorhynchus
mykiss) [91], and collagen sea cucumber (Acaudina molpadioides) [92]. Microwave radiation
facilitates the exposure of cleavage sites of the protein to the enzyme action; thus, the
hydrolysis efficiency, processing time, and reproducibility are generally improved by this
technology. Other advantages of microwave processing over conventional methods include
its simple handling and low cost [93].

83



Processes 2021, 9, 1626

F
ig

u
re

1
.

H
yd

ro
ly

si
s

of
fo

od
so

ur
ce

s
as

si
st

ed
by

no
ve

la
nd

gr
ee

n
te

ch
no

lo
gi

es
to

re
le

as
e

bi
oa

ct
iv

e
pe

pt
id

es
.

84



Processes 2021, 9, 1626

Although the application of ultrasounds alone is not enough to break peptidic bonds,
this technology is capable of increasing the ability for enzymes into enter peptide bonds;
thus, its combination with enzymatic hydrolysis is recognized as a suitable means to im-
prove the production of bioactive peptides. This combination also shows other advantages
over conventional hydrolysis, such as a speedier energy and mass transfer, diminished
temperature and time, a higher process control, and a higher selectivity of the extrac-
tion [39]. Several food proteins have been used as a source of bioactive peptides following
the application of UA-hydrolysis. Thus, more potent ACE inhibitory [94] and antioxi-
dant [95] peptides were released after applying an ultrasound step before hydrolysis of
wheat protein. More recently, the improvement of the ACE inhibitory activity of rapeseed
protein hydrolyzates has been demonstrated [96]. Ultrasound has also been employed
to increase the bioactivities of hydrolyzates from animal proteins such as milk and whey
protein [88,97] and ovotransferrin [98].

HHP is another green technology employed to increase the production process of
bioactive peptides due to its ability to denature protein and improve the accessibility
of enzymes within susceptible cleavage sites [83]. Within the animal kingdom, HHP-
assisted enzymatic hydrolysis has been applied to whey protein isolate [99] and beta-
lactoglobulin [100] to release bioactive peptides. Similarly, this technology has been em-
ployed to produce bioactive hydrolyzates from pinto beans [101], kidney beans [102], soy
protein [103], and flaxseed protein [104].

Because of its ability to break non-covalent bonds, such as hydrogen bonds, hydropho-
bic interactions, and covalent bonds, PEF is considered as an environmentally friendly
choice for producing antioxidant extracts from food byproducts, such as fish heads, bones,
and gills [105]. PEF has also been recognized as useful for hydrolyzing food proteins, such
as egg white proteins [106–108] and soybean proteins [109], resulting in the release of small
weight antioxidant peptides. Although this methodology shows some advantages over
conventional hydrolysis, such as shorter treatment times and lesser energy consumption,
its current use is still limited due to its’ high investment costs [110].

SW-hydrolysis (SWH) is a clean and fast protein hydrolysis alternative to acid, alkali,
and enzymatic hydrolysis methods. It implies the application of high pressure to maintain
water in its liquid state at temperatures above its boiling point. The high temperature
results in high diffusion, low viscosity, and low surface tension, allowing the hydrolysis of
proteins in shorter times [111]. Thus, because of its non-toxic and non-flammable attributes,
SWH has been used in recovering a large variety of high value-added bioactive protein
hydrolyzates and peptides from different animal and vegetable sources (Table 2). Despite
the fact that SWH can be applied as a pre-treatment process before enzymatic hydrolysis to
improve the biological activities of food proteins [112], it can also be used without using
enzymes, thus reducing the process time and costs and avoiding the use of hazardous
solvents and chemicals [113]. However, some disadvantages, such as high infrastructure
costs and the necessity to optimize multiple process conditions to increase the efficiency of
SWH, limit the current application of this methodology [83].

4. Supercritical CO2 in Protein Extraction and Processing

Supercritical carbon dioxide (SC-CO2) has opened a wide range of new alternatives
in food technology. Many studies and applications of SC-CO2 in the processing of certain
target food components, such as oils, fatty acids, phytosterols, alkaloids, carotenoids,
and flavonoids, were widely reported in the last few decades. Proteins were not the
exception, despite the complexity of their structure and properties. Several applications of
SC-CO2 in protein processing are related with the elimination of oils and other lipophilic
substances from protein-based matrices, such as the recent works reported by different
authors [114–116]. In these works, the supercritical step is just a pre-treatment and the
SC-CO2 is used as an extractive solvent to eliminate the oily substances prior to the protein
isolation from the food matrix (canola seeds, quinoa seeds and corn germ, respectively).
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Besides extraction, SC-CO2 can be applied in other protein-based processes, such as the
precipitation of protein particles, the separation of peptides, or the improvement of protein
functionalities taking into advantage the structural and conformational modifications that
can be attained by their exposure to high pressure CO2.

Table 2. Subcritical water assisted hydrolysis of natural proteins to release bioactive hydrolyzates and peptides.

Natural Source Hydrolysis Conditions Results Reference

Whey protein isolate (WPI)
WPI:water ratio = 60 g/L
Different temperatures and times
(experimental design)

Effective and fast (<60 min) WPI hydrolysis
Generation to the highest total amino acid
and lysine concentration at 300 ◦C for 40 min

[84]

Bovine seroalbumin
Seroalbumin:water ratio = 10
mg/mL
Different temperatures and times

Greatest release of free amino groups and
maximum amount of amino acids at 280 ◦C
High generation of alanine and glycine

[117]

Hemoglobin, bovine
seroalbumin, and β-casein

Protein:water ratio = 1 mg/mL
Different temperatures and times

High protein sequence coverages (>80%)
comparable to those obtained by trypsin
digestion
Favored cleavage of the Asp-X bond under
mild conditions (160 ◦C) for three proteins
Favored cleavage of the Glu-X bond under
160 ◦C and 207 ◦C (β-casein) and 207 ◦C
(seroalbumin)

[118]

Scomber japonicus muscle
protein Different temperatures

Highest degree of hydrolysis at 140 ◦C for 5
min
Highest antioxidant activity at 140 ◦C for 5
min and tyrosinase inhibitory activity at 200
◦C for 15 min

[119]

Mackerel (Scomber japonicus) Collagen:water ratio = 1:200 (w:v)
Hydrolysis time = 3 min

Release of small and potent antioxidant
peptides [111]

Bigeye tuna skin

Bacterial collagenolytic
protease-extracted collagen:solvent
ratio = 1:200 (w:v)
Hydrolysis time = 3 min

Efficient hydrolysis of collagen
Release of small (<425 Da) and potent
antioxidant and antimicrobial peptides

[120]

Tuna skin collagen and skin

Sample:liquid ratio = 1:200
(collagen) and 1:50 (skin)
Different temperatures
Hydrolysis time = 5 min

Highest antioxidant and antimicrobial
activity at 280 ◦C
Release of low molecular weight peptides
(<600 Da) and/or free amino acids associated
with the bioactivity

[121]

Atlantic cod (Gadus morhua)
frames

Different temperatures
Hydrolysis time = 30 min

Release of smaller peptides at high
temperatures (250 ◦C)
Potent anti-inflammatory potential of
hydrolyzates in Caco-2 cells

[122]

Comb penshell (Atrina
pectinata) viscera

Powder:water ratio = 30 g/L
Different temperatures
Hydrolysis time = 15 min

Release of small (<1000 Da) peptides at
temperature higher than 200 ◦C
Release of antioxidant and anti-hypertensive
peptides

[123]

Green seaweed (Ulva sp.) Algae:seawater ratio = 8% (w:w)
Hydrolysis time = 40 min

Efficient protein extraction as starting
material for fermentation with E. coli and S.
cerevisiae

[124]

Algae Laver (Pyropia yezoensis)
Powder:water ratio = 1:20 (w:v)
Different temperatures
Hydrolysis time = 30 min

Extraction of the maximum amount of amino
acids at 120 ◦C
Extraction of potent antioxidant compounds

[125]

Soy protein Powder:water ratio = 62.5 g/L
Different temperatures

Highest amino group content and yield at
190 ◦C
Influence of the temperature on color
parameters
Release of small peptides
Inhibitory effects on murine macrophages
viability

[126]
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4.1. Precipitation of Micro and Nano Protein Particles

Several SC-CO2 techniques are currently available for particle formation, encapsu-
lation and the drying of a wide type of materials, indicating the flexibility of SC-CO2
technology which offers worthy advantages, such as the control of the particle size, size
distribution, and morphology, in comparison with conventional technologies (spry-drying,
jet milling, freeze drying, and coacervation). Food lipids, carbohydrates, proteins, and
minor components have been processed using these SC-CO2 techniques with the major
purpose to deliver bioactive components.

Table 3 shows several protein-based SC-CO2 processes reported in the literature, cate-
gorized according to the overall objective of the supercritical approach, i.e., the formation
of micro/nanoparticles and the use of SC-CO2 for drying and atomization.

Table 3. Examples of protein-based ingredients obtained using pressurized fluid technologies.

Protein SC-CO2 Technique Abbreviation Reference

Particle formation

Lysozime Precipitation with a Compressed fluid Antisolvent PCA [127]

Lysozime Solution Enhanced Dispersion of Solids SEDS [128]

Whey protein isolate (WPI) Gas Anti-Solvent GAS [129]

Bovine serum albumin (BSA) Particles from Gas Saturated Solutions PGSS [130]

Zein Supercritical Anti-Solvent SAS [131]

Lysozime Supercritical Fluid Extraction of Emulsions SFEE [132]

SC-CO2-assisted drying and atomization

Gelatin Particles from Gas Saturated Solutions for drying PGSS drying [133]

Lysozime + sugars Particles from Gas Saturated Solutions for drying PGSS drying [134]

Lysozime Expanded Liquid Anti-Solvent ELAS [135]

Bovine serum albumin (BSA) Expanded Liquid Anti-Solvent ELAS [136]

Lysozime Supercritical Assisted Atomization SAA [137]

Bovine serum albumin (BSA) Supercritical Assisted Atomization with Hydrodynamic
Cavitation Mixer SAA-HCM [138]

Lysozime Supercritical Assisted Atomization with Hydrodynamic
Cavitation Mixer SAA-HCM [139]

Trypsin and trypsin-chitosan Supercritical Assisted Atomization with Hydrodynamic
Cavitation Mixer SAA-HCM [140]

SC-CO2-assisted impregnation

Bovine haemoglobin (bHb) Supercritical Solvent-Assisted Impregnation SSI [141]

Soy protein Supercritical Solvent-Assisted Impregnation SSI [142]

SC-CO2 techniques using solvents such as dimethyl sulfoxide (DMSO) contradicts
the main advantage of this technology for food applications. For example, Moshashaée
et al. determined 20 ppm of residual DMSO solvent in the Solution Enhanced Dispersion
of Solids (SEDS) precipitation of lysozyme [128]. The challenge is circumventing the use of
solvents or limiting their use to food-grade solvents. This is the case of the friendly whey
protein fractionation process developed by Yver et al. to produce enriched fractions of
α-lactalbumin (α-LA) and β-lactoglobulin (β-LG) from a commercial whey protein isolate
(WPI) [129]. SC-CO2 was injected into the vessel containing the WPI de-ionized water
solution, and the pH modification produced due to the SC-CO2 dissolution allowed the
fractionation of the proteins. A solid α-LA-enriched phase was selectively precipitated at
pH 4.4–5.0 and separated from the liquid β-LG-enriched fraction. After the supercritical
treatment, these fractions were ready-to-use and did not contain salt, acid, or other chemical
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contaminants. The highest α-LA purity was 61% (α-LA initial concentration in WPI was
18%) with 80% of α-LA recovery in the solid fraction, and was obtained at 60 ◦C, 83 bar
and 5% of proteins in WPI. Lima et al. described a continuous flow reactor for the protein
fractionation process, testing pressures in the range of 80–240 bar and temperatures of
55–65 ◦C [143]. The initial ratio α-LA/β-LG in the WPI was 1:2.7 and the combination
80 bar and 55 ◦C was found to be the best condition to obtain α-LA (α-LA/ β-LG =3.84
and 20.9% precipitation yield). These process conditions also resulted in a β-LG-enriched
fraction. Recently, the authors reported a techno-economic assessment of this continuous
α-LA/β-LG supercritical fractionation [144].

Other remarkable reports concerning the protein particle formation using SC-CO2
technique are those published by Perinelli et al., Zhong et al., and Kluge et al. [130–132].
Avoiding the use of an organic solvent, the encapsulation of bovine seroalbumin (BSA)
using biodegradable copolymers has been carried out applying particles from gas-saturated
solutions (PGSS) [130]. Zhong et al. developed a supercritical anti-solvent (SAS)-based
process to manufacture, generally recognized as safe, (GRAS) delivery systems to release
antimicrobials, thereby enhancing the shelf-lives of foods [131]. Corn zein was used
as the carrier material and egg white lysozyme dissolved in 90% aqueous ethanol was
microencapsulated. The authors revealed a long-time continuous release of antimicrobials
of lysozyme at neutral pH conditions in the presence of salt. On the other hand, Kluge et al.
studied the supercritical-fluid-extraction of emulsions (SFEE) process for the manufacturing
of lysozyme—poly-lactic-co-glycolic acid (PLGA) composite particles for the delivery of
lysozyme protein [132]. SFEE combines the efficiency of SC-CO2 extraction with the
facilities of water in oil (w/o) or water in oil in water (w/o/w) double emulsion methods.
The SC-CO2 and the emulsion feed streams are mixed at the inlet of the reactor in a
two-coaxial nozzle. The particles are formed due to the organic solvent extraction from
the emulsion droplets and remain suspended in the continuous water phase. Different
encapsulation methods were tested and evaluated using ethyl acetate as organic solvent,
but the encapsulation efficiencies were lower than 50%. The authors concluded that
despite the efficacy of SFEE process to produce solvent-free PLGA particles with small
size and homogenous distribution, the encapsulation of drugs is more challenging for very
hydrophilic compounds, such as peptides and proteins.

The use of different SC-CO2 techniques for drying and atomization in protein-based
processes was mainly limited to pharmaceutical applications, but research and develop-
ment in the area of food-related products, including natural health ingredients, is increasing
rapidly in recent years. Protein-based ingredients may be the single protein or multicompo-
nent composite systems. The micronization of a single protein can improve bioavailability
due to the increase of specific surface area, whereas composite systems refer to micro or
nano particles where a certain active component is coated with the protein. In this respect,
both proteins and polysaccharides are food-grade GRAS coatings and are preferred in food
ingredient processing, in comparison with synthetic polymers (i.e., polyethylene glycol,
polylactic acid, PLGA), which are especially selected as excipients for drug delivery in
pharmaceuticals.

The supercritical drying of aqueous based solutions requires the use of very large quan-
tities of CO2 due to the low solubility of water in SC-CO2 [145], or very high temperatures
(>120 ◦C), as in the case of PGSS-drying [145] or PGX (gas-expanded liquids) [146].

Nuchuchua et al. have illustrated PGSS-drying as a scalable organic solvent free
SC-CO2 spray drying process for producing dry protein/sugar formulations (1:10 and 1:4
w/w ratios) [134]. Reibe et al. introduced the drying, micronization, and formulation of
high molecular mass gelatine:aqueous gelatine solutions with a dry mass content of up to
50% w/w, which were pulverised and dried with minor hydrolysis degradation during
PGSS-drying supercritical processing [133].

In PGX, liquid ethanol expanded by the dissolution of CO2 is an appropriate choice
for polysaccharides, or proteins drying. SC-CO2 removes water but also can act as an
antisolvent for the precipitation of the biopolymer. The process parameters must be
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selected to ensure a homogeneous single liquid phase of the ethanol-water-CO2 ternary
system. Thus, the liquid-liquid mixing operation (aqueous biopolymer solution with CO2-
expanded ethanol) avoids mass transfer problems involved in spraying processes. The
precipitated polysaccharide, or protein, is collected on a filter after the liquid is drained by
passing SC-CO2. In this respect, expanded liquid anti-solvent (ELAS) protocol was used to
denote the protein drying processes using CO2-expanded ethanol, acetone, and isopropyl
alcohol. De Marco et al. used ELAS with CO2-expanded ethanol to yttrium acetate and
BSA water-soluble materials, to produce micro and nanoparticles [136]. At the appropriate
operating conditions, BSA spherical and non-coalescing particles were produced, with a
narrow particle size distribution and mean diameter in the range 0.5–2.0 μm.

The supercritical assisted atomization (SAA) is another micronized technique that
uses a thermostatic saturator to solubilize CO2 in the drug solution, and a thin wall injector
to induce the atomization of the solution into the precipitator vessel. The fast release of
CO2 from the primary formed droplets causes decompression and forms smaller secondary
droplets. The SAA process was successfully applied to micronize antibiotics and poly-
mers from either organic solvents or water, including protein micronization [137,147]. A
hydrodynamic cavitation mixer (HCM) added to the saturator can intensify mass transfer
between CO2 and the liquid solution. The SAA-HCM process was used [139] to produce
lysozyme microparticles with a controlled particle size distribution. The particles were well
defined (no agglomerates), spherical, and with 0.2–5.0 μm diameters at the optimum oper-
ating conditions. Bioactivity assays showed the maintenance of 85% of lysozyme original
activity. Furthermore, Wang et al. used this technique to prepare BSA microparticles from
water solutions, obtaining different morphologies with particle diameters in the range of
0.3–5.0 μm [138]. Moreover, Shen et al. applied SAA-HCM to prepare micrometric parti-
cles of trypsin from aqueous solutions, obtaining several morphologies depending on the
process conditions, while also analyzing the structural stability of the protein to conclude
that trypsin retained above 70% of its biological activity [140]. Moreover, polymer chitosan
was used to prepare trypsin composite microparticles, obtaining spherical microparticles
with a homogeneous size distribution with 90% efficiency.

Supercritical solvent-assisted impregnation (SSI) is a more recent protein-based appli-
cation of SC-CO2 technology. Trivedi et al. investigated the coating of protein-immobilised
particles with myristic acid using SC-CO2 processing at low temperatures, in order to
prevent thermal degradation of the protein (bovine haemoglobin, bHb) [141]. A solid
core drug delivery system was prepared using bHb immobilisation on mesoporous silica
followed by supercritical myristic acid coating at 43 ◦C and 100 bar. Protein particles
were also coated via solvent evaporation to compare the protein release. In both methods,
myristic acid coating provided good protection in gastric fluid media and limited the bHb
release for the first two hours. After the change to intestinal fluid media, the protein release
reached 70% within three hours. The release from supercritical samples was slower than
with solvent evaporation formulations, indicating a superior myristic acid coverage, in
addition to the protein conformation remaining unchanged after the release. Similarly, soy
protein microparticles were coated with chia oil [142] using SC-CO2. A good encapsulation
efficiency was attained in the range of process conditions 100–160 bar, 40–60 ◦C and 0.0–0.1
w/w for the ethanol:oil ratio (ethanol was used as a co-solvent to increase the oil solubility
in the SC-CO2). The chia oil-loaded microparticles showed a spherical shape, no pores or
fissures, sizes between 1 and 10 μm, and a homogeneous oil distribution. Furthermore, the
hydroperoxide values and fatty acid profile indicated that the SSI process did not affect the
chemical quality of the oil; the product showed an excellent oxidative stability, and almost
all of the oil contained in the protein microparticles was released under gastro-intestinal
conditions, remaining available for absorption.

It can be concluded that protein-based ingredients produced using SC-CO2 technolo-
gies show good potential for further development, considering the growing demand for
natural health products. Encapsulation of bioactive proteins is commonly accomplished
using polysaccharides leading to dry powders which can be uniformly incorporated into
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different formulations even at low concentrations. In this way, efficient delivery systems
can be designed. Varying supercritical processes parameters (temperature, pressure, flow
rate ratios, nozzle diameter and depressurization rate, among others) the particle size,
and morphology can be effectively controlled. Furthermore, low temperatures favour the
handling of heat-sensitive substances, and circumventing the use of organic solvents, or
the easy removal when they are used, is another key advantage of SC-CO2 technology
applied to the formation of bioactive protein-based microparticles.

4.2. Structural and Conformational Modifications Resulting from SC-CO2 Treatments

Proteins and their products are used as ingredients in several food applications (dairy
and bakery products, infant foods, and beverages) with the objective of enhancing nutri-
tional value, creating emulsification, foaming, and antioxidant barriers, among others [148].
Since the functionality of food proteins are related to their structures, the structural modifi-
cation of proteins can lead to new or improved functionalities [149]. In this respect, SC-CO2
treatment was described as a green method to achieve protein modification [150]. SC-CO2
offers many advantages in comparison with thermal processing methods, such as mini-
mizing the alterations and quality of food [151]. Several studies have been reported, using
SC-CO2 for the inactivation of microorganisms and enzymes in liquid foods [152]. Despite
many reports concerning the physical modification of polysaccharides under SC-CO2
processing [153], fewer studies can be found concerning the effects of SC-CO2 treatment on
protein quality and functionality.

For example, Zhong et al. analysed the effect of SC-CO2 treatment on the rheological
properties of whey protein [154]. The authors concluded that temperature, pressure, hold-
ing time, protein concentration, and pH were the main operating parameters influencing
the conformational, structural, and functionalities of whey protein isolate (WPI). Later,
Xu et al. conducted a complete analysis of the physical, conformational, and structural
properties of WPI treated with SC-CO2 in comparison with the thermal treatment of WPI
solution [150]. Increased turbidity of WPI treated with SC-CO2 (50–60 ◦C at 20 MPa for
1 h) suggested more intensive WPI denaturation in comparison with thermal processing.
Furthermore, dynamic light scattering measurements showed higher aggregates and a max-
imum mean particle size when WPI was processed with SC-CO2 at 60 ◦C, indicating the
partial aggregation of the dimer into the polymers. An analysis of the fluorescence emission
spectra of proteins suggested changes in the polarity of the protein residue’s microenvi-
ronment from a less polar to a more polar. The authors evidenced secondary and tertiary
protein structure changes induced by SC-CO2 treatment, resulting in physicochemical and
functional properties of proteins.

The mechanisms of protein denaturalization due to SC-CO2 treatment is actually a
major topic of research due to its importance in cold sterilization methods. The complexity
of the process has limited the possibility of attaining microstructural information related
with microbial and/or enzyme inactivation by SC-CO2. In a recent work, Monhemi and
Dolatabadi used molecular dynamics simulation of SC-CO2 pasteurization to conclude
that the denaturation of proteins (myoglobin and lysozyme as models) is produced at
the CO2/water interface [155]. The protein migrates from a pure aqueous phase to the
CO2/water interface, releasing the hydrophobic cores to the CO2 phase and the hydrophilic
residues to the aqueous phase and then the protein is denatured to a flat and extended
conformation. Several other works have been recently reported, aiming to explain the
molecular mechanisms of protein denaturalization in SC-CO2 [156,157], or describing novel
food applications of SC-CO2 enzyme inactivation. For example, Podrepšek et al. applied
an SC-CO2 treatment to inactivate the polyphenol oxidase enzyme in order to extend
shelf life of a coarse-ground flour from whole wheat (graham flour) while preserving,
at the same time, its high quality [158]. The effect of pressure on protein concentration
and enzyme activity was significant, evidencing a 35% decrease in polyphenol oxidase
enzyme activity after SC-CO2 exposure at 300 bar for 24 h. Furthermore, the quality of
the flour remained almost the same or even improved, indicating that the SC-CO2-treated
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graham flour is still suitable for use in the bakery industry. Also, SC-CO2 + ethanol
extraction of yellow pea was found to enhance organoleptic attributes of the edible seed,
reducing most chemical constituents, and lowering certain functionality qualities, such
as pasting viscosities. Scanning electron micrographs indicated that protein-rich particles
were adhered to the surface of starch granules of pea flour extracted with SC-CO2, and this
change may be responsible for the different functionality observed [157].

Thermal extrusion has been effectively used to improve the techno-functional proper-
ties of food proteins. The combination of temperature and shear weakens the structure of
proteins and the extrusion process helps to partially unfold and denature proteins to modify
their functionalities. SC-CO2 extrusion is an effective technique to produce conformational
changes in proteins, providing several advantages in comparison to steam extrusion cook-
ing, such as low-temperature processing, formation of a uniform and porous product, and
pH control. For instance, the use of milk protein concentrate (MPC) in extruded products is
still a challenge because of its sensitivity to high temperature and shear. For example, Yoon
et al. have demonstrated the improved physicochemical properties of MPC extruded with
SC-CO2 in comparison with steam extrusion [158]. Also, Gopirajah et al. applied SC-CO2
extrusion to improve emulsifying properties of MPC, obtaining a better emulsion activity
index, reduced creaming index, and similar viscosity as compared to commercial sodium
caseinate [159].

Ding et al. showed that SC-CO2 treatment can be a novel method to improve the
foam ability of egg white protein [160]. At 9 MPa SC-CO2 treatments, the protein foaming
capacity increased 3.6 times in comparison with the original egg white. The protein
electrostatic force was reduced due to the pH change and their particle size decreased.
Accordingly, these effects resulted in an increase of protein hydrophobicity and viscosity.

5. Conclusions

Protein extraction is commonly considered to be a crucial step in contributing to
the final greenness of the complete protein analysis process. In recent years, important
advances have been achieved with the design, development, and application of novel
methodological approaches for extracting high quality proteins at high yields. These
new techniques also reduce the use of hazardous chemicals and solvents, and decrease
the temperature and time conditions of the extraction process. Emerging eco-innovative
extraction technologies are becoming a promising alternative to conventional methods
for producing safe and nutritive proteins with preserved techno-functional properties.
Furthermore, the combination of some of these methodologies with enzymatic hydrolysis
has been demonstrated to improve the yield and biological properties of protein-derived
peptides with the capability to be incorporated into functional foods and nutraceuticals.
As presented in this review, although many advantages have been associated with the use
of these technologies at a laboratory scale, the research is still in its infancy, thus further
studies demonstrating their economical and environment suitability at an industrial scale
are required.
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Abstract: Over recent years, the food industry has striven to reduce waste, mostly because of rising
awareness of the detrimental environmental impacts of food waste. While the edible oils market
(mostly represented by soybean oil) is forecasted to reach 632 million tons by 2022, there is increasing
interest to produce non-soybean, plant-based oils including, but not limited to, coconut, flaxseed and
hemp seed. Expeller pressing and organic solvent extractions are common methods for oil extraction
in the food industry. However, these two methods come with some concerns, such as lower yields
for expeller pressing and environmental concerns for organic solvents. Meanwhile, supercritical
CO2 and enzyme-assisted extractions are recognized as green alternatives, but their practicality
and economic feasibility are questioned. Finding the right balance between oil extraction and
phytochemical yields and environmental and economic impacts is challenging. This review explores
the advantages and disadvantages of various extraction methods from an economic, environmental
and practical standpoint. The novelty of this work is how it emphasizes the valorization of seed
by-products, as well as the discussion on life cycle, environmental and techno-economic analyses of
oil extraction methods.

Keywords: seeds; supercritical CO2 extraction; solvent extraction; expeller pressing; enzyme-assisted
aqueous extraction; techno-economic analysis; life cycle assessment

1. Introduction

The sustainability and valorization of by-products have become an important focus
of the food industry over the past few years. According to the Food and Agriculture
Organization (FAO) of the United Nations, every year, approximately 1.3 billion tons,
equivalent to 30% of total food production, is wasted globally. This volume of food waste
is worth USD 750 million. Several initiatives have been implemented to combat food waste.
In 2013, the United States Department of Agriculture (USDA) partnered with the United
States Environmental Protection Agency (US EPA) to formally set a goal to reduce the
country’s food waste by 50% by 2030 [1,2]. Additionally, the EPA identified a food waste
hierarchy that prioritizes feeding hungry people, feeding animals, industrial use, com-
posting, then incineration or landfilling (in order of decreasing preference) (Figure 1) [3].
The Food Recovery Act of 2017 instituted various guidelines encouraging farms, grocery
stores, restaurants and institutions to donate excess food, set up composting and anaerobic
digestion programs and reduce overall food waste [4]. In California, the legislation “Senate
Bill 1383” requires businesses to recover at least 20% of disposed edible food and divert it
for human consumption by 2025 [5].

Among the various types of food waste generated, roots, tubers and fruits and veg-
etables are the most notable ones, representing 45% of the total waste. In addition, a
whopping 20% of oilseeds, which come from crops such as sunflowers grown specifically
to produce edible oil, are lost during agricultural production and postharvest handling
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and storage [6,7]. This is a tremendous amount, considering that global oilseed produc-
tion was forecasted to reach 632 million tons during 2021–2022, and is expected to be
worth USD 162.5 billion by 2025 [8,9]. Furthermore, processors are aiming to reduce all
forms of seed-related waste by applying various strategies including but not limited to
valorizing by-products by extracting residual phytochemicals or oil for the food, cosmetic,
or pharmaceutical industries. For example, tomato seeds, recovered during the process-
ing of tomato-based products such as paste and ketchup, could be a source of edible oil.
Meanwhile, in recent years consumer preference has grown for foods that promote health
benefits, are environmentally friendly and offer a pleasant taste and aroma. As a result, the
market for specialty oils (which refer to non-commodity oils with functional properties that
are not further refined, bleached, or deodorized) has considerably increased [10]. Seeds in-
deed often contain desired unsaturated fatty acids and phytochemical components, which
exhibit antioxidant and anti-cancer effects [11]. Among the specialty oils, coconut and
olive oils (the latter of which is not from an oilseed) have become popular, with production
reaching 3.67 million tons and 3.1 million tons, respectively, in 2020 [12]. Other less popular
specialty oils include sesame, flaxseed and hempseed oils [13]. It should be noted that
identifying what crops are grown specifically for their oilseeds (as opposed to crops that
have seeds but are also utilized for other purposes) can sometimes be confusing. Thus, a
summary of the categories of all the matrices discussed in this paper is included for the
purpose of clarity for the readers (Table 1).

 
Figure 1. Priorities of the food recovery hierarchy, from most desirable (1) to least desirable (6). Adapted from [3].

Table 1. Types of extracted seed matrices in research studies covered in this literature review.

Oilseed Other Seed Type

Canola/Rapeseed Almond
Linseed (also known as flaxseed) Coriander

Jatropha curcas Hemp
Soybean Favela

Sunflower Passionfruit
Camelina Peach

Castor Elaeagnus mollis
Mustard Moringa
Peanut Grape

Forsythia suspense

Recently, the food industry has prioritized balancing the economic and environmental
aspects of edible oil production. This shift has been driven mainly by the consumers who
have been more conscientious about sustainable food production and its three pillars:
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people, planet and profit. Among the oil extraction methods being considered, expeller
pressing and solvent extractions are most commonly used at an industrial scale [14]. How-
ever, both methods have some major pitfalls to overcome: a lower oil yield with expeller
pressing compared to solvent extraction can make the process economically disadvanta-
geous, and the use of organic solvents brings environmental concerns. With the increasing
focus on the environmental impact of unit operations used during processing and the
development of green chemistry, more studies have focused on improving the extrac-
tion methods so that less energy is required and less chemical pollutants are released
by these processes [15]. Supercritical CO2 (SCO2) and enzyme-assisted extractions are
alternatives to solvent extraction and expeller pressing, which are considered traditional
oil extraction methods.

This review includes studies on oil extractions of seeds that were published between
2010 until the present day, with the exception of a few studies that are older. The purpose
of this review is to explore the advantages and disadvantages of oil extraction methods
of seeds from the lens of sustainability and food waste reduction, as well as life cycle,
environmental impact and techno-economic analyses.

2. Mechanical Pressing

Historically, oil has been pressed out of seeds by indigenous communities for centuries,
and the mechanical pressing of soybeans dates back to the 1940s [14]. There are two broad
categories of equipment for oil extraction: expeller press and extruder (Figure 2). Expeller
pressing is often limited to small scale, on-farm seed grinding operations. For example,
canola, sunflower, flax and safflower oils are extracted via expeller pressing in the mid-west
and northeastern United States. Due to its low cost, expeller pressing is also often used in
developing countries, such as rural India, for linseed oil extraction [14,16].

Figure 2. Major types of mechanical pressing.

An expeller press has a screw that rotates in a perforated barrel. The discharge area
is partially obstructed, exerting pressure onto seeds to extract oil. Expeller pressing is
considered an easy method for oil extraction because it only requires mechanical power and
does not need organic solvents [17]. The extraction temperature can be kept under 50 ◦C
to perform cold pressing, which can help preserve nutritional compounds of the oil [18].
However, one disadvantage of this method can be its lower oil recovery. If spacing is too
small within the perforated barrel, or if high compaction of seeds results from pressing, it
can jam the operating screw and leave 5 to 20% of the total oil in the residual cake [17,19].
Thus, there has been interest in making expeller pressing more efficient and, therefore,
more economically viable.

Several parameters need to be considered to improve oil extraction yield and quality,
and one such example is screw rotation. When using a pilot expeller press designed for
cold pressing, increasing rotation from 1.2 to 18 rpm increased press capacity from 2.2 kg
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seed/h to 29.4 seed/h, while decreasing canola oil yields from 91 to 84% [20]. Additionally,
the number of presses was shown to affect the oil yield and the quality of linseed oil.
Increasing the number of presses of an expeller press from one to two increased linseed oil
yields from 19 to 32%, while adding a third press did not significantly affect the oil yield.
Implementing a double press also led to the highest total phenol (27 mg GAE/100 g, which
was a 170% increase from a single press) and total flavonoid content (7 mg rutin eq/100 eq,
which was a 40% increase from a single press). Applying more than two presses started
to degrade these compounds due to the high pressure and temperature [16]. Another
approach to increase the oil yield was to blend oilseeds to improve the consistency of the
matrix, which enhanced the permeability and oil recovery. For example, an oil recovery of
94.7% was obtained with Jatropha seeds blended with soybean, and decreased to 88.4 and
75.4% when blended with maize and rapeseed, respectively [21].

Another way to improve oil extraction is to perform extrusion of the seeds (Figure 2).
This process, which also relies on screw configuration, is used to modify the shape and
properties in applications such as expanded snacks (such as cheerios) or obtain liquid
extracts from plant material. The end of the screw allows for seeds to be extruded through
a perforated plate and discharges oil [17,22,23]. Extrusion has been used as pretreatment
prior to expeller pressing of soybean oil, extracting over 70% of oil compared to single-step
expelling, which yielded 60% [24]. This process has also been used for simultaneous
treatment with fatty acid methyl ester as a solvent, extracting 98% of oil from sunflower
seeds [25].

Single-screw extrusion (expander) is mostly employed at a large-scale for the pressing
of oil from seeds, but twin screw systems are used in laboratory and pilot studies [18,23].
The advantage of a twin extruder is that it allows for a thermomechanical treatment of
seeds and avoids further pre-treatment steps (such as dehulling, flaking, cooking) often
necessary to obtain high oil yields from single-screw operations [17,22,23]. A twin extruder
set to 50 rpm and a flow rate of 2.27 kg/h can extract up to 50% of coriander oil without
any pretreatment [26]. Fifty percent of oil was also obtained from sunflower seeds with
parameters set to 80 ◦C, 60 rpm and a 24 kg/h flow rate [27]. It would be worthwhile to
directly compare the oil yields obtained using single versus twin screw extrusion as a pre-
or co-treatment for expeller pressing. There is still more work to be conducted regarding
correlating research results from lab-scale expeller pressing of various seeds and scaling up
to industrial presses [17].

3. Solvent Extraction

Hexane (or n-hexane, which is its isomerized form) is the most commonly used organic
solvent in the oilseed extraction industry due to its efficiency in oil recovery, inexpensive
costs, recyclability, non-polar nature, low heat of vaporization and low boiling point
(63–67 ◦C) [28,29]. Hexane extraction is especially utilized to produce soybean oil, which is
the most consumed vegetable oil in the U.S. [30]. However, hexane is explosive, making it
unsafe for workers in food-processing plants. In addition, it is both a neurological toxin
and a hazardous air pollutant and can cause environmental pollution [31]. Although it
is feasible to minimize these concerns with proper precautions, the production of certain
foods, such as all organic foods, is restricted from hexane use. There is indeed evidence
that hexane residue up to 21 ppm can be found in soy ingredients and in the 1 ppm range
in vegetable oils [32,33]. For soy foods, the Food and Drug Administration (FDA) has
not set maximum hexane residue limits, but the European Union (EU) prohibits hexane
residue levels greater than 10 ppm. The EU has also set other hexane residue limits that
vary depending on the food product [34].

There are many examples of the use of co-solvents during solvent extractions [35,36];
however, in this review we are only covering studies that discuss single solvent extractions.
Alternatives to hexane such as ethanol (a natural, non-toxic solvent allowed in organic
food production) have been investigated [37]. As ethanol is more polar than hexane, it has
the capability to extract more polar compounds such as polyphenols, pigments and soluble
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sugars. The benefit of using ethanol vs. n-hexane was demonstrated during the extraction
of sunflower collets (ground oilcake or expanded material), with a 32% vs. 23% yield of
extracted material (oil and other compounds), respectively [38]. With sunflower collets,
ethanol extraction led to a 38% greater extractability of tocopherols and phospholipids
compared to n-hexane [38]. With castor seeds, no significant difference was found in the oil
yield between hexane and ethanol, but the extract obtained with ethanol had significantly
higher level of sterols than in the hexane extract [39].

Oil extraction yields can be improved using other organic solvents besides ethanol.
Isopropanol extracted 49 wt.% oil from favela seeds, which was significantly higher than
47% using n-hexane [40]. The extraction method itself can have an important impact on the
choice of the organic solvent leading to higher oil extraction yield. When ultrasound, shaker
and Soxhlet methods utilizing hexane, acetone, ethanol and isopropanol were compared
for the extraction of passion fruit oil, the highest oil yield (26%) was obtained using hexane
during Soxhlet extraction. Acetone was the most effective solvent for ultrasound extraction
(24% vs. 17% when using hexane) [15]. Ethyl acetate has characteristics that could be
beneficial, as it is less flammable and hazardous and 33% cheaper compared to n-hexane.
Similar oil extraction yields were obtained during the extraction of canola seeds with
hexane (21–36%) and ethyl acetate (25 to 40%), while for camelina seeds, it ranged from
9–16% for both solvents [41]. Thus, the literature provides evidence that alternative organic
solvents could replace the use of hexane for a similar oil extraction yield.

4. Supercritical CO2 Extraction

There has been a rise of SCO2 technology over the past few decades, with over 150 su-
percritical fluid extraction plants located around the world in 2014, mostly in North America
and Europe [42]. SCO2 is used to de-caffeinate coffee and tea and extract oils, antioxidants,
natural food colorings, aromas and flavors from various food matrices [43]. For oil extrac-
tion in particular, it has been applied to a wide variety of seeds such as apricot, canola,
soybean, sunflower, grape, acorn and walnut seeds [44]. During SCO2 extraction, pressur-
ized CO2 solvent is mixed with solid raw material (often ground to reduce the particle size),
which allows for the extraction of the compounds of interest. A pressurized CO2 solvent
begins to form at its critical point of 31 ◦C and 7.38 MPa, where the gas and liquid phases
come together to form a homogeneous fluid phase beyond the supercritical fluid region.
The advantages of SCO2 extraction over conventional solvent extraction methods include
higher diffusivity, lower viscosity and surface tension and faster extraction times [43].
Additionally, using CO2 has environmental benefits such as being nonflammable and
recyclable. It allows for improved product quality by leaving no residues and maintaining
high purity of extracted materials. For these reasons, it is often considered a “greener”
extraction method compared to solvent extraction [45].

However, there are several pitfalls to using SCO2. The non-polarity of CO2 lim-
its extraction capabilities of polar phytochemicals, such as phenols [46,47]. This extrac-
tion method is also expensive because it relies on equipment that handles high pressure,
which increases investment and maintenance costs [48]. Additionally, there is a lack and
need for continuous systems for increasing large-scale production capacity. For these
reasons, widespread adoption of this extraction method by the food industry has been
lagging [43,49]. While having benefits that other technologies do not have, the economical
competitivity of SCO2 is a major pitfall for its development [42].

The selection of the most favorable SCO2 extraction parameters for pressure, tempera-
ture, solvent flow rate, size of materials and moisture content are dependent on the type
of seed and molecules of interest. For hemp seed oil, increasing the pressure reduced the
extraction time (4.5 h at 30 MPa vs. 3.5 h at 40 MPa), while increasing the temperature from
40 to 60 ◦C did not significantly impact the extraction yield [50]. Oil extraction of peach
seeds was improved by decreasing the particle size and increasing the temperature, flow
rate, pressure and extraction time. Applying SCO2 for 3 h at conditions of 40 ◦C, 20 MPa
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and 7 ml/min to 0.3 mm ground peach seeds led to a 35% oil yield. This was within the
range reported for peach seeds extracted using solvents [51,52].

Sometimes the benefit of SCO2 over solvents is observed in oil quality rather than
yield. When extracting samara oil from different cultivars of Elaeugnus mollis Diels seeds
using SCO2, the oil yields ranged from 25–38%, which were significantly lower than
with hexane (47–52%). However, the use of SCO2 led to a higher quality oil due to the
greater extraction of unsaturated fatty acids, such as linoleic acid, which promotes brain
function [53]. Although the oil yield from Moringa seeds from petroleum ether extraction
surpassed that of SCO2 extractions, there was no significant difference in fatty acids,
tocopherols and sterols between the two methods [54]. The SCO2 extraction of different
grape seeds successfully led to 3.4–4.8 mg/kg extraction of lycopene, a carotenoid that
serves as an antioxidant and precursor to vitamin A. This represented an approximately
20% increase when compared to hexane [55,56].

However, the low polarity of CO2 can cause difficulty in the extraction of polar lipids,
such as phospholipids and phenols, and could be a major drawback for this technology.
This can be overcome by combining polar co-solvents with SCO2, which improves solubility
of the solute during extraction via dipole–dipole and hydrogen bond interactions [57,58].
SCO2 extraction of camelina seeds using ethanol as a co-solvent improved the extraction
of phospholipids and phenols, and thus increased total lipid yields (34% vs. 23% for pure
SCO2 extraction) [59]. The highest total phenol content from grape seeds was achieved
through a sequential SCO2 extraction, in which non-polar components were removed from
grape seeds first, and then 15% mol ethanol was added to recover phenols from defatted
grape seeds. Thus ethanol-assisted SCO2 extraction may provide oils with better health
benefits by extracting higher yields of specific compounds [60].

5. Aqueous Extraction Processing

The main benefit of aqueous extractions (AEP) for seeds is that water can be used as a
more environmentally friendly solvent compared to organic solvents such as hexane. With
solvent extractions, the oil from the seed substrate is dissolved into the solvent phase. The
oil is then recovered by the evaporation of the organic solvent. With AEP, oil is typically
partitioned into the following fractions: solid residue, protein-rich skim, lipid-rich cream
and free oil (Figure 3). Therefore, additional steps are necessary to release free oil, such
as demulsification from the cream. However, these steps could add significant costs to oil
recovery; therefore, the most ideal extraction would be one that extracts the most free oil.
Hence, extraction yield is not always the best indicator of recovered free oil.

Figure 3. Image of partitioning in aqueous extraction slurry after centrifugation.
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Regardless of the matrix, AEP usually has lower yields than the ones obtained with
organic solvents; however, some research studies have shown competitive recovery yields
up to 96% [61,62]. Pre-treatments are commonly applied prior to aqueous extractions, and
all have the same goal of breaking down/softening the seed matrix to increase oil recovery.
For example, roasting seeds can improve yields because applying heat to the substrate
can rupture cell walls and allow for better oil release [63]. Thus, using the optimized
roasting temperature and time of wild almonds led to an oil extraction yield of 35%
(w/w) [61]. Flaking and extrusion prior to aqueous extraction can also promote increased
cell disruption, allowing for better water penetration and release of entrapped compounds.
For the aqueous extraction of soybeans, oil extraction yields improved significantly when
using extruded full fat soybean flakes (68%) compared to non-treated soybean flakes
(60%) [64]. Some pretreatments were shown to specifically improve free oil recovery.
Flaxseed kernels pretreated with 0.3 M citric acid and dried at 70 ◦C for 1 h prior to
aqueous extraction led to the development of a thinner cream layer and increased the free
oil yields from 19 to 83%. This significant increase in free oil recovery was related to the
ability of the acid treatment to affect protein properties, which led to the coalescence of
oil bodies and size reduction in protein bodies [65]. Furthermore, different instruments
can be used to perform aqueous oil extraction. The use of a twin-screw extruder for the
aqueous extraction of sunflower seeds led to 35% higher oil yield than when processed in a
blender [66].

Enzyme-assisted Aqueous Extraction (EAEP)

Enzymes are frequently used in all realms of food processing and their addition to
aqueous oil extraction offers many advantages. Oil is difficult to release from the cotyledon,
which is protected by cell wall structures made up of cellulose, hemicellulose, lignin and
pectin [28]. Thus, seeds can be treated with substrate-specific enzymes such as carbohy-
drases (i.e., cellulase, hemicellulase and pectinase) to degrade the cell wall and facilitate
oil release. Protease is utilized for hydrolyzing proteins in the cell membrane, which
increases the extraction efficiency of seeds [67,68]. Enzyme treatment is environmentally
friendly, occurs at mild temperatures and does not produce solvent residues [28,67,68].
Life cycle analyses (LCA) on enzyme usage in food, feed and pharmaceutical industries
have demonstrated that enzymatic processes lead to less impact on global warming, acidi-
fication, eutrophication, ozone formation and energy consumption [69]. Enzymes can be
expensive, but costs could be compensated by the increase in extraction yield or enzyme
recycling [67,70].

As in any process, optimizing parameters is important to obtain good extraction yields.
While the optimal pH of enzymes depends on many parameters including the type of
enzymes (for example, proteases vs. carbohydrases), it is also crucial to set the pH far
from the isoelectric pH (pI) of seed proteins. At their pI, proteins are insoluble, which can
hinder oil extractions [28,71–73]. Temperature is another important parameter to consider
when using enzymes, with the ideal range for enzymatic hydrolysis typically between
45–55 ◦C. If temperatures are too high, enzymes can become inactive and, thus, reduce
their hydrolysis capabilities. However, temperatures that are too low can slow the reaction
rates of enzymes and the extraction rate of oils [28,71,74,75].

The benefit of EAEP has been shown in comparison to AEP of seeds. For the oil
extraction of Moringa seeds, individual addition of proteases and carbohydrases led to oil
yields ranging from 17–23% compared to 8% for the control. Protease led to highest oil
recovery due to its role in solubilizing proteins in the seed substrate [76]. Adding 0.85%
alkaline protease to an almond cake slurry extracted for 1 h at pH 9 and 50 ◦C led to a
significantly higher oil extraction (50%) compared to the non-enzymatic control extraction
(42%) [77]. However, some studies show that enzyme addition does not improve oil
yields [78]. For example, EAEP vs. AEP of almond cake extracted using the same enzymes
and parameters mentioned above did not lead to significantly different oil extraction yields
(26 and 29%, respectively). However, the change in scale may have contributed to the
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different outcomes; the first study was conducted at lab scale (50 g), while the second study
was at pilot scale (750 g) [79].

Another approach is to use a cocktail of enzymes, added simultaneously, during the
extraction. A cocktail of cellulase, pectinase and hemicellulase was used to extract oil
from yellow mustard flour through a 3-h enzyme-assisted aqueous oil extraction set to pH
4.5–5.0 and 40–42 ◦C. Yields of 76% of oil and 75% of protein were reported, which were
significantly higher compared to aqueous extraction leading to yields of 56% of oil and 61%
of protein [73]. The oil extraction of Forsythia suspense seeds was improved using a cocktail
of cellulase, pectinase and proteinase (17 vs. 7% for AEP, respectively). This improvement
was attributed to more components within the seed cell walls being degraded [80].

Sometimes enzyme addition is more helpful during the demulsification step to release
free oil from the cream layer. Due to the composition of the cream layer, proteases and
phospholipases are often considered [81]. The mechanisms involved during enzymatic
demulsification include hydrolysis of the proteins in the emulsion, leading to larger oil
droplet coalescence and free oil recovery [71,73]. Enzymatic demulsification of cream using
0.5% alkaline protease after both AEP and EAEP of almond cake significantly improved
the free oil yield (60–63%) compared to the control (up to 39%) [78]. Cream from peanut
seed extraction was also destabilized using alkaline protease, achieving a 65% free oil yield.
This was a steep increase compared to the cream from the control, which had less than a
5% free oil yield [82]. Additionally, enzymes can be used to increase protein recovery from
the skim layer. Protease-based EAEP of almond flour set to pH 9 and then adjusted to pH
5 (the pI of almond proteins) led to the production of significantly more soluble peptides
compared to AEP (45 vs. 23%, respectively) [79]. These examples highlight the potential
for enzymes to be used on the various fractions of EAEP for multiple food applications.

6. Life Cycle and Environmental Impact Analyses

Each oil extraction method has its own advantages and disadvantages in terms of
environmental, economic and practical aspects. Therefore, the best method depends on
the matrix and specific desired outcomes. Life cycle analyses (LCA) is one way in which
environmental impacts can be assessed for the lifetime of any given food product, from
cradle-to-grave or even cradle-to-cradle. This tool has become more popular in the food
sector in the last decade, which is evident by the increasing number of publishing frequency
of LCA studies regarding food topics [83,84]. LCA, which is independent of time and
location variables, is often contrasted to Environmental Impact Analysis (EIA). The latter is
a tool that also considers the environmental impact of food products, but unlike LCA, it
also covers social impacts, such as time-related or local geographic factors [85,86].

LCA studies on edible oils frequently cover oilseed crop cultivation, oil extraction
and transportation within their system boundaries [87]. Yet, there is limited information
on the environmental impacts between extraction methods. An LCA study on mustard
seed oil demonstrated that extraction via pressing had significantly lower environmental
impacts than a combination of pressing and solvent use. The latter method showed an
8–9% increase for several impact categories, such as human toxicity and particular matter
potential. The impact based on photochemical oxidant formation potential increased by
15% due to hexane emissions [88]. When comparing the use of hexane vs. ethanol during
the soybean oil extraction process, the net present value (the economic metric representing
cash flow) was 10.2% higher for hexane extraction; however, the global warming potential
for ethanol extraction was lower by 10,600 tons of CO2eq per year [89].

Additionally, EIA has been performed to compare mass flows, energy consumption
and global warming potential between hexane, expeller and EAEP methods for soybean
oil processing (Table 2). As with mustard seeds, it was demonstrated that the use of
hexane to extract soybean oil had the highest environmental impact. Additionally, hexane
displayed a higher thermal risk and impacts on acute, chronic and eco-toxicity; however,
hexane extraction was the lowest regarding air pollutant and greenhouse gas (GHG)
emissions. The expelling process had the lowest environmental impact because it uses the
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least amount of chemical additives. However, its downside was generating the highest
GHG (about 11 times more CO2 and CH4 emitted from 1 kg of soybean oil production
compared to hexane extraction) and the highest criteria pollutant emissions due to the
energy used during pressing. EAEP was concluded to be an ideal alternative candidate
because it has lower environmental impacts compared to hexane extraction, and released
less GHG and pollutants compared to expelling [90]. Although EAEP was again shown
to lower environmental impacts in another study on soybean oil extraction, it had the
highest CO2 and GHG emissions compared to pressing and hexane, which was explained
by the intensive electricity consumption used during the pretreatment (cleaning, drying,
cracking, flaking and tempering) of the soybean substrate to maximize the oil yield. As a
consequence, it was concluded that expelling, and not EAEP, was the cleanest oil extraction
method [91].

Table 2. Comparison of published techno-economic analysis and environmental impact analysis studies on soybean oil
extraction methods (adapted from [24,70,90,92,93]).

Extraction Method Oil Yields
Profitable Capacity of

Annual Oil Production
Revenue Sources Environmental Impact Analysis

EAEP 1 Over 80% >17 million kg
24% from oil
>70% from

insoluble fibers

Similar environmental impacts
to expelling

Lower greenhouse gas and criteria
pollutants emissions

Extruder-expelling 72% 13 million kg 23% from oil
77% from meal

Lowest environmental impacts
Highest greenhouse gas and criteria

pollutants emissions

Hexane Over 99% 87 million kg
39% from oil

>60% from meal
and hulls

Highest environmental impact
Most energy efficient

Lowest greenhouse gas and criteria
pollutants emissions

1 Enzyme-assisted aqueous extraction processing.

7. Techno-Economic Analysis (TEA)

Economic feasibility is the main driver in the decision process on which extraction
method to apply at an industrial scale; however, environmental impacts are increasingly
being considered. Techno-economic analysis (TEA) allows the breakdown of profits and
costs for any type of industrial process, and the analysis has been applied to oil extraction.
A wide variety of parameters need to be considered when performing TEA, including, but
not limited to, the scale of the extraction processes, type of substrate and extraction plant
location [24]. Despite some variabilities in the outcomes of studies focusing on oil extraction
methods, the valorization of co-products is of paramount importance for making profit
and offsetting the costs for advanced extraction technology in processing plants [24,70,92].
When possible and economically viable, these co-products are widely utilized as animal
feed and non-food applications instead of being discarded as food waste [24,92].

A good example illustrating this point is what occurs in the soybean oil industry
(Table 2). During expeller pressing, the solid residue made of fiber and protein often has
residual oil, which adds value to this co-product. When TEA was applied to a two-step
extruder–expelling of soybean oil extraction, it was found that soybean meal was the
driving force in profits, contributing 75% of total revenues [24]. Similarly, the importance of
soybean co-products on the techno-economic value of EAEP extraction was demonstrated.
Although EAEP led to an extraction yield that can compete with organic solvent extraction,
the enzyme and facility costs for extraction and demulsification equipment were high.
Soybean oil profits only accounted for 27% of total revenues, but co-product utilization
in soybean/corn-based ethanol production made up 74% of total revenues. Other money
saving practices may include recycling the enzymes and reusing the skim as a water
source [70].
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As with soybean oil extraction, the economic feasibility of alternative green extrac-
tion methods for other seeds were demonstrated to be dependent on their co-products.
The values of the co-products (rapeseed meal and molasses) compensated for the higher
crushing costs resulting from ethanol extraction compared to the hexane extraction of
rapeseed oil [37]. The economics involved in the industrial scale of SCO2 oil extraction of
3000 ton/yr of grape marc were calculated. Selling the dried skins and exhausted seed
powder by-products for cattle feed garnered extra revenue of about 60 EUR/ton (USD
78/ton). The 2100 and 2700 tons/year of dried skins and exhausted seed powder produced,
respectively, helped meet the breakeven point of 5.9 EUR/kg (USD 8/kg) [94]. In conclu-
sion, the extraction yield and cost were not the sole indicators of the economic viability of
an oil extraction process. Co-products were an important piece of the puzzle.

TEA is a powerful tool for evaluating facility scale-up and subsequent economics
of oil extraction processes. For example, a TEA model on soybean oil hexane extraction
identified that a plant capacity of 34.6 million kg of annual soybean oil production was
needed for the process to financially breakeven [92]. For the EAEP of soybean oil to be
profitable, annual oil production could not fall below 8.5 million kg [70]. SCO2 extraction
using two extractors in series increased production efficiency of grapeseed oil from 83–86%
compared to one with only a larger single extractor. Food waste was also reduced by
utilizing grape stalks and skin by-products as thermal energy during SCO2 extraction.
The grapeseed oil market value was reported to be as high as 30 EUR/kg (USD 39/kg).
When making the assumption that SCO2 extracted oil will have similar quality and thus
comparable market value, it was demonstrated the oil has market potential [94]. Another
simulation modeled the economics of vegetable oil extraction in a SCO2 industrial plant,
investigating how adjusting the extraction time and the particle diameter of the substrate
can alter costs. Maintaining a 2.3-h SCO2 extraction time reduced the production cost to
USD 9.4/kg oil. Increasing the particle size from 0.5 to 4 mm can decrease the extraction
time from 5 to 3.6 h [42].

TEA is, therefore, an integral part of determining whether an oil extraction method is
feasible at a commercial scale. Therefore, processors must consider substrate preparation
and extraction flow processes to make large-scale, green oil extraction more economi-
cal [40]. However, it is important to note that there are limitations to studying industrial
plant economics using a simulation approach. Models typically assume laboratory scale
conditions, which set ideal parameters for substrates that are less feasible at commercial
scale. Therefore, scale-up predictions must be validated, and more research is needed to
refine the accuracy of cost estimates [42]. Further investigation and collaboration with
industrial adopters of SCO2 technology is required to better understand these large-scale
oil extraction projects.

While TEA is crucial for identifying economic feasibility, more studies are now inte-
grating an environmental component to it. A techno-economic study comparing subcritical
water, SCO2 and solvent extractions of bioactive compounds from grape marc emphasized
the energy-intensive and costly aspect of SCO2 extraction. SCO2 extractions had the high-
est cost of manufacturing (USD 88/kg product) and the lowest net present value (-USD
920,000). SCO2 extraction also had the highest environmental impact due to energy use
(11.8 kg CO2-eq/kg product), which countered the common perception that SCO2 technol-
ogy is more environmentally friendly [47]. However, comparative studies are lacking in
the scientific literature, and future development of the edible oil industry would benefit
from more techno-economic analyses between various extraction methods.

8. Conclusions

The food industry has increasingly promoted a circular, green economy by prioritizing
sustainability and a reduction in food waste. One way to reduce waste is through the
development of functional by-products. Specialty seeds have been a target for conversion to
edible oils for human consumption. Several factors such as profitability and environmental
sustainability should be addressed when determining which of the many existing extraction
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methods to implement. Ethanol and SCO2 extractions are considered viable alternatives
to using hexane. Additionally, the use of enzymes during the aqueous extraction of
seeds allows for a process with less environmental risks compared to traditional hexane
extraction. The implementation of economically feasible, greener extraction practices in an
industry setting requires the valorization of co-products and optimization of extraction
parameters. With increasing interest by consumers for sustainable food products, the
specialty oil industry would benefit from improved extraction methods supported by both
techno-economic studies and environmental impact and life cycle analyses.
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