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1 | INTRODUCTION

Abstract

Structured lipids (SLs) refer to a new type of functional lipids obtained by chemically,
enzymatically, or genetically modifying the composition and/or distribution of fatty
acids in the glycerol backbone. Due to the unique physicochemical characteristics
and health benefits of SLs (for example, calorie reduction, immune function improve-
ment, and reduction in serum triacylglycerols), there is increasing interest in the
research and application of novel SLs in the food industry. The chemical structures
and molecular architectures of SLs define mainly their physicochemical properties
and nutritional values, which are also affected by the processing conditions. In this
regard, this holistic review provides coverage of the latest developments and appli-
cations of SLs in terms of synthesis strategies, physicochemical properties, health
aspects, and potential food applications. Enzymatic synthesis of SLs particularly with
immobilized lipases is presented with a short introduction to the genetic engineering
approach. Some physical features such as solid fat content, crystallization and
melting behavior, theology and interfacial properties, as well as oxidative stability
are discussed as influenced by chemical structures and processing conditions.
Health-related considerations of SLs including their metabolic characteristics,
biopolymer-based lipid digestion modulation, and oleogelation of liquid oils are also
explored. Finally, potential food applications of SLs are shortly introduced. Major
challenges and future trends in the industrial production of SLs, physicochemical
properties, and digestion behavior of SLs in complex food systems, as well as further

exploration of SL-based oleogels and their food application are also discussed.
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infant formula, frozen dessert, and bakery products. Natural
lipids are mainly composed of triacylglycerols (TAGs, ~98%)

Fats and oils are consumed in daily diets as an important
source of energy, essential fatty acids, and fat-soluble
nutrients. In food processing, they are widely used as a
heat transfer medium and a major food ingredient rendering
desirable texture, flavor, and mouthfeel to various lipid-based
food products, such as margarine, mayonnaise, chocolate,

with several minor components, including monoacylglycerols
(MAGsS), diacylglycerols (DAGs), phospholipids, glycol-
ipids, phytosterols, and free fatty acids (FFAs) (Shahidi,
2005). However, most lipids of natural origin have limited
applications in their original state due to specific fatty acid
and triacylglycerol composition (Ribeiro, Grimaldi, Gioielli,
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& Gongalves, 2009b). Although human milk fat and cocoa
butter are among the few exceptions with inherently excellent
functionality, neither of them can meet the substantial
demand in the food industry for infant nutrition or chocolate
products because of certain social and/or environmental
factors. For example, infant nutrition from breastfeeding
can not be fully satisfied due to mother’s inability or option
(Faustino et al., 2016) and likewise, natural cocoa butter
may not be sufficient for chocolate products because of
restricted climate, limited supply, and fluctuating price
(Bahari & Akoh, 2018a). Furthermore, despite the great
success of hydrogenated vegetable oils over the past 100
years, there are increasing health concerns and/or regulatory
restrictions on the dietary ingestion of saturated fatty acids
(SFAs) and trans fatty acids (TFAs) that have been found
to be closely linked to cardiovascular diseases (Akoh, 2017;
Shahidi, 2005).

Lipid modification has been proved to be a powerful tool
for addressing the above challenges, where structured lipids
with improved function and/or nutrition can be obtained by
changing the fatty acid profiles (for example, chain length,
unsaturation level, and positional distribution) of natural fats
and oils (Kadhum & Shamma, 2017; Osborn & Akoh, 2002).
In some earlier papers and book chapters, SLs were specifi-
cally defined as TAGs with modified fatty acid composition
and/or positional distribution (Lee & Akoh, 1998; Osborn
& Akoh, 2002; Shahidi, 2005); however, recently published
works have discussed the definition of SLs in a broad sense
where MAGs and DAGs are also included in the category
of SLs (Akoh, 2017; Kim & Akoh, 2015). There are various
SLs of commercial interest, such as medium- and long-chain
TAGs (MLCTs), human milk fat substitutes (HMFSs), cocoa
butter equivalents (CBEs), trans-free plastic fats, MAGs, and
DAGs (Kim & Akoh, 2015), which have been summarized in
Table 1. For example, MLCTs can be used to provide readily
available energy by introducing medium-chain fatty acids (for
example, caprylic acid (C8:0) and capric acid (C10:0); Abed
et al., 2018; He, Li, Guo, & Chen, 2018). Trans-free plas-
tic fats are synthesized mainly for replacing partially hydro-
genated vegetable oils such as margarine and shortening fats
(Lakum & Sonwai, 2018; Li et al., 2018b). HMFSs can be
obtained with palmitic acids primarily at the sn-2 position
and unsaturated FAs (for example, oleic acids) mainly at the
sn-1,3 positions to mimic human milk fat, which is the “gold
standard” (Sahin-Yesilcubuk & Akoh, 2017; Zou, Pande, &
Akoh, 2016a). The incorporation of long-chain polyunsatu-
rated fatty acids (PUFAs, for example, n-3 series) is intended
to improve the nutritional value of lipids thanks to the physio-
logical function of these kinds of fatty acids (Ganesan, Broth-
ersen, & Mcmahon, 2014; Patterson, Wall, Fitzgerald, Ross,
& Stanton, 2012). Furthermore, synthesis of 1,3-DAGs has
been an ongoing research interest mainly due to their poten-
tial health benefits in the reduction of serum TAG/cholesterol

level and body fat accumulation as well as in the modulation of
glucose metabolism (Lee et al., 2019; Lo, Tan, Long, Yusoff,
& Lai, 2008; Phuah et al., 2015).

When a new type of SL is produced, it is essentially impor-
tant to have a basic understanding of its physicochemical
properties, such as solid fat content (SFC), crystallization and
melting behavior, rheological property, interfacial property,
and oxidative stability, which largely determine their food
applications. It is widely accepted that the physical and
chemical characteristics of SLs are mainly dependent on their
chemical structure and also affected by processing conditions.
Take margarine fat for example, it requires a particular SFC-
temperature profile to ensure product functionality, namely, a
15 to 35% of SFC at room temperature for good spreadability,
no less than 10% at 20 °C avoiding oil loss, and a 2 to 3%
of SFC at 33.3 °C together with sharp melting near the
body temperature to impart cooling sensation in the mouth.
Moreover, small needle-like f’-form crystals with size not
exceeding 5 um are preferred to confer smooth texture to the
final products and avoid graininess from larger crystal size
(30 to 140 um). All the above-mentioned requirements can be
achieved by manipulating chemical composition (for exam-
ple, a diverse composition of FAs and TAGs) and processing
conditions (for example, a lower crystallization temperature,
a rapid cooling rate, and applied shear; Osborn & Akoh,
2002). In addition to physical properties, the oxidative stabil-
ity of SLs also needs to be assessed as a function of chemical
structure and processing conditions (Shahidi & Zhong, 2010).
Compared to unmodified fats and oils, SLs are produced by
applying extra processing and purification steps with altered
fatty acid profiles and even acylglycerol composition (Osborn
& Akoh, 2002; Sproston & Akoh, 2016b; Yeoh et al., 2014).
Furthermore, when they are applied in the form of emulsions
(Diao, Guan, Zhao, Chen, & Kong, 2016; Kabri et al., 2013;
Zou & Akoh, 2015b), SLs may exhibit a more complicated
behavior regarding oxidative stability, which need to be
fully understood and controlled for extended shelf-life and
acceptable quality.

The health aspects of SLs are another major consideration
when developing SLs and SL-based products. It is recognized
that the nutritional values of SLs primarily result from their
specific fatty acid composition (for example, PUFA-enriched
SLs) and/or positional distribution as well as the resultant
metabolic characteristics (for example, MLCTs, HMFSs, and
1,3-DAGs), whereas trans-free plastic fats mainly contribute
to reduced ingestion of TFAs, thereby avoiding their adverse
effects. In recent years, oleogels (also called physically
structured oils), which possess solid-like property and retain
nutritional profile of liquid oil (Agregan et al., 2019), have
been considered to be a promising strategy to fully or partially
replace saturated and/or trans fats and even interesterified fats
of palm origin and have attracted considerable research inter-
est (Demirkesen & Mert, 2019; Gravelle & Marangoni, 2018;
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TABLE 1 Fatty acid composition, acylglycerol composition, and major characteristics of common SLs

SL Type
Trans-free plastic

Fatty acid composition

e Diverse fatty acid
fats composition

o Increasing the
saturated fatty acid
content by
interesterification
between liquid oil and
palm-based oils

e Zero/low trans fatty
acids

CBEs e Oleic acids at the sn-2
position
o Saturated fatty acids
(for example, palmitic
acids and stearic
acids) at the sn-1,3
positions

HMFSs o Palmitic acids mainly
at the sn-2 position

o Unsaturated fatty
acids (for example,
oleic acids) at the
sn-1,3 positions

MLM-type o LPUFAs at the sn-2
position
e Medium fatty acids
(for example, caprylic
acids and capric
acids) at the sn-1,3
positions

MAGs —

DAGs —

Acylglycerol
composition

Diverse TAG species

1,3-Dipalmitoyl-2-
oleoylglycerol

(POP, 13.6% to 15.5%)

1-Palmitoyl-2-oleoyl-3-

stearoylglycerol (POS,

33.7% to 40.5%)
1,3-Distearoyl-2-
oleoylglycerol
(SOS, 23.8% to 31.2%)
1,3-Dioleoyl-2-
palmitoylglycerol
(OPO)

MLM

1 (3) -MAG, and 2-MAG

1,2-DAG, and 1,3-DAG

Major characteristics

® 15% to 35% SFC at room temperature
for good spreadability, and no less than
10% at 20 °C avoiding oil loss

e Small fine needle-like f’ crystals confer
smooth texture to the products.

e Desirable crystal size no more than
5 um (larger size (30 to 140 pum) may
lead to graininess).

e Solid like at room temperature (SFC >
50%), and melt rapidly in the mouth.

e Desirable polymorph is § form.

e Promoting the adsorption of palmitic
acids and calcium.

o Medium fatty acids released by
pancrelipase in the small intestine can
be directly absorbed and provide
readily energy in the liver.

o 2-MAG produced can form
chylomicrons that are adsorbed through
lymphatic systems, which is beneficial
for malabsorption patients.

o MLM-type SLs contain fewer calories
(21 to 20 kJ/g) compared to
conventional fats and oils (38 kJ/g).

o Nonionic surfactants capable of using
as emulsifiers in the food industry

o Nonionic surfactants capable of using
as emulsifiers in the food industry

o 1,3-DAGs have been reported to reduce
serum TAG level and suppress body fat
accumulation.
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FIGURE 1 Schematic representation of the main content of the present review

Although there have been several reviews either on a
particular type of SLs such as HMFSs (Sahin-Yesilcubuk
& Akoh, 2017; Wei, Jin, & Wang, 2019; Zou et al., 2016a),
MAGs and/or DAGs (Feltes, De Oliveira, Block, & Ninow,
2013; Lee et al., 2019; Lo et al., 2008; Phuah et al., 2015),
MLM-type SLs (Utama, Sitanggang, Adawiyah, & Hariyadi,
2019), and trans-free plastic fats (Berger & Idris, 2005;
Pande & Akoh, 2013), or on an overview of several common
SLs (Ferreira & Tonetto, 2017a; Kim & Akoh, 2015; Rohm,
Schiper, & Zahn, 2018), very few of them have focused
on processing-structure-function relationship of the corre-
sponding SLs. An early review of Osborn and Akoh (2002)
gave a concise introduction to several important physical and
nutritional properties of SLs and their related applications.
Recently, Rohm et al. (2018) have summarized the application
of interesterified fats (that is, CBEs and trans-free plastic fats)
in chocolate and bakery products and shortly introduced a few
physical properties including SFC and crystallization behav-
ior. On the basis of the latest advances in SLs and several novel
lipid-based products (for example, oil foams, emulsions, and
oleogels), the current work provides a comprehensive review
of SLs in terms of their synthesis methods, physicochem-
ical properties, and health aspects (Figure 1). First, novel
lipase immobilization techniques and their applications for
producing SLs were discussed, with a short introduction to
the genetic engineering approach. Some important physico-
chemical properties of SLs were also presented, such as SFC,
crystallization and melting behavior, rheological property
and interfacial property, as well as their oxidative stability as
influenced by chemical structures and processing conditions.

In regard to the heath aspects of SLs, our emphasis was
mainly put on modulation of lipid digestion by biopolymers
and oleogelation of liquid oils for reduced trans/saturated
fats, while nutritional values of conventional SLs due to their
unique fatty acid profiles and metabolic characteristics were
also briefly summarized. Finally, potential applications of
SLs in the food industry were shortly introduced.

2 | SYNTHESIS OF SLS

Various approaches including chemical, enzymatic, and
genetic methods can be applied to produce SLs, among
which chemical interesterification is a traditional and com-
mon approach in practical production due to its low cost, ease
of handling, and scaling up (Akoh, 2017; Osborn & Akoh,
2002). However, the disadvantages of the chemical method
cannot be neglected, such as lack of specificity and selectivity,
unwanted side products, higher energy consumption as well as
thermal damage of the reactants and products (Shahidi, 2005).
In this regard, both the scientific and industrial communi-
ties have endeavored to find an alternative method (that is,
enzymatic approach). Comprehensive knowledge of enzymes
in lipid modification can be observed in a recent review by
Bornscheuer (2018). Lipases have been the most widely used
enzymes in the production of SLs with considerable advan-
tages such as chemo-, regio-, and stereo-selectivity, mild reac-
tion conditions, and environmentally friendly (Bornscheuer,
2018). They can be categorized as sn-1,3-specific and non-
specific enzymes and are capable of catalyzing a variety of
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TABLE 2 Commonly used enzymatic approaches for production of SLs

Synthetic methods

Direct esterification

Description

Involving esterification between FFAs and glycerols

Reaction diagram
R,-CO-OH+R-OH - R,-CO-OR +H,0

Interesterification Involving intra- and inter-molecular exchange of acyl groups of R;-CO-OR,+R;-CO-OR, — R|-CO-OR,
acylglycerol molecules + R;-CO-OR,
Acidolysis Involving ester-exchange between TAGs and FFAs R,-CO-OR+R,-CO-OH - R,-CO-OR
+ R,;-CO-OH
Glycerolysis Involving transesterification reaction between TAGs and glycerols to R-CO-OR;+R,-OH — R-CO-OR,
produce MAGs and DAGs +R,-OH

reactions including direct esterification, interesterification,
acidolysis, and glycerolysis (Table 2). Important technical and
economic considerations when applying these types of reac-
tions to produce various SLs can be found in numerous book
chapters and review papers (Feltes et al., 2013; Ferreira &
Tonetto, 2017a; Phuah et al., 2015; Soumanou, Perignon, &
Villeneuve, 2013; Utama et al., 2019). Depending on product
requirement and substrate type, various kinds of SLs includ-
ing trans-free plastic fats, CBEs, HMFSs, MLCTs, MAGs,
and DAGs can be produced by adopting suitable methods. A
recent review of Kim and Akoh (2015) has summarized the
enzymatic synthesis of these types of SLs based on published
studies between 2010 and 2014. Therefore, we simply give
an updated progress on lipase-catalyzed synthesis of different
SLs (Table 3).

In light of the substantial potential of immobilized enzymes
for scale-up production of SLs, we primarily focus on the
most recent progress on lipase immobilization techniques
and their application for producing various SLs. In addition,
a genetic engineering approach is also shortly introduced.

2.1 | Lipase immobilization technique

Many commercial lipases for the production of SLs are
used in their immobilized forms (for example, Lipozyme TL
IM, Lipozyme RM IM, Lipozyme 435, and Novozym 435),
which makes it possible to produce SLs on an industrial scale.
Compared to free lipases, their immobilized counterparts can
be obtained through physical adsorption, physical entrap-
ment, covalent bonding, and chemical crosslinking, with
improved stability against heat and pH, easy recovery and
reusability, and suitability for continuous processes (Facin,
Melchiors, ValéRio, Oliveira, & Oliveira, 2019; Mateo,
Palomo, Fernandez-Lorente, Guisan, & Fernandez-Lafuente,
2007). For physical immobilization, lipases can be immobi-
lized onto the supports through weak interactions including
van der Waals forces, hydrogen bonds, and hydrophobic
interactions, or can be confined inside the support matrix,
whereas chemical immobilization generally involves the
formation of covalent bonds between the amino groups of
lipases and the functional groups of the carriers (Facin et al.,
2019; Shuai, Das, Naghdi, Brar, & Verma, 2017).

Considering their substantial advantages (for example,
enhanced stability and reusability) over free lipases, immo-
bilized lipases have been preferred by the food industry
to produce various types of commercial SL products such
as CBEs, trans-free margarine and shortening fats, and
HMEFSs for infant formulas (Dicosimo, Mcauliffe, Poulose,
& Bohlmann, 2013). It has been estimated that the produc-
tion scale of interesterified fats and oils, for instance, can
reach 107 tons per year (Dicosimo et al., 2013). Despite
the available commercial immobilized enzymes, contin-
uous researches have been dedicated to designing novel
carriers to immobilize lipases, intending to improve their
performance further. For example, a recent work of our
group has developed polysaccharide-functionalized magnetic
microspheres (Fe;0,@SiO, @ {chitosan (CHI)/hyaluronan
(HA)};) to immobilize lipase for the synthesis of 1,3-
dioleoyl-2-palmitoylglycerol (OPO) (Cai et al., 2019). The
lipase was covalently bonded onto the carrier through the
EDC/NHS reaction, which catalyzes the coupling between
carboxyl group of HA and amino group of lipases (Figure 2a).
This immobilized lipase generally showed better thermal
and storage stability than the free lipase and the commercial
immobilized enzyme (Lipozyme RM IM), and it remained
85% of its initial activity after nine consecutive cycles.
Various other carriers have also been fabricated to physically
or chemically immobilize lipases for production of different
SLs, which is summarized in Table 4.

When applying immobilized enzymes for the industrial
production of SLs, several factors have to be considered to
fulfill their catalytic potential and maximize the acquisition
of the target products. First, for a specific SL, it is required
to screen the desired immobilized lipase and determine the
optimal processing conditions (for example, substrate ratio,
enzyme amount, reaction temperature, time, and pH) (Bassan
et al., 2019b; He et al., 2017c; Wang, Wang, Wang, Jin, &
Wang, 2018b). Second, it is also important to select suitable
reactors. Compared to stirring batch reactors which are mostly
used in scientific researches, continuous fixed bed reactors
are more common in an industrial setting for large-scale
production of SLs with a superior efficacy (De Paula, Nunes,
De Castro, & Dos Santos, 2018; Kim & Akoh, 2006; Wang
et al., 2016). Xiao et al. (2018) have prepared immobilized
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TABLE 3 Anupdated summary of enzyme-catalyzed synthesis of major SLs of commercial interest

SLs type Synthesis methods
Trans-free Interesterification
plastic fats
CBEs Interesterification
HMFSs Acidolysis
Interesterification
MLM-type Acidolysis

Substrates

Soybean oil + palm stearin 4+ coconut
stearin

Soybean oil + fully hydrogenated
palm oil

Coix seed oil + fully hydrogenated
palm oil + Cinnamomum camphora
seed oil

Acer truncatum oil + palm stearin +
palm kernel oil

Irvingia gabonensis seed fat +
rapeseed oil/groundnut oil/palm
super olein/Dacryodes edulis pulp
oil

Illipe butter + palm midfraction

Palm mid-fraction + palm kernel oil +
palm stearin + stearin acid + oleic
acid

Fungal oil (from Mortierella alpina
ALK, containing 47.7% arachidonic
acid) + fractionated palm stearin
(rich in tripalmitin) + oleic acid

Microalgae oil (from N. oculate, rich
in palmitic acids at the sn-2
position) + n-3 PUFAs (from 1.
galbana)

Tripalmitin + FFAs (from camelina
oil, rich in linolenic acid)

Tripalmitin + ethyl oleate

Fractionated palm stearin + fish oil

Tripalmitin + extra virgin olive oil +
flaxseed oil

Tripalmitin + stearidonic
acid-enriched soybean oil

Grapeseed oil + caprylic acid (C8:0)
or capric acid (C10:0)

Microbial oils (from Mortierella
alpine, rich in arachidonic acid) +
caprylic acid (C8:0)

Enzymes used

Lipozyme RM IM (Rhizomucor
miehei)

Lipozyme 435

Lipozyme RM IM (Rhizomucor
miehei)

Lipozyme RM IM (Rhizomucor
miehei)

Lipozyme TL IM (Thermomyces
lanuginosa)

Lipozyme RM IM (Rhizomucor
mieher)

Lipozyme TL IM (Thermomyces
lanuginosa)

Lipozyme RM IM (Rhizomucor
miehei)

Novozym 435 (Candida
antarctica)/Lipozyme 435 (Candida
antarctica)/Lipozyme TL IM
(Thermomyces
lanuginosus)/Lipozyme RM IM
(Rhizomucor miehei)

Heterologous Rhizopus oryzae lipase
(rROL)/Lipozyme RM IM
(Rhizomucor mieher)

Lipase (Candida parapsilosis,
immobilized on Accurel MP 1000)

Lipozyme TL IM (Thermomyces
lanuginosus)

Lipozyme TL IM (Thermomyces
lanuginosus)

Lipozyme TL IM (Thermomyces
lanuginosus)/Novozym 435
(Candida antarctica)

Lipozyme TL IM (Thermomyces
lanuginosus)/Lipozyme RM IM
(Rhizomucor miehei)/Novozym 435
(Candida antarctica)

Lipozyme RM IM (Rhizomucor
miehei)/Lipozyme TL IM
(Thermomyces
lanuginose)/Novozym 435
(Candida antarctica)/Lipozyme 435
(Candida antarctica)
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TABLE 3 (Continued)

SLs type Synthesis methods

Ethanolysis +
esterification

MAGs Glycerolysis

Ethanolysis

DAGs Glycerolysis

Esterification

Hydrolysis

Interesterification

Substrates

Mustard+capric acid (C10:0) +
caprylic acid (C8:0) + lauric acid
(C12:0)

2-MAGs (obtained by ethanolysis of
microalgae oil from Isochrysis
galbana) + caprylic acid (C8:0)

2-MAGs (obtained by ethanolysis of
cod liver oil or tuna oil) + caprylic
acid (C8:0)

Anchovy oil + glycerol
Sardine oil + glycerol

Tuna oil + ethanol

Algal oil (Schizochytrium sp.) +
ethanol

Algae oil (from Schizochytrium sp.) +
glycerol

Palm stearin/palm oil + glycerol

Soybean oil + glycerol
Oleic acid + glycerol

a-Linolenic acid + glycerol

MAG:s + caprylic acid (C8:0)

FAs (a mixture of 60 wt% palm oil
deodorized distillate and 40 wt%
oleic acid) + glycerol

Soybean oil + water

Palm stearin + water

Soybean oil + distilled saturated
MAGs

Enzymes used

Lipozyme RM IM (Rhizomucor
miehei)/Lipozyme TL IM
(Thermomyces
lanuginosus)/Novozym 435
(Candida antarctica)

Lipozyme TL IM (Thermomyces
lanuginosus)

Novozym 435 (Candida
antarctica)/Lipozyme RM IM

(Rhizomucor miehei)/Lipases D and

DF (Rhizopus oryzae, immobilized
on Accurel MP1000)/Lipase QLM
without immobilization

Lipase PS-DI (Burkholderia cepacia)
Lipozyme 435 (Candida antarctic)

Novozym 435 (Candida

antarctica)/Lipozyme 435 (Candida

antarctica)/Lipozyme RM IM
(Rhizomucor miehei)/Lipozyme TL
IM (Thermomyces lanuginosus)

Novozym 435 (Candida

antarctica)/Lipozyme 435 (Candida

antarctica)/Lipozyme RM IM
(Rhizomucor miehei)/Lipozyme TL

IM (Thermomyces lanuginosus)/NS

40086 (Aspergillus oryzae)

Lipozyme 435 (Candida
antarctica)/Lipozyme TL IM
(Thermomyces
lanuginosus)/Lipozyme RM IM
(Rhizomucor miehei)

Lipozyme TL IM (Thermomyces
lanuginosus)

Lipozyme 435 (Candida antarctica)

Lipase (Rhizopus oryzaes,
immobilized on nanosized
magnetite particles)

Lipase PCL (immobilized on
ECR1030 and ECR8806 resins)

Novozym 435 (Candida antarctica)

Lipozyme 435 (Candida antarctica)

A lipase (from Rhizopus oryzae by
recombinant Pichia pastoris)

T1 lipase (expressed in recombinant
Escherichia coli)

Lipozyme TL IM (Thermomyces
lanuginosus)
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FIGURE 2 (a) Illustration of the
construction of Fe;0, @SiO, @ {CHI/HA };-based
on layer-by-layer self-assembly technique and its
application for the immobilization of lipase and
synthesis of OPO (Cai et al., 2019); (b) Illustration
of a continuous flow bioreactor based on
immobilized lipase using cellulose acetate Fasl particles
monoliths as the support for production of

phytosterol esters (Xiao et al., 2018)
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Clipmolig min)

€ —> Lipase
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lipase using a hierarchically porous cellulose monolith as
the support, based on which a monolithic continuous flow
bioreactor (MCFB) was constructed to produce phytosterol
esters from phytosterol and oleic acid (Figure 2b). It has been
found that the interesterification reaction in MCFB had the
highest conversion at any molar ratio and temperature levels,
followed by batch reactors with immobilized lipase and
free lipase. The MCFB showed improved thermal stability,
and under optimal conditions, the catalytic effect of MCFB
reached 31.9 mmol/g-min, which was substantially higher
than that of the immobilized batch reactor (5.2 mmol/g-min)
and free lipase batch reactor (2.1 mmol/g-min). Further-
more, the MCFB enabled the reaction to be finished within

(b)

10 min and could work continuously for 200 hr without
noticeable loss of catalytic activity (Xiao et al., 2018). In the
commercial production of SLs by using fixed bed reactors,
operation modes also play a significant role in affecting their
production efficacy. For instance, when a single fixed bed
reactor is used, the enzyme activity can be completely lost
after operating long enough, and the step for conversion of
new immobilized enzymes may reduce production efficiency.
This problem can be overcome by adopting an operation
mode where several fixed bed reactors are operated in series,
and the exhausted reactor is recharged and then used as the
last reactor in the series without disrupting the continuous
production (Dicosimo et al., 2013).
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In spite of the significant benefits of immobilized lipases as
mentioned above, several limitations should not be ignored,
such as possible enzyme activity loss upon immobilization,
unfavorable variance in kinetic properties, mass transfer
limitations as well as the cost of carrier and immobilization
process (Dicosimo et al., 2013). It should also be noted
that although immobilized lipases have been commercially
utilized in the food industry (only by a few international food
giants), the production cost is still relatively high compared
to chemical methods. This has largely limited their food
applications in a broader sense, especially when complex car-
riers or strategies are used for enzyme immobilization, which
is, unfortunately, the common case in numerous published
works. Furthermore, it is suggested that future researches
should also focus on the real applicability to match a practical
production setting when designing immobilized lipase. For
example, despite the fact that magnetic-responsive immo-
bilized lipase can be easily recovered, this advantage may
be compromised in the presence of a continuous fixed bed
reactor, which is commonly adopted for industrial production
of SLs.

2.2 | Genetic engineering

The advancement of genetic engineering has made it possible
to identify, isolate, modify, clone, and transfer desirable genes
related to plant seed lipid production, achieving the synthesis
of specific SLs in a more flexible manner (Zam, 2015).
For example, biosynthesis of HMFSs in a model oilseed
(Arabidopsis thaliana) has been achieved with more than
70% of palmitic acids at the sn-2 position by modifying the
TAG metabolic pathway with genetic engineering technique
(Van Erp et al., 2019). Vegetable oils with enhanced oxidative
stability can be obtained from genetically modified cultivars
by increasing oleic acid content and simultaneously reducing
linolenic acid content (Wilkes, 2008). Most recently, high-
oleic peanut oils have been available in the Chinese market
that is gaining popularity. In North America, high-oleic
canola oil has been largely used in commercial frying and
food processing (Akoh, 2017). Genetic engineering can also
be used to produce seed oils with a suitable amount of solid
fat by lowering unsaturation, which can serve as plastic fats
for the production of frans-free margarines and shortenings
(Akoh, 2017; Osborn & Akoh, 2002). In addition to conven-
tional oil crops, microorganisms including some fungi, algae,
and bacteria have attracted research interest as an alternative
source to marine fish for providing PUFAs, and this strategy
can not only meet the increasing consumption demand for
SLs containing PUFAs, but can also avoid potential food
safety issue due to accumulation of heavy metals in fish oils
(Béligon, Christophe, Fontanille, & Larroche, 2016; Gupta,
Barrow, & Puri, 2012; Sijtsma & De Swaaf, 2004).

Several important concerns over genetic engineering
techniques for practical production of SLs have to be taken
into account, including high costs, long periods, and cross-
pollination, and moreover the use of this method should
not compromise the crop yield and hinder seed germination
and growth. In addition, doubtful attitudes of consumers
are still a major hurdle toward the edible use of genetically
modified products. In contrast, the enzymatic approach has
been a powerful and flexible tool to synthesize a large variety
of SLs and furthermore, the scale-up production of SLs at
reduced costs can be promising thanks to the development
and application of immobilized lipase techniques.

3 I PHYSICOCHEMICAL
PROPERTIES OF SLS

SLs are usually synthesized to achieve favorable physical
properties for specific uses, which mainly depend on their
chemical structure (that is, fatty acid chain, unsaturation level,
and positional distribution) and molecular architecture (for
example, polymorphic form, crystal shape, size, and the resul-
tant crystalline network), and are also affected by processing
conditions such as temperature, cooling rate, external force,
and use of additives (Akoh, 2017; Osborn & Akoh, 2002).
Furthermore, it is also important to understand their oxida-
tive stability as affected by various factors including chemi-
cal structure, processing/purification steps, trace metals, and
antioxidants for acceptable safety and quality of SL-based
food products (Shahidi & Zhong, 2010).

3.1 | Solid fat content

Solid fat content (SFC) refers to the ratio (0 to 100%) of
solid fat present in the oil at a specific temperature, which
is usually determined by pulsed nuclear magnetic resonance
(Shahidi, 2005). SFC of a fat system is mainly affected by
fatty acid profiles, acylglycerol composition, and tempera-
ture. In general, the longer the chain length and the higher
saturation degree the fatty acids, the larger SFC the fat
(Shahidi, 2005). Trans-free plastic fats with increased SFC
have been extensively produced through interesterification of
liquid oil with solid fat (for example, palm stearin and fully
hydrogenated oil) (Dian et al., 2017; Makeri, Sahri, Ghazali,
Ahmad, & Muhammad, 2019; Zhu, Weng, Zhang, Wu, &
Li, 2018a). Owing to the presence of hydroxyl (-OH) on the
glycerol backbone, MAGs and DAGs show different acyl-
glycerol composition compared to TAGs, thus affecting their
SFC profiles. For example, according to SFC-temperature
(T, 0-40 °C) curves, lard-MAG has been reported to exhibit
the highest SFC over the temperature range, followed by
lard-DAG and lard TAG (Cheong, Zhang, Xu, & Xu, 2009).
Moreover, the SFC of the three samples all decreased with
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TABLE 5 Possible crystal nucleation and growth modes inferred
from Avrami exponent (Cheong et al., 2009)

Avrami Possible mechanism of crystal nucleation and
exponent (n) growth

3+1=4 Spherulitic growth from sporadic nuclei
3+0=3 Spherulitic growth from instantaneous nuclei
2+1=3 Disk-like growth from sporadic nuclei
24+40=2 Disk-like growth from instantaneous nuclei
1+41=2 Rod-like growth from sporadic nuclei

1+0=1 Rod-like growth from instantaneous nuclei

increasing temperature. Xu, Wei, Zhao, Chen, and Cao
(2016) used palm oil (PO) and its derivatives (palm stearin,
PS; palm mid fraction, PMF; palm olein, POL) to produce
the corresponding DAG oils, and compared their SFC-T (0 to
50 °C) curves. The results showed that PS-DAG had a lower
SEC than PS, whereas the other three kinds of DAG oils had
a larger SFC at higher temperatures (10 to 50 °C), indicating
that the SFC profiles may also be affected by oil types.

The change of SFC of an SL under supercooling condi-
tions as a function of time (SFC—f curve) has been widely
applied to monitor the isothermal crystallization kinetics.
The mathematical relationship between SFC and time can be
fitted by Avrami model (Litwinenko, Rojas, Gerschenson, &
Marangoni, 2002):

SFC () _

SFC 1 —e ¥ 1))

max

where SFC(f) and SFC,,, refer to the solid fat content at time
¢t and the maximum SFC at the equilibrium, respectively. k
is the Avrami constant, that is, the crystal growth rate con-
stant, and n is the Avrami exponent defining the crystal growth
mechanism. It should be noted that the Avrami exponent (n)
is a parameter that is related to the time dependence of nucle-
ation and the dimension number of crystal growth (Wright,
Hartel, Narine, & Marangoni, 2000). For example, nucleation
can be either instantaneous (where nuclei appears all at once
at an early stage of the process) or sporadic (where the nuclei
amount increases linearly with time), while crystal growth
can take place as either rod-like, disc-like, or spherulitic type
in one, two, or three dimensions (Wright et al., 2000; Zhu,
Zhang, Wu, & Li, 2019). Possible crystal nucleation and
growth modes inferred from the Avrami exponent have been
summarized in Table 5 (Cheong et al., 2009). Another impor-
tant parameter, half-time of crystallization (#/,), which indi-
cates the time required to attain 50% of crystals, can be calcu-
lated from k and n (Metin & Hartel, 1998):

In2\'/"
typ= (7) 2

In a recent work of Zhu et al. (2019), fast-frozen special
fat (IBSF) was produced from an interesterified blend of

{n Food Science and Food Safety

palm stearin and rapeseed oil. Based on Avrami analysis,
they found that IBSF had lower k and higher ¢, values than
the physical blend (PBSF), indicating a lower supercooling
degree and slower crystallization rate of IBSF at the same
temperature. Xu et al. (2016) reported that DAG-rich oils of
palm origin crystallized faster than their corresponding TAG
oils at the applied isothermal crystallization temperature (10,
15, 20, and 25 °C), with higher k and lower ¢, for DAG
oils. In addition, all the palm-based DAG oils exhibited no
spherulitic crystal growth with » less than 2, and compact
structures of tiny needle-like crystals were observed from the
microscopic images (Xu et al., 2016).

It should be pointed out that in some cases instead of SFC,
another parameter crystallinity (%), which was calculated
from crystallization heat by using DSC, was adopted to
represent the amount of the formed crystals (Li et al., 2018b).
Furthermore, the Avrami exponent (n) is not believed to
be sufficient to make a definite conclusion about crystal
growth mechanism unless combined consideration of the
microscopical results (Saberi, Lai, & Toro-Vazquez, 2011).

3.2 | Crystallization and melting behavior

When fats and oils are cooled at a specific temperature,
high-melting lipid molecules can first crystallize followed
by those with lower melting points, leading to the formation
of a multiscale crystalline structure (Acevedo & Marangoni,
2015; Marangoni et al., 2012). The crystallization process of
lipids overall involves four phases including the occurrence
of a thermodynamic driving force, nucleation, crystal growth,
and recrystallization (Hartel, 2013). Once the crystalline
structure is formed, it is equally important to know its melting
property, which, in combination with crystallization behavior,
greatly influences the physical properties of lipid-based food
products. Various techniques such as differential scanning
calorimetry (DSC), X-ray diffraction (XRD) and polarized
microscopy (PLM) can be applied to characterize their
crystallization and melting behaviors.

Fats and oils tend to crystallize in three major polymorphic
forms, namely, a, f, and f, and their different characteristics
have been presented in Table 6 (Wagh & Martini, 2017). For
CBEs, the desired f crystals can impart favorable properties
to chocolate products such as gloss, snap, flavor release, and
mouthfeel. Several fats and oils including palm kernel oil,
mango seed kernel fat, kokum butter, sal fat, shea butter,
and illipe fat can be blended or modified to obtain cocoa
butter equivalents, since they have similar fatty acid and
triacylglycerol composition to cocoa butter and tend to
yield f polymorph in a controlled process (Jahurul et al.,
2013). For example, Bahari and Akoh (2018a) produced
CBEs by enzymatically catalyzing a blend of illipe butter
and palm midfraction at a ratio of 10:3 (w/w). The obtained
interesterified products showed similar TAG profiles to the
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TABLE 6 Major characteristics of polymorphic forms in SLs (Wagh & Martini, 2017)

Polymorphic

form Unit cell Stability

a Hexagonal Least stable
4 Orthorhombic Metastable

p Triclinic Most stable

commercial cocoa butter (CB), with an onset melting temper-
ature of 32.7 °C, predominant f§ polymorphs, and spherulitic
crystals, which are comparable to those of CB. In regard to
margarine and shortening fats, the formation of f’ polymorph
is preferred to confer smooth texture to the final products.
It is widely accepted that a high diversity of fatty acid and
triacylglycerol composition facilitates the formation of p’
crystals (Pande & Akoh, 2013; Ribeiro, Basso, Grimaldi,
Gioielli, & Gongalves, 2009a). Interesterification generally
led to an increase in TAG species. For example, in the work
of Xu et al. (2018), new TAG peaks were observed after enzy-
matic interesterification of coix seed oil, fully hydrogenated
palm oil and Cinnamomum camphora seed oil, compared
to their raw material oils and physical blends. A similar
result was also found by Li et al. (2018b), who reported
new endothermic peaks in the DSC curves of interesterified
oil (I0) from soybean oil and fully hydrogenated palm oil.
IO exhibited similar melting curves to beef tallow (BT),
composed of denser aggregated plate-like crystals mainly in
the p’ form with smaller sizes (10 to 25 ym).

MAGs have two isomers: 1-MAGs and 2-MAGs, the
equilibrium ratio of which is 95:5 at room temperature
(Krog & Sparsg, 2003). Vereecken et al. (2009) investigated
the crystallization and melting behavior of saturated and
unsaturated MAGs with different chain length as well as their
two isomers by using DSC and XRD. For purified saturated
MAGs (MAG > 99%, consisting of 1-MAGs and 2-MAGs),
three polymorphs including f, a, and sub-a with decreasing
melting points were observed. Moreover, a second sub-a peak
could be detected for the samples with longer chains (C18:0,
C20:0, and C22:0; Vereecken et al., 2009). Similar results
were also reported in a series of following studies of the same
group (Verstringe, Danthine, Blecker, & Dewettinck, 2014;
Verstringe, Danthine, Blecker, Depypere, & Dewettinck,
2013). As the chain length increased, the saturated MAG
samples showed increasing crystallization and melting
temperatures (Vereecken et al., 2009). For a mixture of
monopalmitin and monostearin, however, the crystallization
of a polymorph and the transition to sub-a form both occurred
at a lower temperature compared to its pure constituents. In
addition, only one sub-a polymorph was observed despite
the presence of monostearin (C18:0), which was probably
ascribed to the molecular incompatibility of the various
MAGs (Verstringe et al., 2014). Krog (2001) also reported
that MAG mixtures had lower crystallization and melting

X-ray diffraction

Density Melting point spacing A)
Lowest Lowest 4.15
Intermediate Intermediate 3.8 and 4.2
Highest Highest 4.6

temperatures and a less complicated polymorphic behavior
than their pure ones. Furthermore, taking I-monostearin
and 2-monostearin as an example, it has been found that 1-
MAGs exhibited almost the same crystallization and melting
behavior as the abovementioned purified samples, whereas
2-MAGs showed entirely different behavior, characterized by
faster crystallization and only one § polymorph with greater
stability (Vereecken et al., 2009), possibly due to the fact that
the purified samples are mainly comprised of 1-MAG isomers
(Krog & Sparsg, 2003). In contrast, unsaturated MAGs had
a less complicated crystallization and melting behavior with
only one peak in the crystallization and melting curves, and
the XRD result demonstrated it to be the stable § polymorph
(Vereecken et al., 2009). However, no definite conclusion
could be reached for unsaturated MAGs, since previous work
had observed more than one polymorphic form (Hagemann,
1988), which needs to be further studied. When the chain
length was fixed, an increase in the unsaturation level (that
is, monoolein, monolinolein, and monolinolenin) resulted in
lower crystallization and melting temperatures (Vereecken
et al., 2009). Recently, He et al. (2017a) produced fish
oil-based MAGs containing different amounts of n-3 PUFAs,
and they also reported that the crystallization temperature
decreased with increasing n-3 PUFAs content in MAGS.
Similarly, there also exist two isomers for DAGs: 1,3-DAGs
and 1,2-DAGs, with 1,3-DAGs being the dominant fractions
(Lo et al., 2008). In general, 1,3-DAG molecules crystallize
faster and the obtained crystals show a higher melting point
than 1,2-DAGs with the same fatty acid composition, which
is probably attributed to their different lamellar conformation
where 1,3-DAGs and 1,2-DAGs form a V-shaped and a
hairpin-shaped structure, respectively (Lo et al., 2008). As
for DAGs with the same molecular conformation, the melting
point increases with increasing fatty acid saturation, as
observed in DSC results (heating rate: 1 °C/min) of purified
1,3-dioleoyl-sn-glycerol (26.33 °C), 1-palmitoyl-3-oleoyl-
sn-glycerol (43.63 °C), and 1,3-dipalmitoyl-sn-glycerol
(69.70 °C; Xu & Cao, 2017a). In the work of Saitou et al.
(2012), for example, when DAG-rich oils (DAG: 85.0%)
produced from rapeseed oils were cooled at 3 °C, the resul-
tant crystals were mainly composed of 1,3-DAGs instead
of 1,2-DAGs. In addition, the DAG fractions have been
found to crystallize in a sequential manner with high-melting
molecules such as 1,3-disaturated DAGs crystallizing first
followed by 1,3-saturated-unsaturated and 1,3-diunsaturated



STRUCTURE, PROCESSING, AND FUNCTION OF SLs...

Comprehensive
773

DAGs (Saitou et al., 2012). Furthermore, it has been reported
that 1,3-DAGs tend to crystallize into f-form polymorph,
while 1,2-DAGs usually exhibit « and p’ form (Craven
& Lencki, 2011; Saitou et al., 2012; Xu & Cao, 2017a).
In palm-based DAG-rich oils (DAG: 87.43% to 92.61%)
with 1,3-DAG/1,2-DAG ratio from 7/4.2 to 7/2.1, the XRD
results showed that all the DAG oils predominantly consisted
of p-form crystals (78.58% to 94.53%) as well as a small
amount of f’-form polymorphs (5.47% to 21.42%) (Xu et al.,
2016). Since 1,3-DAGs are the primary components of DAG
fractions, the presence of DAGs in TAG oils or an increase
in DAG content generally leads to an increase in the number
of f crystals (Miklos, Zhang, Lametsch, & Xu, 2013; Saberi,
Tan, & Lai, 2011; Zhao, Sun, Qin, Liu, & Kong, 2018).
Different processing parameters, including supercooling
degree, cooling rate, external force, and use of additives,
can be controlled to adjust the crystallization and melting
behaviors of SLs. Generally, a high supercooling degree, fast
cooling rate, and applied shear contribute to the formation
of small fine crystals (Akoh, 2017; Shahidi, 2005). Crystal-
lization temperature determines the degree of supercooling,
which is one of the driving forces for crystallization (Metin
& Hartel, 2005). With decreasing crystallization temperature
(25 to 10 °C), palm-based TAG oils and their derived
DAG oils all showed increased equilibrium SFC and higher
crystallization rate (Xu et al., 2016). Similar observations
were reported in interesterified fast-frozen special fats (Zhu
et al., 2019). A slow cooling rate means that lipid molecules
have more time to arrange themselves during crystallization
and form more stable polymorphs (Metin & Hartel, 2005).
In a hybrid system containing DAGs and TAGs, for example,
the samples crystallizing at a slow cooling rate (2 °C/min)
had a higher crystallization enthalpy and then transformed
to a more stable form after subsequent isothermal crystal-
lization, compared to those crystallizing at a rapid cooling
rate (25 °C/min) (Tavernier, Norton, Rimaux, Lazidis, &
Dewettinck, 2019b). Applying shear also has a significant
effect on fat crystallization through various manners, such
as accelerating fat nucleation, growth, and polymorphic
transition, and inducing orientation of fat crystal networks
(Tran & Rousseau, 2016). Furthermore, other processing
techniques including high-intensity ultrasound (Kadamne,
Ifeduba, Akoh, & Martini, 2017; Povey, 2017; Wagh, Birkin,
& Martini, 2016) and high pressure processing (Zulkurnain,
Maleky, & Balasubramaniam, 2016) have also been found to
affect fat crystallization behavior and physical properties, but
further research is still needed before these novel methods
can be applied in an industrial setting. The crystallization
behavior of SLs may also be altered by adding minor
components. For instance, in DAG-rich oils (DAG > 80%)
unpleasant “clouding” phenomenon usually occurs during
storage as a result of crystallization of high-melting DAG
fractions (Saitou, Homma, Kudo, Katsuragi, & Sato, 2014).
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This problem has been solved through the addition of polyg-
lycerol fatty acid esters (PGFEs), mainly due to formation of
a liquid-crystal-like supramolecular complex structure con-
taining the high-melting DAG fractions and PGFEs (Saitou
et al., 2014; Saitou et al., 2017). Other minor components
such as phytosterol esters (Daels, Foubert, & Goderis, 2017),
sucrose behenate (Domingues, Da Silva, Ribeiro, Chiu, &
Gongalves, 2016), lecithin (Rigolle et al., 2015), and sugar
(West & Rousseau, 2017) have also been reported to adjust
the crystallization and melting behavior of fats and oils. It
should be noted when SLs (for example, MAGs and DAGs)
are added as minor components into a TAG system, they show
complex promotion or retardation effect on the crystallization
and melting behavior, depending on additive type, addition
amount, and bulk oil type (Alfutimie, Al-Janabi, Curtis, &
Tiddy, 2016; Da Silva et al., 2017; Da Silva, Domingues,
Chiu, & Goncalves, 2017b; Tavernier, Moens, Heyman,
Danthine, & Dewettinck, 2019a), which has been extensively
reviewed (Patel & Dewettinck, 2015b; Smith, Bhaggan,
Talbot, & Van Malssen, 2011) and will not be discussed here.

3.3 | Rheological properties

Several SLs (for example, CBEs and trans-free plastic fats),
which are solid like at room temperature, are mixtures where
liquid oils are entrapped in a three-dimension network formed
by solid fat crystals (Acevedo & Marangoni, 2015; Acevedo,
Peyronel, & Marangoni, 2011). The mechanical properties
of the fat crystalline network are defined by the amount of
solid fat crystals, their size, shape, and structural organiza-
tion, which further determine the texture of the fat-based
products (Gonzalez-Gutierrez & Scanlon, 2018). Oscillatory
shear rheology has been widely applied to characterize the
mechanical properties of the fat crystalline network and to
investigate the structure—function relationship of fat systems,
which can be categorized as two modes: small amplitude and
large amplitude oscillatory shear rheology (referred to SAOS
and LAOS, respectively), according to the magnitude of the
applied stress or strain (Gonzalez-Gutierrez & Scanlon, 2018;
Macias-Rodriguez & Marangoni, 2018; Rigolle, Van Den
Abeele, & Foubert, 2018). A typical oscillatory test measures
an output of the stress (strain) wave in response to an input
of a sinusoidal strain (stress) wave, and from the stress—strain
curve various rheological parameters including complex mod-
ulus (G*), phase angle (8), storage modulus (G”), loss modu-
lus (G''), and yield stress (¢,) can be obtained (Rao, 2010).
In a SAOS mode, the experiment is performed within the
linear viscoelastic region (LVR), where the deformation is
reversible and G’ and G’ is independent on the applied strain
or stress at a given temperature and frequency. For a fat sys-
tem, a very small strain in the order 0.01% to 0.1% is usually
applied, due to the weak Van der Waals forces that hold the
fat crystal network (Macias-Rodriguez & Marangoni, 2018).
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In this region, fats behave as a viscoelastic solid with high
G’ (~10° to 10° Pa) and low frequency dependence (Macias-
Rodriguez & Marangoni, 2018). SAOS has been used to
monitor the crystallization of SLs or SL-based products and
to assess the mechanical strength of the formed crystalline
network. Xu et al. (2016) reported that all palm-based DAG
oils crystallized faster than their corresponding starting mate-
rials at 25 °C by plotting G* as a function of time. Moreover,
the equilibrium G* of PMF-DAG and PO-DAG was higher
than PMF and PO, respectively, suggesting the stronger
network structure formed by these DAG oils. Saghafi,
Naeli, Tabibiazar, and Zargaraan (2018) produced zero-trans
cake shortening (ZTC) from an interesterified blend of
palm stearin and canola oil, and compared its rheological
properties with two commercial shortenings (CM101 and
CM102). The frequency sweep (0.1 to 20 Hz) showed that
the change in moduli for all the samples was independent of
the frequency with G’ > G'’ indicating a solid-like crystalline
network, but the G’ value of ZTC was lower than that of
CM101 and CM102. Furthermore, it can be seen from the
temperature sweep test (5 to 60 °C) that the phase transition
from solid-like to liquid-like behavior (where G’ and G’/ are
equal and tan 6 = 1) occurred at a lower temperature for ZTC
(47 °C) compared to CM101 (55 °C) and CM102 (48 °C),
which was attributed to the lower SFAs and SFC in ZTC.
SAOS is also a powerful tool to elucidate the structure-
function relationship of crystalline fat networks. Several
rheo-physical models like the fractal model can be applied
to quantitatively relate the linear viscoelastic properties
of a fat system to its microstructure (Macias-Rodriguez &
Marangoni, 2018; Tang & Marangoni, 2007). This model
assumes that fat crystal network is composed of fractal flocs
or aggregates formed by self-assembly of fat molecules,
based on which the elastic modulus G’ of the system can be
related to its volume fraction @ in a power-law manner:

G ~ @ [@+0/d-D] ¢ <01 3)

G ~ ol/d-DI @501 4)
where d is the Euclidean dimension of the embedding space
(usually 3), x is the backbone fractal dimension (~1 to 1.3),
and D is the fractal dimension, which is linked to spatial dis-
tribution, compactness, and morphology of the network, and
is also used to explain the aggregation mechanism of the net-
work. However, there are very few reports on its application
in a fat system containing SLs, which need to be explored in
future researches.

In contrast to SAOS, LAOS can provide nonlinear vis-
coelastic information of fat systems, which is of practical
importance in the processing and application of fat-based
products such as extrusion of shortening and spreading of
butter (Macias-Rodriguez & Marangoni, 2018; Rodriguez,

2019). When the applied stress exceeds the yield stress, plastic
flow occurs as a result of the breakdown of the weak inter-
actions between fat crystals, and the fat network can restore
due to the restructuring of the fat crystals once the stress is
removed (Gonzalez-Gutierrez & Scanlon, 2018). Neverthe-
less, it should be noted that LAOS has not been extensively
used in an SL system as SAOS, and the large deformation rhe-
ological behavior of SLs is traditionally studied by using the
compression mode of a texture analyzer from which “hard-
ness” or “firmness” can be obtained (Saghafi et al., 2018;
Tavernier, Norton, et al., 2019b). Fortunately, the significance
of LAOS in fully understanding the non-linear rheology of
fat systems has aroused recent attention (Macias-Rodriguez
& Marangoni, 2018), which needs to be further investigated
to guide the practical application of new types of SLs.

3.4 | Interfacial properties

MAGs and DAGs are believed to be surface active due to
the presence of hydroxyl groups (-OH) as well as fatty acid
moieties in the molecules (Cheong et al., 2012). The addition
of MAGs or DAGs into TAG oils has been found to be able to
decrease the interfacial tension of the TAGs oil with MAGs
being more effective (Shimada & Ohashi, 2003). Chen,
Mcclements, and Decker (2014) reported that a small amount
of 1,3-dioleins (0% to 2.5%, w/w) added to stripped soybean
0il (SSO) only led to a slight decrease in interfacial tension,
which was attributed to their lower interfacial tension instead
of surface-active ability. The addition of monooleins at the
same concentrations, however, significantly decreased the
interfacial tension in a concentration-dependent manner,
suggesting that MAGs were partly adsorbed at the SSO-water
interface and the adsorbed amount increased with increasing
concentrations until the maximum adsorption at about 1.5%
(Figure 3a). Moreover, 7,7,8,8-tetracyano quinodimethane
(TCNQ) spectrophotometry experiment confirmed that
DAGs and MAGs added in the SSO did not form ordered
structures at the given concentration range.

TAGs have been fully or partially substituted by DAGs
to produced emulsions with enhanced nutrition (Diao et al.,
2016; Long et al., 2015; Ng, Lai, Abas, Lim, & Tan, 2014).
It has been demonstrated that variation in the oil phase
significantly influences adsorption behavior of emulsifiers,
viscoelastic properties of the formed interfacial film, and
emulsion stability (Bergfreund, Bertsch, Kuster, & Fischer,
2018; Zare, Allison, & Mcgrath, 2016; Zhai et al., 2011).
Long et al. (2015) constructed O/W emulsions stabilized
by sodium caseinate with either peanut oil (PO) or peanut
oil-based DAG oil (PO-DAG, 95.95% purity) as the oil phase.
They observed that PO-DAG/water interface had a lower
interfacial tension and almost remained constant, whereas
the PO-water interface had a significantly higher initial
interfacial tension and then decreased with the evolution
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FIGURE 3 (a) The impact of addition of different concentrations of MAG or DAG on the interfacial tension of stripped soybean oil (SSO)
(Chen et al., 2014); (b) The interfacial tension versus time for the 1 wt% sodium caseinate solution in the presence of peanut oil (PO) or peanut
oil-based diacylglycerol (PO-DAG) (Long et al., 2015); (c) Schematic illustration of the effect of oil polarity on adsorption of f-lactoglobulin and
interfacial film structure at oil-water interface in a model system (Bergfreund et al., 2018); (d) Microscopy images of oil foams formed by air
bubbles dispersed in sunflower oil stabilized by MAGs: (left) cryo-scanning electron microscopy (SEM) image, (middle) CLSM image, and (right)

polarized light image (Heymans et al., 2018)

of time. When protein adsorption equilibrium was reached,
the interfacial tension of PO-water interface was slightly
lower than that of the PO-DAG-water interface (Figure 3b).
Similar results were also observed in a previous work by
Sakuno, Matsumoto, Kawai, Taihei, and Matsumura (2008),

where they compared the adsorption behaviors and structural
changes of f—lactoglobulin at the DAG—water interface and
TAG-water interface, and found that a larger concentration
of proteins was adsorbed to the TAG—water interface with a
higher degree of structure unfolding. In a recent work using a
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model O/W emulsion, it has been reported that an increase in
oil polarity delayed the adsorption and denaturation of pro-
teins, thus leading to slower formation of interfacial film with
decreased mechanical strength (Figure 3c; Bergfreund et al.,
2018), which can largely explain the above-mentioned results
when DAG oils are used as the oil phase in contrast to TAGs.

Oil foams, also called oleofoams, non-aqueous foams, or
whipped oils, refer to a colloidal dispersion where air bubbles
are dispersed in oils (Figure 3d; Heymans et al., 2018), which
can be used as low-calorie food products (Gunes et al., 2017)
and lubricating oil (Binks, Davies, Fletcher, & Sharp, 2010).
Crystalline particles including MAGs (Gunes et al., 2017;
Heymans et al., 2018), DAGs (Shrestha, Shrestha, Sharma,
& Aramaki, 2008; Shrestha, Shrestha, Solans, Gonzalez,
& Aramaki, 2010), TAGs (Binks & Marinopoulos, 2017,
Mishima, Suzuki, Sato, & Ueno, 2016), fatty acids (Binks,
Garvey, & Vieira, 2016), fatty alcohol (Fameau et al., 2015),
and a combination of sucrose ester and lecithin (Patel, 2017d),
as well as solid particles such as fluorinated particles (Binks,
Johnston, Sekine, & Tyowua, 2015), have been reported to
be capable of stabilizing air—oil interface in oil foams. Here,
we mainly focus on edible oil foams stabilized by crystalline
MAGs and DAGs. A recent work by Truong, Prakash, and
Bhandari (2019) has applied a mixture of MAGs and phytos-
terols to produce oil foams from canola oil-based oleogels.
The obtained samples had overrun percentages ranging from
47% to 52% and showed excellent storage stability that could
maintain the initial foam volume as long as 2 months. It is
believed that the foamability and foamstability of oil foams
are determined by the phase behavior (solubility boundary)
of crystalline stabilizers in the bulk oil (Binks et al., 2016;
Chen, Van Damme, & Terentjev, 2009; Gunes et al., 2017;
Shrestha et al., 2006b; Shrestha et al., 2006¢; Shrestha,
Aramaki, Kato, Takase, & Kunieda, 2006a), which can be
controlled by altering types and concentrations of stabilizers,
foaming temperature, storage temperature, and bulk oil
types (Fameau & Saint-Jalmes, 2017). For example, when
foaming temperature is well below the solubility boundary,
MAGs or DAGs crystallize into particles to stabilize the air
bubbles formed upon whipping. However, at a temperature
above the solubility boundary, MAGs or DAGs are soluble
in the bulk oil and no foams can be formed. Moreover, an
increase in stabilizer concentration means that more particles
can be absorbed to stabilize the air—oil interface, while the
non-adsorbed particles can result in gelling of the continuous
phase for enhanced stabilization of the air bubbles (Fameau
& Saint-Jalmes, 2017). The obtained oil foams are usually
considered to be thermally responsive since the melting and
crystallization of the crystalline particles are reversible as
a function of temperature, and therefore, the stabilization
and de-stabilization of oil foams can be adjusted simply by
changing temperature (Binks & Marinopoulos, 2017; Binks
et al., 2016; Fameau et al., 2015).

It should be noted that the nature of the crystalline particles
(for example, size, shape, and polymorphs) as well as the
bulk and interfacial rheological behaviors of the stabilizer-oil
systems or the formed oleogels should also be taken into
account to understand the formation and stabilization mecha-
nisms of oil foams (Fameau & Saint-Jalmes, 2017; Heymans,
Tavernier, Dewettinck, & Meeren, 2017). For example, Hey-
mans et al. (2018) have endeavored to relate the crystalline
structure of oleogels formed by tuning tempering protocols to
the foamability and foam stability of the resultant oil foams.
Gunes et al. (2017) have studied the interfacial contribution
of crystalline particles to the foam stability in a MAG-high
oleic sunflower oil system, where the adsorbed MAG crystals
were found to form a jammed, closely packed layer that could
stabilize the air bubbles against a dilution step.

3.5 | Oxidative stability

Lipid oxidation is one of the major factors accounting for food
quality deterioration, during which free radicals, hydroper-
oxides and their decomposed compounds, and polymers can
be formed, thus leading to loss of shelf-life and nutrition as
well as formation of off-flavors and even harmful substances
(Arab-Tehrany et al., 2012; Shahidi & Zhong, 2010). Various
intrinsic and extrinsic factors can affect the oxidative stability
of fats and oils, such as unsaturation of fatty acids and their
positional distribution, minor components (for example,
FFAs, MAGs, DAGs), metal ions, light, heat, enzymes, and
antioxidants (Shahidi & Zhong, 2010) as well as physical
states of lipids (Berton-Carabin, Ropers, & Genot, 2014;
Decker et al., 2017; Villeneuve, Durand, & Decker, 2018;
Waraho, Mcclements, & Decker, 2011). In terms of SLs,
changes in fatty acid composition, positional distribution, and
acylglycerol composition (for example, DAGs), as well as
applied production and purification process, may bring about
changes in their oxidative stability, which need to be system-
atically assessed before their applications in the food industry.

3.5.1 | Fatty acid profiles

Generally, an increase in the unsaturation of fatty acids results
in decreased oxidative stability. PUFAs (for example, n-3
series) are usually incorporated into SLs to enhance nutri-
tion (He et al.,, 2018; He et al., 2017b; Palacios, Ortega,
Rubio-Rodriguez, & Busto, 2019; Wang, Wang, Wang, Jin, &
Wang, 2018a), but these types of fatty acids are highly liable
molecules and are easily susceptible to oxidation (Shahidi
& Zhong, 2010). In contrast, a decreased unsaturated level
leads to increased oxidative stability. As have mentioned
above, vegetable oils such as high-oleic peanut oils (Martin,
Grosso, Nepote, & Grosso, 2018; Nepote, Olmedo, Mestral-
let, & Grosso, 2009), sunflower oils (Roman, Heyd, Broyart,
Castillo, & Maillard, 2013; Smith, King, & Min, 2007), rape-
seed oils (Merrill, Pike, Ogden, & Dunn, 2008; Petersen,
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Kleeberg, Jahreis, Busch-Stockfisch, & Fritsche, 2012), and
soybean oils (Napolitano, Ye, & Cruz-Hernandez, 2018) have
been reported to exhibit a higher oxidative stability compared
to their normal oils. The positional distribution of fatty acids
on the glycerol backbone also affects their oxidative stability.
A series of work in Wijesundera’s group has found that TAGs
with PUFAs at the sn-2 position were more stable against
oxidation than those with PUFAs at the sn-1(3) position in
bulk oils (Wijesundera, 2008; Wijesundera et al., 2008) and
O/W emulsions stabilized by Tween 40 (Shen & Wijesundera,
2009). They have also pointed out that, however, further stud-
ies are still needed to verify these findings by changing TAG
species or by using different types of emulsifiers, and to clar-
ify the mechanism behind them (Shen & Wijesundera, 2009).

3.5.2 | Acylglycerol composition

Variations in acylglycerol compositions, as in the case
of MAGs and DAGs, may result in changes in oxidative
stability. Previous studies have shown contradictory results
when comparing the oxidative stability of DAG-rich oils
and traditional TAG oils, since some researchers observed a
decreased oxidative stability (Kristensen, Nielsen, Jacobsen,
& Mu, 2006; Qi et al., 2015; Wang et al., 2010), whereas
others reported a similar or even slightly increased oxidative
stability for DAG-enriched oils (Shimizu, Moriwaki, Nishide,
& Nakajima, 2004). It is not surprising since so many factors
can affect the oxidative stability of lipids as have mentioned
above. For example, Wang et al. (2010) observed a shorter
oxidation induction time of DAG-rich oils compared to their
TAG oils, which were obtained by partial hydrolysis followed
by two-step molecular distillation. Based on chemical com-
position analysis (that is, acylglycerol composition, fatty acid
composition, and antioxidant content), they attributed the
reduced oxidative stability of DAG oils to multiple effects
including less steric hindrance of DAG molecules, higher
unsaturation level, and lower content of antioxidants of DAG
oils as well as intense processing conditions (for example,
high-temperature purification). Therefore, it is important to
keep in mind that other variables should be maintained as the
same when investigating the effect of one factor like acylglyc-
erol composition. This has been taken into consideration in
the work of Qi et al. (2015), where column chromatography
was adopted to obtain purified DAGs and TAGs, respectively,
so that the difference in their oxidative stability could only
result from their different acylglycerol composition and fatty
acid composition, which is a forward step to understand
the effect of acylglycerol composition on lipid oxidation.
Nevertheless, continuous efforts are still required before a
definite conclusion can be reached. It is suggested future
researches are performed in a model system with a single
fatty acid composition and meanwhile other factors should
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be maintained as the same except for their acylglycerol
composition, so as to obtain more convincing results.

3.5.3 | Physical state

Various SLs such as DAGs (Diao et al., 2016; Long et al.,
2015; Shin, Lee, & Lee, 2016) and HMFs (Sproston & Akoh,
2016a; Zou & Akoh, 2015a, 2015b) can be applied in the
form of O/W emulsions. Compared to bulk oil, there are three
physical regions in an O/W emulsion, namely, oil phase, inter-
facial region, and aqueous phase, which make lipid oxidation
behavior more complicated. An in-depth understanding of
the effect of the three regions on oxidative stability can be
found in several excellent review papers (Berton-Carabin
et al., 2014; Berton-Carabin, Sagis, & Schroén, 2018; Decker
et al., 2017; Villeneuve et al., 2018). We mainly focus on
several approaches that have been explored to curb lipid
oxidation in O/W emulsion systems based on the latest
advances, mainly by strengthening the interfacial layer,
inhibiting oxidation-promoting factors (for example, aqueous
metal ions and oxygen), and adding interfacial antioxidants.
Interfacial films formed by biopolymer-based emulsifiers
can serve as a physical barrier against oxygens and proox-
idants in the aqueous phase (Berton-Carabin et al., 2014).
Increased emulsion oxidative stability has been reported when
interfacial films are strengthened by crosslinking via high-
pressure homogenization or transglutaminase (Phoon, Paul,
Burgner, San Martin-Gonzalez, & Narsimhan, 2014) and
by forming multilayer films (Hermund et al., 2016; Lesmes,
Sandra, Decker, & Mcclements, 2010). Moreover, the aque-
ous composition (for example, metal ions and oxygen) can
be controlled to inhibit lipid oxidation. Metal chelators such
as EDTA have been widely used to inhibit lipid oxidation
(Alamed, Mcclements, & Decker, 2006; Lee & Decker, 2011,
Nielsen, Petersen, Meyer, Timm-Heinrich, & Jacobsen,
2004), but an increasing demand for clean-label products
has advanced recent researches on natural metal chelators
(Todokoro, Fukuda, Matsumura, Irie, & Hata, 2016) and
active packaging with metal-chelating properties (Lin & God-
dard, 2018; Tian, Decker, Mcclements, & Goddard, 2014).
Unabsorbed emulsifiers available in the aqueous phase are
also believed to be able to inhibit oxidation (Berton-Carabin
et al., 2014). For example, Gumus, Decker, and Mcclements
(2017) have observed reduced oxidative stability of O/W
emulsions when the unabsorbed protein emulsifiers (lentil,
pea, faba bean proteins) were washed away by substituting
the aqueous phase with buffer solutions. But the oxidative
stability could be restored when the proteins were added
back, mainly due to iron-binding capacity of the unabsorbed
proteins. Addition of other types of biopolymers in O/W
emulsions, which are not intended to be used as emulsifiers,
have also been reported to exhibit antioxidant capacity such as
casein (Chen et al., 2017a), citrus pectin (Celus et al., 2018),
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and sodium alginate (Salvia-Trujillo, Decker, & Mcclements,
2016), to name a few. In addition, a recent work by Johnson,
Inchingolo, and Decker (2018) has reported that oxygen con-
tent in a fish oil-in-water system could be reduced by >95% by
using commercially accessible oxygen scavenging packaging,
which significantly improved the emulsion oxidative stability.
Furthermore, recent interests have been focused on designing
interfacial antioxidants for improved antioxidative abilities
(Freiria-Gandara, Losada-Barreiro, Paiva-Martins, & Bravo-
Diaz, 2018; Yesiltas et al., 2019), in which antioxidants can
be endowed with interfacial activity by physical or chemical
interactions with emulsifiers (Mcclements & Decker, 2017).

4 | HEALTH ASPECTS

In addition to their physicochemical properties, healthy
aspects of SLs are also of great importance since numerous
health issues such as obesity and cardiovascular diseases can
be, to some extent, controlled by adjusting dietary ingestion
of lipids and lipid-based products. The health benefits of
most conventional SLs such as MLCTs, HMFSs, 1,3-DAGs
are mainly attributed to their unique metabolic characteristics
arising from specific fatty acid composition and/or positional
distribution (Gollaher & Bistrian, 2018; Phuah et al., 2015;
Sahin-Yesilcubuk & Akoh, 2017). In the case of trans-free
plastic fats, they can serve as an alternative to hydrogenated
vegetable oils to reduce TFA consumption (Wagh & Martini,
2017). In this part, we first give a brief introduction to the
digestion and adsorption of TAGs to facilitate the under-
standing of the nutritional values of SLs. Our main interest
is focused on two novel strategies for dealing with the above
health-related issues. The first strategy involves modulation
of lipid digestion through the addition of biopolymers (for
example, proteins and polysaccharides), while the second one
is related to biopolymer-based oleogelation of liquid oils for
partial or complete replacement of trans and/or saturated fat.

4.1 | Nutrition of conventional SLs

The incorporation of PUFAs seems to be the most direct
approach to obtain SLs with enhanced nutrition, since PUFAs
(for example, n-3 and n-6 series) have been demonstrated
to exhibit excellent physiological functions (Czernichow,
Thomas, & Bruckert, 2010; Ma, Jiang, & Lai, 2016; Monteiro
et al., 2014; Nicholson, Khademi, & Moghadasian, 2013).
For example, in a recent work by Xia et al. (2019), healthy
palm based structured lipids have been produced by simply
introducing a-linolenic acid (ALA) or eicosapentaenoic acid
(EPA), and under optimal conditions, the ALA or the EPA
content can reach 27.1% and 30.9%, respectively. Meanwhile,
it should be kept in mind that the susceptible chemical
structure of PUFAs must be carefully preserved to maintain
their health benefits and prevent the adverse effects caused

by lipid oxidation (Arab-Tehrany et al., 2012). Furthermore,
a basic knowledge of TAG digestion and absorption behavior
helps to understand the nutritional properties of SLs. Based
on a recent book chapter by Ferreira and Tonetto (2017b), we
can gain a general picture of metabolic pathways of TAGs.
When TAGs are ingested, they go through a consecutive
digestive tract (that is, mouth, stomach, and small intestine)
where various digestive products including FAs, DAGs,
and 2-MAGs can be produced from lipolysis by lipases and
colipases. It is recognized that short- and medium-chain
fatty acids (MCFAs) are directly absorbed in the stomach
and/or intestine and eventually reach the liver for providing
energy. In contrast, the final products of long chain fatty
acids (LCFAs, with more than 16 carbons) and 2-MAGs
are absorbed by forming micelles with the help of bile
salts and further re-esterified into new TAGs present in the
form of chylomicrons, which constitutes the main route to
resynthesize TAGs in human body (Yanai et al., 2007).

Bearing this in mind, it is rather easy to figure out
the nutritional properties of certain SLs such as MLCTs,
HMEFSs, and 1,3-DAGs. For MLCTs (for example, MLM-
type), MCFAs are released during digestion, which can be
readily metabolized to provide energy. In the case of HMFSs,
palmitic acids are mainly at the sn-2 position (~40% to
60%) while unsaturated FAs (for example, oleic acids) at the
sn-1,3 positions, and this characteristic TAG composition is
beneficial to the absorption of palmitic acid and calcium by
blocking the formation of insoluble calcium soaps (Sahin-
Yesilcubuk & Akoh, 2017). Moreover, their nutritional value
can be further improved when PUFAs (Abed, Zou, Ali, Jin,
& Wang, 2017; Wang, Zou, Miu, Jin, & Wang, 2019) and/or
MCFAs (Alvarez & Akoh, 2016) are incorporated. DAGs,
especially 1,3-DAGs, have been reported to reduce serum
TAG/cholesterol level, enhance p-oxidation, suppress fat
accumulation, and modulate glucose metabolism (Lee et al.,
2019; Lo et al., 2008; Phuah et al., 2015). The health effects
of 1,3-DAGs are primarily due to their different acylglycerol
structure and metabolic characteristics compared to TAGs
(Yanai et al., 2007). Obviously, 1,3-DAGs are digested with-
out the formation of 2-MAGs, and therefore, the re-synthesis
of TAGs via 2-MAG pathway can be inhibited (Flickinger &
Matsuo, 2005; Phuah et al., 2015).

4.2 | Modulation of lipid digestion

Recent interests have been focused on tuning lipid digestion
through biopolymer-based food structuring (Corstens et al.,
2017; Guo et al., 2017; Sarkar et al., 2019), among which
O/W emulsions have been extensively studied as a model
system since their chemical composition, structure and
physical properties can be simply manipulated to provide in-
depth information on lipid digestion affected by biopolymers
(Mcclements, 2018). Lipid digestion is an interfacial process
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relying on collaboration work of lipases, colipases, and bile
salts at the interface of the emulsified lipid droplets (Wilde
& Chu, 2011), which may be interfered by biopolymers that
are used to stabilize emulsions.

Different stabilizers show distinct performance in delaying
lipolysis, due to their various initial nature (for example, com-
position, structure, and physicochemical properties) as well
as the complex environment of digestive tracts (Mcclements,
2018; Sarkar et al., 2019; Wilde & Chu, 2011). Natural pro-
teins have been widely used as effective emulsifiers to obtain
physically stable O/W emulsions, but they are less effective
in delaying lipolysis upon consumption. Protein-based emul-
sifiers may undergo proteolysis when they travel through
the gastric intestinal tract (GIT) and moreover, they can also
be easily displaced by surface-active bile salts in the small
intestine (Sarkar, Horne, & Singh, 2010; Sarkar, Ye, & Singh,
2016; Singh & Sarkar, 2011). In contrast, Pickering emul-
sions stabilized by various edible particles, such as cellulose
nanocrystals (Bai et al., 2019; Liu, Kerr, & Kong, 2019) and
cellulose nanofibers (Winuprasith et al., 2018), have been
found to be better at delaying lipid digestion. For instance,
Bai et al. (2019) constructed a corn oil-in-water emulsion sta-
bilized by cellulose nanocrystals (CNC), which was subject
to a simulated GIT model to assess lipid digestion behavior.
The results showed that compared to a gum arabic-stabilized
emulsion, the CNC-stabilized Pickering emulsion exhibited a
slower initial rate of lipid digestion and finally fewer amounts
of FFAs were released. This phenomenon could be explained
by multiple effects: (a) inhibition of bile salt and lipase
adsorption due to the irreversible adsorption of CNC to the
lipid droplet; (b) a reduced available surface area for the bile
salts and lipase to bind as a result of the coalescence and
flocculation of the lipid droplets; and (c) suppressed lipolysis
because of accumulation of FFAs at the lipid droplet surfaces
(Bai et al., 2019). Furthermore, it has been found that the
ability of natural proteins (for example, whey protein isolate)
in delaying lipid digestion can be enhanced by coating with
cellulose nanocrystals (Sarkar, Li, Cray, & Boxall, 2018). In
Table 7, various types of biopolymers, addition amount, their
effect and mechanism for delaying lipid digestion in different
systems have been summarized based on the most recently
published works.

Nevertheless, it should be noted that most of the above-
mentioned researches were conducted using O/W emulsion
as a model system and only in vitro GIT models were adopted
to evaluate a rather simple lipid digestion behavior (that is,
FFA release). In fact, lipid digestion and adsorption in a real
food system under physiological conditions are much more
complicated, which requires further in-depth investigations
with more advanced methods. For example, most recently,
Deloid et al. (2018) have demonstrated the delaying effect of
fibrillar nanocellulose (NC) on TAG digestion and absorption
by adopting a series of in vitro (a simulated GIT and a small
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intestinal epithelial model) and in vivo (a rat gavage model)
approaches. They also explored the possible mechanisms
through particle size analysis, SEM observation, and molec-
ular dynamics simulation. Furthermore, it is indicated that
the chemical structure of lipids (for example, fatty acid
unsaturation and chain length) may affect lipid digestion
in the presence of NC, but no definite conclusion could be
made due to complex food matrix in their studies (Deloid
et al., 2018). SLs can be produced with modified fatty acid
composition and/or positional distribution, and we have also
discussed their metabolic properties in relation to nutritional
values. However, to the best of our knowledge, there are very
few reports on the digestion and adsorption behavior of SLs
in the presence of biopolymers. It can be anticipated that
more future researches will focus on this new field especially
when SLs are applied in the form of emulsions stabilized by
various biopolymers, which may lay a basic foundation for
understanding the lipid digestion behavior in more complex
food systems.

4.3 | Oleogelation for reduced trans/
saturated fats

Public concerns over consumption of saturated fats and/or
trans fats as well as interesterified fats of palm origin can
be addressed by adopting an oil structuring strategy, where
liquid oils can be physically immobilized to obtain oleogels
with solid-like functionality and improved lipid profile (that
is, incorporation of more unsaturated fatty acids; Patel,
2017b; Patel & Dewettinck, 2016). This novel physically
structured oil has been extensively explored in various food
applications, such as reformulated meat products (Jimenez-
Colmenero et al., 2015; Patel & Dewettinck, 2016), bakery
products (Demirkesen & Mert, 2019; Patel & Dewettinck,
2016), margarines and spreads (Martins et al., 2018; Patel &
Dewettinck, 2016), chocolate products (Patel & Dewettinck,
2016; Stortz & Marangoni, 2011), ice creams (Martins et al.,
2018), and delivery systems for lipophilic bioactive molecules
(O’sullivan, Barbut, & Marangoni, 2016). Most recently,
SLs have been incorporated as the oil substrates to form
oleogels with additional health benefits. For example, Willett
and Akoh (2019a) have produced a novel oleogel using an
MLM-type SL as the oil phase. In the following work, they
have successfully explored the potential of SL-based oleogels
as a substitute for shortening yellow cake production, and the
textural properties of the obtained oleogel cake were similar
to the shortening cake (Willett & Akoh, 2019b).

Oil structuring agents are believed to play a significant
role in oleogelation, which can be primarily divided into
two categories: low molecular weight oleogelators (LMWOs)
and high molecular weight oleogelators. In the past decade,
the fundamental understanding of LMWO-based oleogels
has been substantially investigated (Co & Marangoni, 2012;
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FIGURE 4 Schematic illustration of selected examples of different biopolymer-based oleogelation strategies. (a) Oleogels structured with

methylcellulose coated palm stearine (PS) capsules using a direct dispersion method (Patel, 2017c¢). (b) Oleogels structured with freeze-dried

hydroxypropyl methylcellulose (HPMC) by adopting a foam-templated approach (Oh & Lee, 2018). (c) Oleogels formed by using water continuous

emulsions stabilized by a combination of gelatin and xanthan gum as the templates (Patel et al., 2015)

Dassanayake, Kodali, & Ueno, 2011; Doan, Tavernier, Okuro,
& Dewettinck, 2018; Patel, 2017a). Recently, oil structur-
ing with biopolymers (for example, proteins and polysaccha-
rides) has aroused considerable research interest, since most
of them are food-grade macronutrients, commercially avail-
able and relatively inexpensive (Davidovich-Pinhas, 2019;
Davidovich-Pinhas, Barbut, & Marangoni, 2016; Patel, 2018;
Scholten, 2019). In this regard, we mainly concentrate on
the most recent progress of biopolymer-based oleogels and
their food applications. Generally, several strategies includ-
ing direct dispersion of structuring agents, indirect methods
(for example, an emulsion- or a foam-templated approach),
structured emulsions and oil bulking systems can be applied
to physically structure oils (Jimenez-Colmenero et al., 2015;
Patel & Dewettinck, 2016; Singh et al., 2017). It should be
noted that we mainly focus on direct dispersion, emulsion-,
or foam-templated approaches (Figure 4), without consider-
ing the incorporation of structured emulsions and oil bulk-
ing systems since these two systems, to put it strictly, cannot
be regarded as oleogels due to the presence of water. Table 8
presents some latest reports of biopolymer-based oleogels in
terms of oleogelation strategy, type of oleogelator, oil type,
heating or drying method, and food application.

Ethylcellulose (EC), a widely used food-grade polymer,
has been extensively explored by Marangoni’s group to
structure oils in various food formulations (Co & Marangoni,
2012; Davidovich-Pinhas et al., 2016; Gravelle & Marangoni,
2018). EC has attained the Generally Recognized as Safe
(GRAS) status by the US Food and Drug Administration
for direct food use (21 Code of Federal Regulations section:
172.868). Like LMWOs, EC can be directly dispersed in
the oil phase, and the formation of EC-oleogels is believed
to involve the dissolution of the polymer in the oil above
the glass transition temperature (~140 °C) and subsequent
hydrogen bonding between EC molecules after cooling below
the gelling point (Davidovich-Pinhas, Barbut, & Marangoni,
2015). The mechanical properties of the EC-oleogels can
be altered by simply changing solvent polarity, EC type (for
example, molecular weight, substitution degree, and con-
centration), and processing conditions (for example, setting
temperature and surfactant addition; Davidovich-Pinhas et al.,
2016). Most recently, novel applications of EC-oleogels have
been exploited as the oil phase to construct cinnamon oil-
loaded O/W emulsions with antibacterial properties (Zhang
et al., 2019), or as the delivery system of lipophilic bioactive
(for example, f-carotene) for controlled transfer and enhanced
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stability (O’sullivan, Davidovich-Pinhas, Wright, Barbut,
& Marangoni, 2017). Other structuring agents, such as
hydrophobically modified chitin (Huang et al., 2015), crude
chitin or chitin nanocrystal with surfactants (that is, phos-
phatidylcholine (PC), modified PC, or sorbitan monostearate)
(Nikiforidis & Scholten, 2015), and palm stearine microcap-
sule coated with methylcellulose (Patel, 2017c), have also
been reported to produce oleogels using a direct dispersion
method. Furthermore, submicron heat-set whey protein
aggregates (WPAs) have been demonstrated to be dispersed
and form a network in vegetable oils (De Vries, Wesseling,
Van Der Linden, & Scholten, 2017c). Oil polarity has been
found to affect the mechanical strength of the WPA-stabilized
oleogels, and an increase in oil polarity produces a weaker
gel due to enhanced protein-solvent interactions (De Vries,
Gomez, Van Der Linden, & Scholten, 2017b). In addition,
the gel strength can be enhanced by water addition and sub-
sequent heat treatment, which may promote protein—protein
interactions (De Vries, Jansen, Van Der Linden, & Scholten,
2018). In the above-mentioned researches, the dispersion of
WPASs has to be aided by using a solvent exchange procedure
to prevent agglomeration of protein particles, while the
directly freeze-dried products are not able to form an oleogel
(De Vries etal., 2017b). However, they have recently observed
that freeze-dried products also show potential for oleogelation
by modifying drying process, where dried protein aggregates
from a low polarity solvent or with higher freezing rate before
drying have been found to be effective to gel a liquid oil (De
Vries, Gomez, Jansen, Van Der Linden, & Scholten, 2017a).

In contrast, an emulsion-templated or a foam-templated
approach for oil structuring is considered to be an indirect
method to obtain oleogels by first constructing a water
continuous emulsion or an aqueous foam using biopoly-
mers as stabilizers followed by removing water and further
shearing (for dried emulsion) or mixing with liquid oils
(for dried foams; Patel & Dewettinck, 2016). To form an
emulsion-templated oleogel, the drying process is required
for the removal of water in the continuous phase, but it has
been found that oil droplets in concentrated emulsions tend
to coalesce during drying (Patel et al., 2014b). A strength-
ened emulsion interface has been reported to be effective
against oil droplet coalescence by utilizing a synergistic
effect of biopolymers, such as a combination of regenerated
cellulose and carboxymethyl cellulose (CMC; Jiang et al.,
2018), methylcellulose (MC)/hydroxypropyl methylcellulose
(HPMC) and xanthan gum (Meng, Qi, Guo, Wang, & Liu,
2018a, 2018b, 2018c; Patel, Cludts, Bin Sintang, Lesaffer, &
Dewettinck, 2014a), and gelatin and xanthan gum (XG) (Patel
et al., 2015). In a recent work, a ternary complex formed by
gelatin, tannic acid, and flaxseed gum has also been fabricated
to produce a stable oleogel from soybean oil-in-water emul-
sions, due to stabilizing effect of both the interfacial adsorbed
particles and the bulk polymer gel network (Qiu, Huang, Li,

Ma, & Wang, 2018). To produce oleogels in a controlled
manner, it is also important to understand the relationship
between emulsion stability and oleogel strength. Meng, Qi,
Guo, Wang, and Liu (2018a, 2018b) have reported a positive
correlation between them, that is, the mechanical strength and
oil binding capacity can be improved by using a more stable
emulsion as the template. However, an opposite phenomenon
has been observed in another work (Tavernier, Patel, Van Der
Meeren, & Dewettinck, 2017), where a less stable protein
stabilized emulsion produced a firmer oleogel compared to
a less firm oleogel structured with protein/k-carrageenan
complexes from a more stable emulsion. They have attributed
this result to the suboptimal protein interfacial conformation
after complexation with the polysaccharide. Recently, the
oxidative stability of emulsion-templated oleogels has also
aroused researcher’s attention especially when PUFA-rich
oils are incorporated. For example, it has been reported that
oleogels of camellia oil (rich in oleic acids) structured with
tea polyphenol-palmitate particles and citrus pectin showed
higher oxidative stability compared to the liquid oil, probably
as a result of both the formed gel structure and antioxidant
properties of tea polyphenol-palmitate particles (Luo et al.,
2019). However, it should be noted that the oleogel in this
study was obtained from freeze-dried emulsions, and oven
heating can be more suitable for industrial production of
oleogels. In a recent work of Meng, Qi, Guo, Wang, and
Liu (2018c), soybean oil in water emulsions stabilized by
HPMC/XG or MC/XG have been used as the template to
produce oleogel by applying vacuum (90 °C, ~12 hr) or
normal oven drying (90 °C, ~48 hr). It has been found that
oleogels showed better oxidative stability than soybean oil
during storage (20 °C, 20 days). Moreover, vacuum drying
was better at delaying oxidation than normal oven drying.

In terms of a foam-templated approach, a porous material
is usually constructed from dried aqueous foams and sub-
sequently mixed with liquid oils to produce oleogels, which
have been applied in muffins (Oh & Lee, 2018), sandwich
cookie creams (Tanti, Barbut, & Marangoni, 2016a), meat
patties (Oh, Lee, Lee, & Lee, 2019), and peanut butter
(Tanti, Barbut, & Marangoni, 2016b). HPMC or MC has
been the most widely used structuring agent to develop
foam-templated oleogels (Oh & Lee, 2018; Oh et al., 2019;
Tanti et al., 2016a, 2016b). Recently, a strong oleogel stabi-
lized by a combination of gelatin and xanthan gum has also
been obtained, which can maintain its structure even at high
temperatures (<100 °C) (Abdollahi, Goli, & Soltanizadeh,
2019). In addition to aqueous foams, a k-carrageenan hydro-
gel has also been dried to obtain a porous structure (aerogel)
as a template to produce oleogels (Plazzotta, Calligaris, &
Manzocco, 2019). The drying method significantly affects
the physicochemical properties of the resultant oleogels. It
has been found that supercritical-CO,-drying resulted in a
hard and shrunk oleogel with lower oil content (80%) and
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no oil release, whereas freeze-drying produced a soft oleogel
with higher oil content (97%) and oil release (49%; Plazzotta
et al., 2019). Compared to the direct dispersion method using
EC or the emulsion-templated approach, the foam-templated
method seems to have little or no impact on oil quality since
the drying process is conducted in the absence of oil. For
instance, foam-templated oleogels structured with HPMC
(Oh et al., 2019) or gelatin with XG (Abdollahi et al., 2019)
have showed greater oxidative stability than unstructured
oils. Therefore, foam-templated oleogels may exhibit great
potential in food applications where PUFA-rich oils or SLs
are incorporated for improved lipid profile.

Based on what has been discussed above, it can be antic-
ipated that future research work will focus on the exploration
of other various types of biopolymers such as hydrophobi-
cally modified polysaccharides and commercially available
emulsifiers or foaming agents to produce oleogels by adopting
different oil structuring strategies. Moreover, different kinds
of SLs with health benefits can be introduced to oleogels to
further improve their nutrition. More extensive studies are
also required to assess the performance and applicability
of oleogels, especially SL-based oleogels, in broader food
applications. Furthermore, considering the more unsaturated
lipid profile of oleogels, it is important to further evaluate
their oxidative stability during oleogelation where various
heating/drying conditions may be applied (Table 8) and in
real processed foods as affected by extra processing steps
and other food components. In addition to the technological
feasibility of oleogels for reducing trans and/or saturated
fats in various food formulations, regulatory approvals
and prescribed conditions are still required before they are
practically adopted in commercial food products in different
regions, such as the products that oleogels can be used in,
and the type and maximum usage amount of oleogelators.
Fortunately, most biopolymers explored in published works
(Table 8) have been directly or indirectly used as GRAS
food additives, including xanthan gum (172.695), acacia
gum (gum arabic) (172.780), hydroxypropyl methylcellulose
(172.874), methylcellulose (182.1480), guar gum (184.1339),
locust bean gum (184.1343), sodium alginate (184.1724), and
sodium caseinate (182.1748), to name a few. Therefore, in
future studies, the current regulatory restrictions should also
be considered when developing biopolymer-based oleogels
and relevant food products, which may in turn provide
basic technological guidance for probable future regulations
governing real food applications of oleogels.

S I POTENTIAL FOOD
APPLICATIONS OF SLS

Conventional SLs are usually obtained with desirable phys-
ical properties and/or nutritional values, among which some

{n Food Science and Food Safety

of them (for example, frans-fee plastic fats, CBEs, HMFSs,
and MAGs/DAGs) are synthesized mainly for specific
purposes, while others such as MLCTs, DAG-rich oils, and
PUFA-enriched SLs are produced with various potential food
applications. For example, trans-fee plastic fats are mainly
used as shortening and margarine fats to replace traditionally
used hydrogenated oils and animal fats. Extensive studies
have been conducted to exploit novel trans-free fats and
assess their potential performance in various food products
such as margarines (Hu, Xu, & Yu, 2017; Lakum & Sonwali,
2018; Liet al., 2018b; Ornla-led, Sonwai, & Lertthirasuntorn,
2016; Pande, Akoh, & Shewfelt, 2012), shortenings (Saghafi
et al., 2018; Xu et al., 2018), as well as fat-frozen special
fats (Zhu et al., 2019; Zhu et al., 2018b; Zhu et al., 2017).
CBEs, as the name indicates, have been primarily applied to
partially substitute cocoa butter in chocolate products, such
as dark chocolates (De Clercq et al., 2017; Jin, Jin, Wang, &
Akoh, 2019; Souza & Block, 2018), white chocolates (Bahari
& Akoh, 2018b), and milk chocolates (Ackar et al., 2015).
Similarly, HMFSs particularly those enriched in PUFAs has
been widely applied in emulsion-based infant formula (Li,
Sabir, Baeshen, & Akoh, 2015b; Zou & Akoh, 2015a, 2015b).
MLM-type SLs have been explored in various food-related
systems, such as cooking oil for sweet potato chips, energy
bars, beverages, and edible films (Utama et al., 2019).
MAGs/DAGs have been largely used as emulsifiers for a long
time in many food products including baking products, mar-
garines, and frozen desserts (Norn, 2015). DAG-rich oils have
shown great potential in numerous food applications, such as
frying shortening, stabilizer, or potential antioxidant in emul-
sions, and even pharmaceutical drugs (Lee et al., 2019). DAG
oils used to be commercially available as a functional oil due
to their potential health benefits particularly of 1,3-DAGs.
Unfortunately, they have not been sold on the market since
2009 because of the discovery of harmful processing contam-
inants (that is, glycidols esters) in the products, which remains
unsolved until nowadays and requires continuous researches.

It should be pointed out that the increasing research interest
in novel lipid-based products such as oil foams and oleogels
has provided a brand-new direction for exploiting SL-based
food applications. It can be expected that SLs with nutritional
values are incorporated into oil foams and oleogels as the oil
phase, which can be further applied in various food products
as discussed above.

6 | CONCLUDING REMARKS AND
FUTURE TRENDS

SLs with specific physical properties and/or improved
nutritional values can be obtained by using enzymatic
modification, which can alter their fatty acid profiles and/or
acylglycerol composition in a flexible manner. Particularly,
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large-scale production of SLs can be promising by using
immobilized lipase due to its advantages such as enhanced
processing stability, easy recovery and reusability as well as
suitability for continuous process. However, the relatively
high production cost has been a major obstacle to hinder
its wider applications in the food industry. It is anticipated
that an inexpensive but facile immobilized lipase can be
obtained by selecting cheaper soluble lipases, adopting rather
simple immobilization strategy (that is, physical methods),
and designing novel carriers with low cost but good function,
which largely depends on the development and progress of
both material science and enzyme engineering. It is also
important to select suitable starting materials for the synthesis
of desirable SLs. Fortunately, nature and modern biological
techniques have enabled us to exploit and develop SLs based
on novel fats and oils of diverse origins. For example, recent
interest has been focused on producing PUFA-enriched SLs
from algae, which can be a cheap, safe, and sustainable
source of PUFASs in contrast to marine fish oil.

The physicochemical properties of SLs are largely defined
by their chemical structures, molecular architectures, and
are also affected by processing conditions, which in turn
determine their applications in the food industry. Similar
to conventional fats and oils, SLs can be used as important
ingredients in various lipid-based products. Therefore, it is
essential to assess their performance in a real food system,
which may be influenced by the extra food processing process
and interactions with other food components. Novel lipid-
based products such as oil foams and oleogels have aroused
considerable research interest in recent years, providing a
new direction for developing healthy low-calorie SL-based
products. In this regard, extensive researches are needed to
further clarify the processing-structure-function relationship
of SLs in various food products.

The nutritional values of SLs are primarily reflected by
their unique metabolic properties from specific fatty acid
profiles (that is, composition and/or positional distribution),
the health benefits of PUFAs that are incorporated, as well
as the reduced TFA ingestion in the case of trans-free plastic
fats. Moreover, lipid digestion and absorption can be delayed
by the addition of some types of biopolymers, which is
beneficial to increase satiety and decrease lipid ingestion. In
addition, oleogelation of liquid oils is believed to be a novel
strategy to reduce trans and saturated fats and improve lipid
profiles especially when SLs are used as the oil phase. How-
ever, information on the digestion and absorption behavior
of various SLs as affected by their chemical structure (for
example, fatty acid chain length and unsaturation level) in
the presence of biopolymers is far from clear, and further in-
depth work should be conducted to elucidate their metabolic
process and mechanism to maximize their health aspects.
Similarly, oleogels structured with biopolymers are also in
their infancy; extensive future researches are still required

to have an in-depth understanding of biopolymer-based
oleogelation and explore their food applications in a wider
range. Last but not least, we expect that the incorporation
and discussion of olegels in the present work may extend our
understanding of the concept of structured lipids to a broader
sense, where novel physically structured oils could also be
included in addition to the conventional SLs with modified
chemical structures.
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