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Abstract

The triacylglycerols (TAGs) containing saturated (Sat)-unsaturated (U) fatty acid

moieties (Sat-U mixed acid TAGs) are widely present in most natural fats and employed in
many industrial applications. The mixing behavior of different Sat-U mixed acid TAGs acts
important roles in the physicochemical properties TAG-based materials. Among the three
main mixing states of miscible, eutectic and molecular compound (MC) forming mixtures,
fundamental research has been conducted on the MC crystals formed by different Sy-U
mixed acid TAGs to understand the structures, phase behavior and crystallization properties.
This article reviews studies to date on the complex thermodynamic, kinetic and structural
factors that affect the formation of MC crystals in binary and ternary mixtures of Sat-U
mixed acid TAGs (SatUSat, SatSatU, USatU and UUS,t) through specific molecular
interactions among the component TAGs. Furthermore, the application of the MC-forming
mixtures containing cacao butter to new types of cocoa butter alternative is reviewed.
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1. Introduction

The physicochemical properties (e.g., texture, rheology, melting behavior, spread
ability, appearance, etc.) of lipid-based products in the food, pharmaceutical and cosmetic
industries are largely determined by the polymorphic and mixing behavior of the constituent

triacylglycerols (TAGs) (Floeter et al., 2018; Hartel, 2001; Larsson et al., 2006).

The polymorphic crystallization of TAGs, often based on complex simultaneous
processes, and the phase transformation phenomena are determined by many different
factors, such as the chemical nature of the fatty acid moieties in the TAG structures, and the
crystallization conditions applied, which can be tailored in many different ways by the
application of external factors (Bayés-Garcia, Patel, et al., 2015), such as the use of dynamic
thermal treatments (Bayés-Garcia et al., 2013; Bayés-Garcia et al., 2016; Bayés-Garcia et
al., 2018; Hartel, 2001; Herrera & Hartel, 2000), sonication (Chen et al., 2013; Lee et al.,
2015; Martini, 2013; Rincon-Cardona et al., 2015; Ye et al., 2014), shear (Acevedo et al.,
2012; Acevedo & Marangoni, 2014; Mazzanti et al., 2011; Sonwai & Mackley, 2006),
emulsification (Douaire et al., 2014; Povey, 2014), additives (Bayés-Garcia et al., 2022;
Smith etal., 2011; Yoshikawa et al., 2014)). An in-depth understanding of the polymorphism
and mixing behavior of TAG components in binary, ternary and even more complex systems
is then required for the optimal control and design of industrial lipid crystallization

procedures.

The mixing behavior of TAGs has been comprehensively reviewed by several authors
(Floeter et al., 2018; Macridachis et al., 2020; Zhang et al., 2018). Among all TAG species,
those with saturated-unsaturated mixedacid compositions are widely present in most natural
fats and used in industrial applications. Therefore, extensive research has been carried out in
their binary (Alishevich et al., 2023; Bayés-Garcia, Calvet, et al., 2015; Cholakova et al.,
2023; Ikeda et al., 2010; Ikeda-Naito et al., 2014; Koyano et al., 1992; Minato, Ueno, Smith,
et al., 1997; Minato, Ueno, Yano, et al., 1997; Mizobe et al., 2013; Nakanishi et al., 2018;
Rousset et al., 1998; Takeuchi et al., 2002; Wijarnprecha et al., 2023; Zhang et al., 2007,
Zhang et al., 2009), ternary (Ghazani & Marangoni, 2019a; Koyano et al., 1993; Macridachis
et al., 2021; Macridachis et al., 2022; Sasaki et al., 2012; Watanabe et al., 2018; Yoshikawa
et al., 2022) and multicomponent mixture systems (Bayés-Garcia et al., 2017; Watanabe et

al., 2021). In parallel with the experimental studies on the TAG mixtures, theoretical studies



76
77

78
79
80
81
82
83
84
85
86

87
88
89
90
91
92
93
94
95

96
97
98
99
100
101
102
103
104
105
106

have been carried out to model and predict the mixing behavior of different TAGs (Seilert

et al., 2021; Wesdorp et al., 2013).

Although the number of molecules involved in complex end products is often on the
order of several hundred (Gresti et al., 1993; Myher et al., 1988), the study on the solid-state
miscibility on a smaller scale with a reduced number of TAG components, usually through
binary or ternary mixtures, has been shown to provide highly valuable information that can
be extrapolated to real fats, such as extra virgin olive oil (Bayés-Garcia et al., 2017), cocoa
butter (Ghazani & Marangoni, 2019a; Ghazani & Marangoni, 2019b; Sasaki et al., 2012),
cocoa butter and coconut oil (Joshi et al., 2020), palm oil (Gibon et al., 1986; Gibon &
Danthine, 2020; Lu et al., 2019; Minato et al., 1996; Minato, Ueno, Smith, et al., 1997), milk

fat/palm oil/palm stearin mixtures (Mao et al., 2023).

There are three main mixed states resulting from molecular interactions in binary
systems of TAGs. In a miscible mixture (Figure 1a), a solid solution is formed at all the
mixing ratios between the component TAGs with similar thermal stability and a high degree
of isopolymorphism, as the integration of one crystal phase into the other does not cause any
significant disturbance in crystal packing (Lusi, 2018). By contrast, dissimilar TAG
components lead to eutectic behavior as shown in Figure 1b, where the eutectic composition
and the degree of partial solid miscibility can be determined by, among other things, chain-
length structures and melting behavior (Cholakova et al., 2023; Floeter et al., 2018; Minato
et al., 1996; Timms, 1984).

Of particular interest is the third mixed state of the molecular compound (MC)
formation (Figure 1c). This stoichiometric compound is formed only at well-defined
compositions by specific molecular interactions between individual TAGs, resulting in
unique structural and thermodynamic properties (see below). Molecular compounds in TAG
systems are usually formed by TAG components at equal quantities (1:1 ratio) in a well-
defined arrangement within the crystal lattice. The wide range of possibilities given by
chemical nature and processing conditions of the component TAGs may be further enhanced
by the use of MC products due to their applicability in edible fat structuring. For example,
the potential of MC crystals as partial replacers for trans or saturated fats has already been
demonstrated by increasing melting temperature, hardness and solid fat content (Mykhaylyk

et al., 2007).
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In this review, a special emphasis has been given to the crucial role and potential
applicability of MC-forming mixture systems to modify of the physicochemical properties
of lipid structures. It should be noted that complex thermodynamic, kinetic and structural

factors largely affect the formation of MC in saturated-unsaturated-saturated
(SatUSat)/USatU and SatUSat/Sat-SatU systems through specific molecular interactions

among the component TAGs.

As a fundamental study to elucidate the formation mechanisms of MC, precise
observation was performed on the crystallization behavior of palmiticoleic-based MC of 1,3-
dipalmitoyl-2-oleoyl-glycerol (POP)/1,3-dioleoyl-2-palmitoyl glycerol (OPO), POP/1,2-
dipalmitoyl-3-oleoyl-rac-glycerol (rac-PPO) and POP/1,2-dipalmitoyl-3-oleoyl-sn-glycerol
(sn-PPO) when subjected to varied cooling rates. By comparing the crystallization behavior
of POP/sn-PPO and POP/rac-PPO systems, the effects of glycerol structures and optical
isomerization on MC crystal formation were also briefly described (Bayés-Garcia et al.,
2023). The analysis of the influence of the cis-trans isomerization on MC formation was
performed by replacing cis-oleoyl to transelaidoyl (E) chains in the binary system of 1,3-
dipalmitoyl-2-elaidoyl glycerol (PEP)/1,3-dielaidoyl-2-palmitoyl glycerol (EPE) (Zhang et
al., 2020).

The effects of MCs as polymorphic stabilizers of a third TAG component were
discovered by Yoshikawa et al., who observed the crystallization kinetics in ternary mixtures
of 1,3-distearoyl-2-oleoyl glycerol (SOS)/1,3-dioleoyl-2-stearoyl glycerol (OSO)/1,2,3-
trilauroyl glycerol (LLL) (Yoshikawa et al., 2022). It was found that the B-crystals of

MCs0s/0s0 triggered crystallization of the most stable B-form of LLL. This indicates the

possibility to develop a novel cocoa butter substitute (CBS) through the incorporation of
TAGs which forms B-2 crystals of MC and thereby promotes (-2 crystallization of lauric
fats. As a result, the possibility of fat blooming caused by the transformation of lauric fat

crystals from -2 to -2 can be reduced.

Until recently, the application of MC formation to the end food products has been
rather limited (Sibbald et al., 2016). However, systematic work was carried out to apply the
MC-forming mixtures to the development of cocoa butter equivalent (CBE) and CBS
formulations by forming the MC crystals in the ternary mixtures of cocoa butter, OSO, SSO

and LLL fats (Watanabe et al., 2021; Watanabe et al., 2023). These studies may have
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MOLECULAR-LEVEL UNDERSTANDING OF THE FORMATION
MECHANISMS OF MC CRYSTALS

Here briefly summarized are the main results of previous studies on the formation

processes, structural properties and phase behavior of MC crystals.

It has been found that the following TAGs can form the MC crystals in their binary

mixtures, in which the ratio of the component TAGs is always 50:50.

SatUSat: Symmetric saturated and unsaturated TAGs such as POP, SOS, PEP

SatSatU: asymmetric saturated and unsaturated TAGs such as PPO (or OPP), SSO

USatU: symmetric unsaturated and saturated TAGs such as OPO, OSO, EPE

UUSat: asymmetric unsaturated and saturated TAGs such as OOS (or SOO) and OOP
(or POO)

Figure 2 illustrates the combination of the TAGs, noting the MC-forming and eutectic
mixtures. In the binary mixtures of SatUSat/SatSatU and SatUSat/USatU, the MC crystals are

formed in the metastable a, B’ and B polymorphs, as confirmed in the mixtures of SOS/OSO
(Engstrom, 1992; Koyano et al., 1992), SOS/SSO (Takeuchi et al., 2002), POP/OPO
(Minato, Ueno, Yano, et al., 1997; Minato et al., 1997), POP/PPO (Minato, Ueno, Smith, et
al., 1997; Minato et al., 1997), PEP/EPE (Zhang et al., 2020). However, the MC crystals are

not formed and fully eutectic mixtures are formed in the combinations of SatUSat/UUS,t and

SatSatU/USatU. The former result was confirmed in the mixtures of POP/OOP (Zhang et al.,

2007) and SOS/OO0S (Zhang et al., 2009), and the latter result was confirmed in the mixture
of PPO/OPO (Bayés-Garcia, Calvet, et al., 2015).

Interestingly, the MC crystals were formed in the mixtures of US;U/UUS3t and

SatSatU/UUS,¢ in their metastable states. For example, the MC crystals in the OPO/OOP and

PPO/OOP mixtures occurred only under metastable conditions and tended to separate into
component TAGs to form eutectic mixture systems after 17 months of storage (Bayés-

Garcia, Calvet, et al., 2015). These results were in contrast to those of previous studies on
SatUSat/SatSatU and SatUSat/USatU in which the MC crystals are thermodynamically stable

(Minato, Ueno, Smith, et al., 1997; Minato, Ueno, Yano, et al., 1997).
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The molecular understanding of the ability and inability to form the MC crystals is still
open to question. The main key factors may be the stabilization of chain packing between
unsaturated and saturated chains, m—m interactions between the double bonds in the

unsaturated chains and stabilization of glycerol conformations.

Figure 3 illustrates the glycerol conformations and structural models of the MC
crystals by taking palmitic and oleic chains as Sat and U chains, respectively. The glycerol
conformations are tuning fork in POP and OPO, and chair in PPO and OOP, and all the
TAGs form triple chain length in their stable polymorphic forms of B-3 in POP and OPO,
and B’-3 in PPO and OOP (Bayés-Garcia, Calvet, et al., 2015; Floeter et al., 2018). Three
problems may arise in the formation of the MC crystals of the double chain- length structure:
the chain packing between palmitic and oleic chains, stacking of glycerol groups between
the tuning fork and chair conformations, and the m—r interactions between the unsaturated

chains.

In the case of MCpopP/OPO, the stacking of the glycerol groups may be easily
accomplished, since both component TAGs form the tuning fork conformation. The chain-

chain packing including the n—= interactions may be easiest in MCpop/OPO, and thus the

formation of MCpop/0OPO can be easily done.

However, the stacking of the glycerol groups in MCpop/pPO may be difficult since

POP and PPO exhibit the tuning fork and chair conformations, respectively. In addition,

steric hindrance between the oleic and palmitic chains may be a disturbing factor in the

formation of MCpop/pPPO. Nevertheless, the metastable and stable polymorphs are formed
in MCpop/ppPO. This suggests that the strong attractive interactions between palmitic chains

may play dominant roles during the formation processes of MCPOP/PPO.

In the case of MCopP0O/00P, the stacking of the tuning fork (OPO) and chair (OOP)
glycerol conformations may not be easy, and the chain packing between the palmitic and
oleic chains is rather unstable. Therefore, MCopPO/00P is not thermodynamically stable. In

the case of PPO/OOP, it seems that both the chain packing and the stacking of the chair
glycerol conformation of PPO and OOP may enable the formation of MC crystals, but

MCpp0o/00OP is not thermodynamically stable. Finally, the structures of MCpop/00P and
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MCpp0o/0OPO are unstable because the stacking of the glycerol groups and the chain packing
may not stabilize the MC crystals. To conclude, the explanation of the formation of MC

crystals at the molecular level seems to be incomplete except for MCpop/opO and

MCpop/PPO, and further research is needed.

The crystallization kinetics of MC depends on the TAG molecular structures as well
as the rate of cooling. For example, quite rapid cooling (>40°C/min) of the binary mixture

of POP/OPO resulted in separate crystallization of POP and OPO in the first, while

MCpop/OPO crystals started to form in addition to the POP and OPO crystals with

decreasing cooling rates (<30°C/min). The extent of the MCpop/OPO crystals increased
with decreasing cooling and heating rates after crystallization (Nakanishi et al., 2018). This
result indicates that the formation of MC is a kinetic process involving competitive
crystallization and structural rearrangement of the component TAGs.

Another interesting issue is the effect of racemization and optical isomerization of
asymmetric SatSatU and UUS;¢t on the formation of MC when mixed with other TAGs. For
example, the phase behavior of POP/rac-PPO and OPO/sn-PPO is somewhat different in
terms of the melting points of MCpOP/rac-PPO and MCOPOQ/sn-PPO, although both mixtures
form stable polymorph of the double chain length structure (B-2). This may be related to the

different crystallization kinetics of MCpOP/rac-PPO and MCPpOP/sn-PPO (see below).
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FORMATION OF MC IN BINARY MIXTURES OF PEP/EPE

Replacing the cis oleoyl chain in a TAG with a trans isomeric elaidoyl chain drastically
changes its physical and even nutritional properties. However, very little is known about the
actual crystal structures and phase behavior of elaidoyl-containing TAGs. To clarify the
effect of cis-trans isomerization on the crystallization behavior of TAGs, the phase behavior
of binary mixtures of 1,3-dipalmitoyl-2-elaidoyl-glycerol (PEP) and 1,3-dielaidoyl-2-
palmitoyl-glycerol (EPE) was investigated (Zhang et al., 2020). The binary mixtures of PEP
and EPE were prepared at 10% intervals and characterized by DSC, conventional powder
X-ray diffraction, and synchrotron radiation x-ray diffraction (SR-XRD). The effects of cis-
trans isomerization on the crystallization behavior of TAGs were examined by comparison

with related cis and fully saturated counterparts.

The most stable polymorphic forms are 3 for PEP, but 8 for EPE (Zhang et al., 2020).
The formation of MC crystals was first observed in the PEP/EPE mixture at a 50:50 ratio, as
shown in the phase diagram (Figure 4). The PEP-rich region exhibited a monotectic phase
for B-form MC and B’-form PEP, whereas the EPE-rich region exhibited a monotectic phase
for B-form MC and B-form EPE, which is quite similar to that observed for the POP/OPO
(Minato, Ueno, Yano, et al., 1997).

The temperature dependence of the SR-XRD patterns and the DSC thermogram of
PEP/EPE at a 50:50 ratio taken during cooling and heating at a rate of 2°C/min is shown in

Figure 5. The simultaneous crystallization of the B’ form of MCpEpP/EPE along with the a
form was confirmed in the WAXS spectra by the appearance of ’ peaks of 0.44 and 0.39
nm and an a peak of 0.42 nm, as indicated by the arrows. With increasing temperature, the
a form transformed into the B’ form and then further transformed to the thermodynamically
stable B form via solid-state transformation. Then, the B form of MC melted at approximately
48°C. In the SAXS spectra, the solid-state transition of o — B’ — [ was confirmed by the
shifting of the peak from 4.62 to 4.32 nm and then to 4.25 nm.

Figure 6 shows the structural model of MCpEP/EPE using the tuning fork conformation

of glycerol group, which allows the void (see arrow) at the methyl end of PEP in B’ form
due to the chain length mismatch between neighboring P and E chains to be filled by the
acyl chain of EPE, as indicated by the dotted line. It is worth noting that when the “O” in

certain binary mixtures of palmitic-oleic diacid TAGs such as POP and POO was replaced

10
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CRYSTALLIZATION KINETICS OF MC CRYSTALS OF POP/OPO
AND POP/PPO

To elucidate the effects of glycerol structures on the kinetic properties of MC-forming
mixture phases, thermal analysis, x-ray diffraction and optical microscopy techniques were
applied to the binary mixtures of POP/OPO, POP/rac-PPO and POP/1,2-dipalmitoyl-3-
oleoyl-sn-glycerol (sn-PPO) (Bayés-Garcia et al., 2023). All the three mixtures exhibited the

MC-forming mixture at a 1:1 ratio.

The mixture samples were subjected to dynamic conditions of cooling at low and
intermediate rates of 0.1, 0.5, and 2°C/min to complete crystallization and reheating at a
constant rate of 2°C/min, while monitoring complex crystallization and polymorphic

transition phenomena, as summarized in Figure 7. The POP/OPOmixture formed only
MCpoPp/0PO crystals with double chainlength structure in its most stable B form when cooled
under all the conditions analyzed, and they simply melted when heated. The occurrence of
MCpop/0PO P form was reported in both pure liquid (Minato, Ueno, Yano, et al., 1997) and

n-dodecane solution systems (Ikeda et al., 2010).

Similarly, the most stable B form of MCpOP/rac-PPO crystallized when cooled at

0.1°C/min, although a metastable B’ form was detected at 0.5 and 2°C/min, which
transformed to B when heated. By contrast, the POP/sn-PPO mixture showed significantly

complex polymorphic events in all the experimental conditions studied, showing the
coexistence of MCpQP/sn-PPO With polymorphs of pure POP and sn-PPO component TAGs,
even at the lowest cooling rate applied. In more detail, the 1:1 TAGs mixture crystallized

into B’ forms of sn-PPO (triple chain length), MCpOp/sn-PPO (double chain length) and POP
(double chain length) at 0.1 and 0.5°C/min. When heated, the metastable 3° of MCpOPp/sn-

pPO transformed into its most stable B form before melting. At a higher cooling rate of

2°C/min, the least stable polymorphs predominated, showing complicated simultaneous

crystallization processes of sn-PPO B’ form (triple chain length) and o forms (double chain
length) of MCpoP/sn-PPO, POP and sn-PPO. Subsequent heating caused polymorphic

transformations of a — B’ — B for MCPOP/sn-PPO, and a — L — B’ for POP (see Figure
7).

12
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Regarding the effects of optical isomerization in mixed systems of TAGs, extensive
work had previously been carried out by Craven and Lencki (2013). Additionally, Mizobe
et al. analyzed the polymorphic structures of R-PPO, S-OPP and their mixtures, and
concluded that the two optical isomers had identical structural properties, whereas the
polymorphic characteristics of R-PPO and rac-PPO became different, with the latter
corresponding to the 1:1 mixture of R-PPO/S-OPP (Mizobe et al., 2013).

To understand the differences in the crystallization behavior of MCpop/opo and

MCPOP/sn-OPO, one can pay attention to their structural models, which are mainly based on

the glycerol structures of POP, OPO and sn-PPO, as depicted in Figure 8 (Bayés-Garcia et
al., 2023). It can be assumed that the tuning fork glycerol conformation is the most stable
one for both POP and OPO f forms, since the palmitic and oleic acid chains are located on
different leaflets, favoring the packing of TAG molecules in triple chain-length structures
that avoid the steric hindrance between straight palmitic and bent oleic acid chains. By
contrast, the sn-PPO B’ form may exhibit a chair-type glycerol conformation, which is also

packed in a triple chain-length structure for the same reasons explained above.

During the formation process of the MC crystals, the chain-length structures were

changed from triple to double, and close packing of glycerol groups and palmitic and oleic
acid chains of neighboring TAG molecules occurred. A higher ability of MCpop/OpO to

form and stabilize in f form compared to other MCs was observed, since the tuning fork-

type glycerol conformation of the two TAG components POP and OPO can be maintained
in MCpOP/OPO, resulting in a -2 structure with palmitic and oleic acid chains packed in
separate leaflets. This ability was not observed in the POP/sn-PPO mixture, as it did not form
MCpoOP/sn-PPO alone, but it coexisted with single POP and sn-PPO TAG components.

Polarized light microscopy data confirmed a higher crystallization rate for sn-PPO crystals
compared to other single TAGs or MCs, which may explain the separate crystallization when
the POP/sn-PPO mixture was cooled, and this may also be explained from a structural point

of view (Bayés-Garcia et al., 2023). According to the described model (Figure 8), an extra
molecular rearrangement may occur during the MCpop/sn-PPO formation, based on the

change of the chair-type glycerol conformation of sn-PPO to the tuning fork-type, leading

to an MC with coexisting oleic and palmitic acid chains in the same leaflet.
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Regarding the different crystallization behavior of MCpop/sn-PPO and MCPOP/rac-

PPO, one may consider the ability of R-PPO and S-OPP to form a stable molecular packing

(or racemic compound), which may interact with POP molecules to form a stable MC

structure.

However, further work may be required to understand the mechanisms involved.
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INTERACTIVE POLYMORPHIC CRYSTALLIZATION OF
MCSOS/OSO AND LLL

The effect of MC formation on the polymorphic crystallization of the other coexisting
TAG was examined using ternary TAG mixtures of LLL/SOS/OSO with a 1:1 weight ratio
of SOS and OSO (SOS/OSO = 1/1) (Yoshikawa et al., 2022).

Under a series of thermal conditions of cooling from the melt, isothermal holding, and
heating, pure LLL without containing SOS and OSO formed B’ form crystals, which
transformed to B form during the heating process after the crystallization. In 1992, it was

found that the binary TAG mixture of SOS/OSO =1/1 formed mainly -form MC crystals of
SOS and OSO (MCs0s/0s0) during the cooling process (Koyano et al., 1992). Based on

these results, the ternary mixtures of LLL/SOS/OSO/ at various mixing ratios of LLL and
SOS/OSO = 1/1 were investigated and the immiscible eutectic behavior was observed with

retarded crystallization and lowered melting points of the formed crystals (Figure 9). Quite

interesting results were found in the crystallization kinetics of two B forms of MCs0Ss/0S0

and LLL; the B crystallization of MCs0s/0s0 coincided with the B’ to B transformation or

direct B meltcrystallization of LLL during the isothermal-holding process, as evident from

the synchrotron radiation x-ray diffraction (SR-XRD) data shown in Figure 10. This
coincidence strongly suggests the possibility that § crystallization of MCs0s/0S0 triggered

the B crystallization of LLL. As a result, the spherulitic crystals of LLL deformed and
changed their size distribution with increasing concentration of SOS/OSO = 1/1. These

peculiar phenomena of the interrelationships between the crystallization of B forms of
MCso0s/0s0 and LLL have been defined as “interactive polymorphic crystallization”

(Yoshikawa et al., 2022).

As a possible mechanism underlying the interactive polymorphic crystallization,

epitaxial effects through triclinic-parallel (T//) subcell matching between 3 crystals of LLL

and MCs0s/0S0O may occur in the same manner that 8 form seed crystals of tripalmitin or
tristearin effectively accelerated B’ crystallization of coconut oil through orthorhombic-
perpendicular (O2) subcell matching (Mahisanunt et al., 2021). Another possible mechanism

1s martensitic transformation via cooperative displacement of atoms without diffusion in the

15
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crystal lattices, which can be initiated by the occurrence of local stress through mechanical

or thermal stimulation, as indicated for petroselinic acid (Kaneko et al., 1997).

Elucidating the mechanism of interactive polymorphic crystallization requires further
research, such as SR-XRD experiments substituting the component TAGs (LLL, SOS, and
0SO0) with the other corresponding TAGs (e.g., SSS, SSO, and SOO, respectively) and SR-
XRD experiments using a microbeam technique to analyze the local orientation of TAG
molecules near the crystal-crystal interfaces. For example, the SR-XRD data shown in
Figure 11 indicate that the effect of facilitating B crystallization of LLL in LLL/SOS/OSO
was weakened by replacing OSO with rac-SOO, probably because SOS and SOO
crystallized separately in the less stable forms of SOS 5L (2L + 3L), in which SOS formed
in randomly packed double and triple chain-length structures (Mykhaylyk et al., 2007), and
SO0 p’.

It may be worth noting that the study of LLL/SOS/OSO mixtures can be applied to
solve the problem of fat blooming in CBS-based compound coatings, which is partly caused
by the polymorphic transformation of lauric acidbased TAG crystals in CBS from 3°-2 to 8-
2 (see below).
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APPLICATION OF MC CRYSTALS TO NEW TYPES OF COCOA BUTTER
EQUIVALENT (CBE) AND COCOA BUTTER SUBSTITUTE (CBS)

Cocoa butter (CB) is indispensable ingredient in chocolate, as it is responsible for the
physical properties such as hardness, texture, and melting behavior of chocolate products
(Talbot, 2017). However, CB is one of the most expensive ingredients of chocolate and its
price is gradually increasing due to several global issues such as low productivity of cacao
due to climate change and increasing demand for cacao products (Afoakwa, 2016).
Therefore, the confectionery industry has developed CB alternative fats (CBAs) with various

functionalities to replace or blended with CB in chocolate production.

CBAs can be classified into three groups based on their compositions: cocoa butter
equivalent (CBE), cocoa butter replacer (CBR) and cocoa butter substitute (CBS) (Timms,
2003). Recently, two experimental studies on the physical properties and fat bloom stability

of chocolate made with SatSatU and US,tU type fats forming MC crystals with CB revealed

that these fats can be used as new types of CBA fats (Watanabe et al., 2021; Watanabe et al.,
2023).
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CBE

Systematic studies showed that the ternary mixtures of SOS, rac-SSO and OSO form
MC crystals of stable -2 form at a concentration of SOS of 50% with different
concentrations of SSO and OSO (Watanabe et al., 2018). Figure 12 shows that the MC
crystals with the stable -2 polymorph are formed in a series of the ternary mixtures of
SOS/SSO/0OSO0, in which the ratio of SOS/(SSO + OSO) was set to 50/50 and the ratio of
SSO/OSO0 was varied. Interestingly, it was also observed that stable -2 of ternary mixtures

of SOS/SSO/OSO were formed during simple cooling and heating process after the
transformation from the metastable formed to stable form of MCs0s/sso (Watanabe et al.,

2018). These results indicated the formation of new type of CBE which can form a stable [3-
2 structure in a simple cooling process that can be applied to confectionery products. Based
on this study, it was expected that the ternary mixtures can produce a new type of CBE with
the stable polymorphic structure when SOS, SSO, and OSO are replaced with CB, SSO-fat
and OSO-fat. The SSO-fat and OSO-fat were prepared by full-hydrogenation,
interesterification, and fractionation of canola oil high oleic sunflower oil (Watanabe et al.,
2021). The physical properties and fat bloom stability of chocolates containing SSO-fat and
OSO-fats, which were solidified by simple cooling without tempering process, were then
evaluated (Watanabe et al., 2021). Stable -2 form was observed in the ternary fat mixture
of CB/SSO-fat/OSO-fat = 50/20/30-50/3/47 without any tempering processes. Furthermore,
chocolate sample containing these fat mixtures did not show fat bloom for 1 year storage test

at any storage conditions.

It should be noted that in the chocolate fat phases, the final ratio of the three types of
TAG, SatUSat/Sat-SatU/USatU, were 50/50/0-50/0/50. Figure 13 shows the temperature
change in solid fat content (SFC) values of six fat blends and CB, where the concentrations

(%) of SatUSat/SatSatU/USatU in the fat blends are 50/46/4 (sample A), 50/40/10 (B),

50/30/20 (C), 50/20/30 (D), 50/10/40 (E), and 50/3/47 (F). The SFC measurement of ternary
fat blends of CB, SSO-fat and OSO-fat showed sharp melting profiles around body

temperature. Similarly, in the hardness measurement chocolate samples prepared with fat
blends of SatUSat/SatSatU/USatU = 50/30/20-50/20/30 showed almost the same hardness as
that of pure chocolate (Watanabe et al., 2021). In addition, no fat bloom formation was

observed in dark chocolate with the fat blends of SatUSat/SatSatU/USatU of 50/20/30—
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50/0/50 during the one-year storage under isothermal condition at 25°C and thermal cycling
condition between 20 and 30°C. Overall, the CB, SSO-fat, and OSO-fat blends can be used

as a cocoa butter equivalent (CBE) without tempering procedures (Watanabe et al., 2021).
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The MC crystals made of CB and OSO-fat (MCcB/0S0) were applied to compound

chocolate formulations by blending with lauric cocoa butter substitutes (CBS) (Watanabe et
al., 2023). Conventional CBSs have been produced by fractionation, hydrogenation and a
combination of these processes of lauric fats derived from palm kernel oil and other natural
fats (Rossell, 1985). These fats are composed of TAGs with lauric (L) and myristic (M) acid
moieties including LLL, LLM, LMM, and MMM which are crystallized into ’-2 form by
simple cooling without tempering (Smith, 2012). However, the CBS-based chocolate can
potentially convert from the ’-2 to B-2 form, which leads to fat bloom formation during
long-term storage, because mono-acid TAGs such as LLL and MMM have the potential to
transform from B’-2 to the more stable f-2 form (B-tending; Koizumi et al., 2022). In
addition, cacao solids such as cacao powder and cacao liquor are often blended to improve
the flavor and taste of compound chocolate, resulting in more serious fat bloom due to the
phase separation of CBS and CB followed by polymorphic transformation of CB TAGs.
This eutectic effect makes it difficult to blend more than 5% cocoa butter in the compound

chocolates (Laustsen, 1991).

As described in the previous section, studies on the polymorphic crystallization
behavior of the ternary mixture system of LLL/SOS/OSO with the SOS/OSO ratio of 1/1
have revealed that the crystallization of B-2 form in MCs0s/0SO promoted the

crystallization and polymorphic transformation of B’-2 to B-2 in LLL (Yoshikawa et al.,
2022). Based on these results, the physical properties and fat bloom stability of lauric-based

compound chocolate with MCcB/0s0O were evaluated (Watanabe et al., 2023).

Table 1 shows six chocolate samples with the different relative concentrations (%) of

CBS, OSO-fat and CB investigated. The SFC studies showed that the fat blends of CBS and
MCcB/0so0 exhibited immiscible eutectic behavior, as did the fat blends of CBS and CB.
The results of SFC value, crystallization rates and hardness of compound chocolate with

MCcB/0s0 suggested that the compound chocolate is suitable for the chocolate production

up to about 20% of MCcCB/0SO0 in the fat phases (Watanabe et al., 2023).

In the fat bloom evaluation studies, while CBS/CB compound chocolate, A1-A4,
exhibited severe fat bloom within a few weeks, the CBS/CB/OSO-fat compound chocolate,
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B1-B4, showed no fat bloom under any storage condition for 6 months (Table 2). In addition,
the XRD studies revealed that no polymorphic transformation occurred for the
CBS/CB/OSO-fat blends in group B during the 6 months storage, while the polymorphic
transformation from B’-2 to -2 was observed for the fat blends of CBS/CB in group A
(Figure 14). The polymorphic transformations of CB TAGs and B-tending TAG in CBS
cause fat blooming in CBS-based compound chocolate. Therefore, the mechanisms of fat
blooming inhibition in compound chocolate made of CBS/CB/OSO-fat summarized in Table
1 can be assumed that B-tending TAG fractions in the CBS, such as LLL and MMM, may
crystallize into B-form during the cooling process via interactive polymorphic crystallization

with MCCB/OSO. However, further studies are required to elucidate these mechanisms.
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CONCLUSION

The study of the mixing behavior of principal TAGs and various natural and
industrialized fats is of great importance, as it is one of the most informative and applicable
studies to improve the physicochemical properties of lipid-based products using natural and
technologically-produced lipid materials. Until recently, the phases of MC-forming mixture
have been studied from a fundamental point of view using pure samples of saturated-
unsaturated mixed-acid TAGs. However, the fat materials produced by full-hydrogenation,
interesterification, and fractionation of vegetable fats and oils have been used for the
application of the MC crystals to end products such as fat spreads and confectionery fats.
The physical properties of the MC crystals are different from those of the component TAGs
and can improve the end products when applied; for example, the formation of MC crystals
containing the mixed acid TAGs with oleic acid moiety can reduce the use of saturated fats
(Sibbald et al., 2016), and the application of the MC crystals containing CB, OSO-fat, and
SSO-fat to CBE and CBS improved the crystallization kinetics and fat bloom stability. It is
expected to explore the molecular mechanisms of the ability and inability of MC formation,
and the application of the MC crystals to other end products such as emulsified and aerated

systems.
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810 Table 1. Relative concentrations (%) of CBS, CB, and OSO-fat in total chocolate fat in eight

811  chocolate samples.

812
Sample CBS 0OSO-fat CB
A1 90.0 0.0 10.0
A2 85.0 0.0 15.0
A3 80.0 0.0 20.0
Ad 75.0 0.0 25.0
B1 80.0 10.0 10.0
B2 70.0 15.0 15.0
B3 60.0 20.0 20.0
B4 50.0 25.0 25.0
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821  Table 2. Evaluation of fat bloom formation of eight dark chocolate samples after storage for
822 3 weeks (3 W) and 15 weeks (15 W) under different thermal conditions, -; no fat bloom, +;

823  slightly bloomed, ++; fairly bloomed, +++: seriously bloomed.

824
15°C 20°C 25°C 15-25°C

Chocolate sample 3w 15W 3w 15W 3w 15w 3w 15W
A1 + +++ + ++ - ++ - +
A2 + +++ + ++ - ++ - +
A3 + +++ + ++ + ++ - +
A4 B +++ + ++ + ++ - +
B1 - - - - - - - -
B2 - - - - - - - -
B3 - - - - - - - -
B4 - - - - - - - -
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Figures Captions

Figure 1. Typical three binary mixing systems of triacylglycerols (TAGs). (a) and (b):
component TAGs, L; liquid phase, SA, SB, and SpMc; solid phases of A, B and molecular
compound (MC).

Figure. 2. Combination of saturated (Sat)-unsaturated (U) mixed-acid TAGs exhibiting MC-
forming and eutectic binary mixtures.

Figure 3. Key factors affecting the formation of MC crystals in binary mixtures of TAGs
containing palmitic (P) and oleic (O) acid moiety. Three problems in MC crystal formation
of the double chain-length structure are indicated in MCpop/0p0O model: the chain packing

between P and O chains by dashed boxes, stacking of glycerol groups by a dotted oval box,
and -7 interactions between cis-double bonds of the oleic acid chains by an arrow.

Figure 4. Mixing phase behavior of PEP and EPE. Source: Reprinted with permission from
Lu Zhang et al., 2020. Copyright 2020 American Chemical Society.

Figure 5. DSC thermogram and SR-XRD patterns of PEP/EPE at a 50:50 ratio. Source:
Reprinted with permission from Lu Zhang et al., 2020. Copyright 2020 American Chemical
Society.

Figure 6. Postulated configuration of the molecular packing of EPE, PEP, and MCpEP/EPE.
The arrow indicates the void at the methyl end of PEP in 8’ form due to the chain length

mismatch, which is filled by the acyl chain of EPE in MCpEP/EPE, as indicated by the dotted

lines. Source: Reprinted with permission from Lu Zhang et al., 2020. Copyright 2020
American Chemical Society.

Figure 7. Summary of temperature-dependent polymorphic crystallization in the binary
mixtures of POP/OPO, POP/rac-PPO and POP/sn-PPO. Source: Reprinted with permission
from Bayés-Garcia et al., 2023. Copyright 2023 American Chemical Society.

Figure 8. Effects of chain packing and glycerol conformation on the formation of MC
crystals. Source: Reprinted with permission from Bayés-Garcia et al., 2023. Copyright 2023
American Chemical Society.

Figure 9. Phase behavior of LLL/SOS/OSO mixtures with different weight fractions of
SOS/OSO = 1/1 (WSOS/OSO0): melting of MCSOS/OSO B -2 (L), transformation B -2

— B 1-2 of LLL (A), and melting of LLL B 1-2 (@®). Source: Reprinted with permission
from Yoshikawa et al., 2022. Copyright 2022 American Chemical Society.

Figure 10. 3D surface plots and overhead projections of SR-XRD data on LLL/SOS/OSO =
2/1/1 (a) and 1/2/2 (b), taken during cooling at a rate of 2°C/min, holding at 15°C for 30 min,
and heating at a rate of 5°C/min. Numbers hyphenated to Greek letters for crystal
polymorphs represent the chain-length structure. jsj is the magnitude of scattering vector (|s|
= 2sinf/A = 1/d), where 0 is the Bragg angle, A is the x-ray wavelength applied, and d is the
spacing between diffracting planes. Unit: nm.
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Figure 11. 3D surface plots and overhead projections of SR-XRD data on LLL/SOS/rac-
SOO = 2/1/1, taken during cooling at a rate of 2°C/min, holding at 15°C for 30 min, and
heating at a rate of 5°C/min. Numbers hyphenated to Greek letters for crystal polymorphs
represent the chain-length structure. Unit: nm.

Figure 12. Phase diagram of ternary mixture systems of SOS/SSO/OSO. White symbols
represent MC crystals of -2, black symbols represent eutectic mixtures of -2 of MC
crystals and component TAG.

Figure 13. SFC profiles of CB and CB/SSO-fat/OSO-fat blends. Blending ratio of (a)—(f)
are as follows. CB/SSO-fat/OSO-fat = (a) 50/50/0, (b) 50/40/10, (c) 50/30/20, (d) 50/20/30,
(e) 50/10/40, and (f) 50/0/50.

Figure 14. XRD patterns of fat blends of (a) CBS/CB and (b) CBS/MCcB/0s0 before (dot
line) and after (black line) 6 months storage at 20°C (unit: nm).
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