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Abstract: New carriers of phytosterols; acylglycerols containing natural myristic acid at sn-1 and
sn-3 positions and stigmasterol residue linked to sn-2 position by carbonate and succinate linker
have been designed and synthesized in three-step synthesis from dihydroxyacetone (DHA). The
synthetic pathway involved Steglich esterification of DHA with myristic acid; reduction of carbonyl
group of 1,3-dimyristoylpropanone and esterification of 1,3-dimyristoylglicerol with stigmasterol
chloroformate or stigmasterol hemisuccinate. The structure of the obtained hybrids was established
by the spectroscopic methods (NMR; IR; HRMS). Obtained hybrid molecules were used to form
new liposomes in the mixture with model phospholipid and their effect on their physicochemical
properties was determined, including the polarity, fluidity, and main phase transition of liposomes
using differential scanning calorimetry and fluorimetric methods. The results confirm the significant
effect of both stigmasterol-containing acylglycerols on the hydrophilic and hydrophobic region of
liposome membranes. They significantly increase the order in the polar heads of the lipid bilayer
and increase the rigidity in the hydrophobic region. Moreover, the presence of both acylglycerols
in the membranes shifts the temperature of the main phase transition towards higher temperatures.
Our results indicate stabilization of the bilayer over a wide temperature range (above and below the
phase transition temperature), which in addition to the beneficial effects of phytosterols on human
health makes them more attractive components of novel lipid nanocarriers compared to cholesterol.

Keywords: new lipid nanocarriers; liposomes; acylglycerols; stigmasterol; Steglich esterification;
physicochemical properties

1. Introduction

Phytosterols are structural and functional analogues of cholesterol, synthesized by
plants. These compounds are essential components of cell membranes that regulate their
physicochemical properties. The most frequently referred plant sterols are 4-desmethyl
sterols. Among them, one of the most common in the human diet is stigmasterol (stigmasta-
5,22-dien-3f3-ol) [1]. As other phytosterols, stigmasterol is known for its cholesterol-
lowering properties [2,3]. Besides, many other health benefits of stigmasterol have been
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proved. It was shown to alleviate nonalcoholic fatty liver disease (NAFLD) via suppression
of hepatic lipogenic gene expression and modulation of circulating ceramide levels [4].
By inhibition of several pro-inflammatory mediators involved in cartilage degradation,
stigmasterol exhibits anti-osteoarthritic properties [5,6]. Stigmasterol is a promising com-
pound for the prevention of neurodegenerative diseases, including Alzheimer’s disease, as
it exerts the effect against oxidative stress-induced apoptosis via the antioxidative defense
mechanism of hydrogen peroxide reduction [7]. Stigmasterol also has an antidiabetic effect
by the prevention of defects induced by glucolipotoxicity in glucose-stimulated insulin
secretion [8]. This phytosterol was also shown to exert anticancer effects on the human
gastric cancer [9] and cholangiocarcinoma cells [10]. It can also find an application as an
antibiotic adjuvant because of its synergistic effects with ampicillin against bacterial strains
producing beta lactamase [11].

Due to the low oil solubility and bioavailability of free stigmasterol, it is worth focusing
on increasing its supply to the target tissues by its conjugation with other hydrophobic
molecules. In this aspect, we paid our attention to acylglycerols, which, due to their
natural presence both in food and the human body, can be an effective lipid delivery
system and have been successively used as carriers of different bioactive ingredients [12],
including fatty acids [13,14], carotenoids and selena fatty acids [15], phenolic acids [16,17]
or non-steroidal anti-inflammatory drugs [18,19].

Due to their structure, acylglycerols are also an excellent base for their use as the
components of liposomes, which may increase their stability and efficiency to deliver
stigmasterol to the human body. Lipids in which two molecules of stigmasterol are cova-
lently linked via succinate linker to glycerophosphocholine were used previously as the
components of liposome formulations of doxorubicin and amphotericin B [20,21]. To the
best of our knowledge, the use of hybrids of acylglycerol and phytosterols in the formation
of liposomes has not been reported so far.

In our previous work, we synthesized distigmasterol-modified acylglycerols [22]
containing palmitic or oleic acid. Now our attention has also been attracted by myristic
acid (MA), exhibiting unique physiological properties compared to other saturated fatty
acids. MA intake is positively correlated with the concentrations of cellular bioactive lipids
including n-3 polyunsaturated fatty acids (n-3 PUFA) and ceramide. It is the result of the
myristoylation of N-terminal glycine residues of some enzymes, like NADH-cytochrome
b5 reductase and dihydroceramide A4-desaturase [23]. The myristoylation of the former
accounts for the increased A6-desaturase activity, which is the crucial enzyme in the
conversion of a-linolenic acid to eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) [24]. Among different fatty acids, only MA exerts anxiolytic-like effects, comparable
to diazepam, in studies using Wistar rats [25].

The aim of this work was a design and synthesis of structured acylglycerols containing
myristic acid residues at sn-1 and sn-3 positions and the stigmasterol molecule attached
to the sn-2 position. Additionally, the obtained hybrid molecules were used to form new
liposomes in the mixture with model phospholipid. The physicochemical properties of
newly obtained liposomes were determined, including fluidity of their membranes and
their thermotropic parameters such as the temperature of the main phase transition and
half width of the main peak. Understanding the physicochemical parameters of liposomes
will allow us to determine their properties and their stability, which is crucial for their
practical application in the food industry as food additives or as nutraceuticals.

2. Results
2.1. Synthesis

Target acylglycerols containing stigmasterol molecule (4,5) were obtained in three-step
synthesis (Scheme 1).



Molecules 2022, 27, 3406

30f15

oH- 07 “CiHy
ii
o{ .. o{ g, Ho{
OH o 13H27 O.

A
i acyl migration

iy

CisHar iv

>

1 [e]
2
0 [0}
)J\CHHH CisHzr
i
YCHHH YCWSHN
o) o]

4 5

Scheme 1. Synthesis of acylglycerols of myristic acid containing stigmasterol residue at sn-2 position.
Reagents and conditions: (i) myristic acid, DCC, DMAP, CHClj3, r.t., 24 h (ii) NaBHy, THFE, —14 °C,
30 min (iii) stigmasteryl chloroformate, DMAP, CHCl3, r.t., 48 h (iv) stigmasteryl hemisuccinate, DCC,
DMAP, CHCI3, r.t., 24 h.

The starting substrates were commercially available dihydroxyacetone (DHA, 1) and
myristic acid of natural origin. The latter was obtained according to the known procedure
as a result of the saponification of trimyristin isolated from nutmeg by Soxhlet extraction
(Scheme 2). Following this methodology, 2.81 g of MA with 95% purity, which contained
5% of palmitic acid, was obtained. Purities of trimyristin and myristic acid were calculated
based on their fatty acid composition determined by gas chromatography after standard
derivatization of the samples into methyl esters.
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Scheme 2. Production of myristic acid from nutmeg. Reagents and conditions: (i) hexane, reflux, 1 h,
then crystallization from acetone (ii) NaOH, EtOH, reflux, 1.5 h, then HCL

In the first step of synthesis, Steglich esterification [26] was applied to esterify both
hydroxy groups of DHA with MA and 1,3-dimyristoylpropanone (2) was obtained as the
only product in 75% isolated yield. In the subsequent step the reduction of the carbonyl
group of 1,3-dimyristoylpropanone (2) was necessary. The reaction was carried out in a THF
ice bath using sodium borohydride and after 30 min the ketone 2 reacted completely, but
surprisingly two products, 3 and 3a, were detected in the reaction mixture on the TLC plate.
After usual work-up of the reaction mixture, they were separated by flash chromatography.
Careful spectroscopic analysis let us to identify the major, less polar compound (Rf = 0.22),
obtained in 56% yield, as the expected product of reduction, 1,3-dimyristoylglycerol (3) and
the minor, more polar compound (R¢ = 0.16) as rac-1,2-dimyristoylglycerol (3a), obtained in
23% yield.

The key signals in the 'H NMR spectra, crucial for the determination of structure of
diacylglycerols 3 and 3a, were those observed for the diastereotopic protons of CH,-1 and
CH;-3 of the glycerol skeleton. The symmetry of 1,3-dimyristoylglycerol (3) caused the
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mentioned protons to give two doublets at 4.13 and 4.18 ppm, each represented by two
magnetically equivalent protons: one from CHj-1 group and one of CH,-3 group. In the
molecule of 1,2-isomer 3a four doublets of doublets were observed in total. Protons from
the CH,-1 group gave two signals at a significantly lower field (4.23 and 4.32 ppm) than
protons from the CH,-3 group (3.71 and 3.74 ppm). Observed difference in chemical shifts
as well as magnetic nonequivalence of these protons was caused by the presence of an ester
group at C-1 and OH group at C-3. This also resulted in the clear differentiation of signals
from two carbonyl carbons between isomers 3 and 3a on their 3C NMR spectra. In the
case of isomer 3a containing myristic acid esterified at sn-2 and sn-1 position, the separate
signals at 173.46 and 173.84 ppm were observed, respectively. In the case of isomer 3, in
which two molecules of myristic acid were attached at sn-1 and sn-3 positions, only one
signal from carbonyl carbons was detected at 173.95 ppm.

Formation of rac-1,2-dimirystoylglycerol (3a) during the reduction of ketone 2 by
sodium borohydride was also observed by the Cockman et al. as the effect of migration
of myristoyl residue from sn-1/sn-3 to sn-2 position of glycerol backbone in the product
of reduction, 1,3-dimyristoyl glycerol (3) [27]. The authors detected the formation of 3a
by TLC and '*C NMR without the separation of the products mixture. In this work, both
diacylglycerols 3 and 3a after separation were fully characterized using spectroscopic
methods to confirm the acyl migration, which is a common phenomenon in the synthesis
of structured acylglycerols, including enzymatic and chemical reaction and often limits the
reaction yield leading to the formation of by-products [28,29].

In the final step of synthesis, purified 1,3-dimyristoylglycerol (3) was conjugated
with stigmasterol by carbonate linker in the reaction with stigmasteryl chloroformate as
well as by succinate linker in the Steglich-type esterification with stigmasteryl hemisucci-
nate to afford 1,3-dimyristoyl-2-stigmasterylcarbonoylglycerol (4) and 1,3-dimyristoyl-2-
stigmasterylsuccinoylglycerol (5), respectively. Their molecular masses were determined by
HRMS analysis, and their structures were confirmed by NMR measurements. The signals
from the stigmasterol part were assigned to corresponding protons and carbons based on
the previous literature data [22,30]. The presence of myristic acid residues was confirmed
by triplets at 0.88 ppm from terminal methyl groups of hydrocarbonate chains, triplets
in the range 2.21-2.32 ppm from CH, group in «-position as well as the multiplets from
methylene groups of myristic acid in the range 1.22-1.33 ppm. On the '*C NMR spectrum of
acylglycerol 4, the signal from carbon of carbonate linker was detected at 153.73 ppm. The
presence of succinate linker in the compound 5 was indicated by the multiplet from four
protons of two methylene groups in the range 2.58-2.65 ppm on 'H NMR spectrum as well
as two signals from carbonyl carbons from succinate ester groups at 171.35 and 171.50 ppm
on 13C NMR spectrum. In both target acylglycerols 4 and 5, observed multiplicities and
chemical shifts for protons from a glycerol skeleton as well as only one signal from carbonyl
carbons of ester groups at sn-1 and sn-3 positions, observed at 173.28 ppm (for acylglycerol
4) and 173.31 ppm (for acylglycerol 5), were typical for symmetrical 1,3-diacylglycerols and
indicated no acyl migration at the final step of synthesis.

2.2. Biophysical Studies
2.2.1. Differential Scanning Calorimetry (DSC)

Analysis of changes of the physicochemical properties (thermotropic, in particular)
of liposomes formed from DPPC and hybrids of acylglycerols of myristic acid with stig-
masterol (4 and 5), was performed using differential scanning calorimetry (DSC). Figure 1
presents a DSC scan of DPPC and mixed acylglycerol/ DPPC multilamellar liposomes for
different values of molar ratios of the acylglycerol to DPPC (nacyiglycerol/iDppc): 0.01, 0.02,
0.05, 0.1, and 0.2. For pure DPPC, literature data regarding the main phase transition
temperature, Try (41.2 °C) and the pretransition temperature, Tp, (35 °C) were confirmed.
Incorporation of stigmasterol-containing acylglycerols into liposomes shifts the tempera-
ture of the main phase transition towards higher Ty, values (Figure 1a,b). Similar changes
of the main phase transition temperature are caused by both acylglycerols studied. For
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molar concentrations of 0.1 and 0.2 there is a significant increase of Tr,, which may indicate
a decrease of lipid bilayer fluidity in mixed liposomes. As the concentration of compounds
4 and 5 increases, the subtransition disappears and the half-width of the main peak widens
considerably. The half width of the main peak is related to the cooperativity of the phase
transition. The highest cooperativity was observed for pure DPPC and it significantly de-
creases with the increased concentration of the tested acylglycerols (Figure 1b). In the case
of DPPC, the main transition from the gel phase to the liquid phase is a two-step process.
Therefore, the peak is sharp, and the transition occurs at high cooperativity. The addition
of new compounds significantly increased the width of the main peak, indicating reduced
cooperativity during the phase transition. The increase of the concentration of compounds
4 and 5 in liposomes changes the shapes of the DSC scans. This may additionally indicate
the existence of domains within the liposome bilayer.
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Figure 1. (a) Original DSC curves of DPPC and DPPC mixed liposomes with an increasing concentra-
tion of acylglycerol 5; (b) The influence of different concentration of acylglycerols of myristic acid
containing stigmasterol on the main phase transition temperature Ty, (black curves) and half-width
of the main peak AT/, of DPPC mixed liposomes (blue curves).

2.2.2. Steady-State Fluorescence Spectroscopy

A fluorimetric method was also used to extend the biophysical studies. Using this
method, the effect of hybrids of acylglycerols of myristic acid and stigmasterol on the
polarity, fluidity, and main phase transition of SUVs liposomes was determined. The
following molar ratios of the acylglycerol to DPPC (nacyiglycerol /iDPPC) Were used: 0.01,
0.02, 0.05, 0.1, and 0.2. Two fluorescent probes like Laurdan and DPH, which have affinity
for two different areas in the membrane, were selected for this study.

Fluorophore of Laurdan takes place near the phospholipid glycerol groups. Because
of its location and characteristics, it provides important information about polarity changes
in the environment, which is related to the phospholipid phase state. Polarity changes are
shown by shifts of the spectrum of emission maximum of Laurdan from 440 nm in gel phase
to 490 nm in a liquid crystalline phase. This spectral shift is due to the dipolar relaxation of
Laurdan in the lipid environment and is assigned to several water molecules present in the
bilayer at the level of the glycerol skeleton [31,32]. Polarization changes were determined
using the generalized polarization parameter (GP). Figure 2 presents values of general
polarization of Laurdan for liposomes composed of DPPC (control) and mixed liposomes
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composed of acylglycerol/DPPC at different molar ratios as a function of temperature.
The results showed significant differences in GP values in mixed liposomes compared to
liposomes formed from pure DPPC. In the case of mixed liposomes, there was a significant
increase in GP with an increase of acylglycerol 5 concentration in the range of 0.05-0.2 molar
ratio. The differences in GP values started from the lowest temperatures, but the greatest
effect was around the temperature of the main phase transition. The opposite effect, i.e., a
decrease in GP values relative to the control, was observed for molar ratios of 0.02 and 0.01.
These changes started around the pre-phase transition temperature (38 °C) and ended at
45 °C, i.e., already after the phase transition. A higher decrease in GP was observed for the
ratio of 0.01. At temperatures above the phase transition, the molar ratio of 0.02 caused
a slight increase in GP compared to the control. Liposomes formed with the addition of
compound 4 induced similar changes as compound 5, but with much greater effect. Ata
molar ratio of 0.2, the presence of compound 4 caused a high increase in GP values in both
phases, whereas at molar ratios of 0.02 and 0.01 there was a significant decrease in GP in
the gel phase and a small increase in the liquid phase compared to the control.
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Figure 2. Values of general polarization (GP) of Laurdan in liposomes DPPC (control) and mixed
liposomes: acylglycerol 5/DPPC (a) and acylglycerol 4/DPPC (b) in a six-molar ratio of the tested
acylglycerol to DPPC (ncyiglycerol/ipppe): 0.01, 0.02, 0.05, 0.1, and 0.2, as a function of temperature.

An increase in GP value compared to the control indicates an increase of an order in
the hydrophilic-hydrophobic region of the membrane (interface of the bilayer), whereas
its decrease indicates an increase of a disorder. The results showed that the addition of
both acylglycerols in molar ratios ranging from 0.2 to 0.05 causes very strong ordering in
the polar heads of the lipid bilayer. The greatest ordering was induced by compound 4
in molar ratio 0.2. On the other hand, at molar ratios of 0.02 and 0.01, both compounds
caused an increase in a disorder.

The second probe used with fluorimetric studies was DPH. This probe has an affinity
to be located between the hydrocarbon chains of phospholipids. Because of this localization,
information about the main phase transition of lipids and membrane fluidity is obtained,
which is related to chain mobility. These shifts are monitored by the change in the fluo-
rescence anisotropy of the DPH probe [33]. An increase in the anisotropy value indicates
a decrease in membrane fluidity and thus an increase in the rigidity in the hydrophobic
region. A decrease in this value indicates an increase in membrane fluidity, which is
associated with an increase in the mobility of the hydrocarbon chains. Figure 3 shows
the values of anisotropy of DPH in liposomes formed from DPPC (control) and mixed
liposomes composed of acylglycerol 5/DPPC (a) and acylglycerol 4/DPPC (b) in six molar
ratios as a function of temperature. As with the first probe, the results showed significant
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differences in values of anisotropy in mixed liposomes compared to liposomes formed from
pure DPPC. The trend of changes was similar for both compounds. The results showed an
increase in fluorescence anisotropy below and above the temperature of the main phase
transition. However, the greatest effect was observed above 40 °C and the changes were
proportional to the acylglycerols concentration. Below the main phase transition tempera-
ture (40 °C) the effect was opposite, because a greater increase in anisotropy was shown
at a molar ratio of 0.02 or 0.01. The obtained results clearly indicated that acylglycerols 4
and 5 cause a significant increase in anisotropy compared to the control, which indicates an
increase in the rigidity in the hydrophobic region of the membrane. Moreover, the presence
of compounds 4 and 5 in the membranes also shifts the temperature of the main phase
transition towards higher temperatures.
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Figure 3. Values of anisotropy of DPH in liposomes DPPC (control) and mixed liposomes: acylglycerol
5/DPPC (a) and acylglycerol 4/DPPC (b) in six molar ratio of the tested acylglycerol to DPPC
(Macylglycerold /ipppc): 0.01,0.02, 0.05, 0.1, and 0.2, as a function of temperature.

3. Discussion

In this work we present a new form of acylglycerols containing myristic acid residues
at sn-1 and sn-3 positions and the stigmasterol molecule attached to sn-2 position. We used
these active substances to form new liposomes in the mixture with model phospholipid
and determine their effect on the physicochemical properties of these liposomes.

Using DSC, it has been verified how hybrid acylglycerols of myristic acid with stig-
masterol affects the temperature of the main phase transition depending on the molar
ratio of the studied compound to DPPC. It was shown that the greatest changes occur for
the systems acylglycerol 4/DPPC and acylglycerol 5/DPPC at molar ratios 0.1 and 0.2. It
was also found that the enthalpy of the main phase transition gradually decreases with
increasing acylglycerols 4 and 5, with the changes being greatest at the molar ratio of acyl-
glycerol/DPPC 0.1 and 0.2. For pure DPPC the enthalpy change is AH = 36 + 1.8 kJmol !,
for acylglycerol 4/DPPC system AH = 15.8 + 0.8 kJmol~! and for acylglycerol 5/DPPC
AH =276 + 1.4 kKjmol !, Nacylglycerol/NDPPC = 0.2. These changes are similar to cholesterol-
containing phosphatidylcholine bilayers and plant sterol-containing DPPC bilayers re-
ported in the literature. The same trend of the enthalpy of the main conversion gradually
decreasing and the cooperativity of the transition decreasing with increasing sterol con-
centrations, was observed for acylglycerols 4 and 5 with slight differences among them. A
slightly larger effect in both parameters was observed for acylglycerol 4, indicative of a
better ability of this compound in lipid disordering a rigid membrane. This resulted in an
increase in T, towards higher values, as well as a significant increase in the half-width of
the transition. The width of the peak responsible for the main phase transition is closely
related to the cooperativity. With a broad, fuzzy peak, a decrease in cooperativity is inferred.
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A high transition temperature indicates beneficial and stabilizing interactions of sterols
with phospholipids [34].

A fluorimetric method was used to determine the effect of hybrid acylglycerols of
myristic acid and stigmasterol on the polarity, fluidity and main phase transition of new
liposomes. The results obtained using this method confirm the significant effect of both
compounds on the hydrophilic and hydrophobic region. Compounds significantly increase
the order in the polar heads of the lipid bilayer and cause a decrease in membrane fluidity
as well as an increase in the Tm temperature. Moreover, at higher concentrations the phase
transition becomes less pronounced and is more extended. These results are consistent
with those obtained using the DSC method. Moreover, they may have great significance for
their practical application.

An important factor in the practical use of liposomes as carriers of active substances
is their stability, which among others is affected by the rigidity of the lipid layer. The
regulation of liposome membrane composition (type of lipids, type of sterols and their
concentration) can be used as a tool to control the fluidity, permeability, and thermotropic
properties of the membrane and thus to predict the release properties, physical, thermal,
and oxidative stability. A commercial phospholipid mixture consisting of various natural
phospholipids with impurities forms a less homogeneous liposome membrane, which has
higher fluidity compared to DPPC [35].

A well-studied and frequently used lipid to regulate membrane fluidity is cholesterol.
Some of the known properties of this sterol include increasing the packing of phospholipid
molecules, decreasing the permeability of the bilayer to non-electrolyte and electrolyte
solvents, increasing the resistance of vesicles to aggregation, altering the fluidity of in-
tramolecular interactions so that they become more rigid and persist under high shear stress
in the lipid bilayer and decreasing the efficiency of drug incorporation [36—40]. Studies
have shown the phospholipid/cholesterol ratio 2:1 as the most suitable combination in
terms of characteristics and as the most flexible formulation to release drugs with different
physicochemical properties [41].

Plant sterols, despite their beneficial properties (used as cholesterol lowering agents,
anti-inflammatory, antibacterial, antifungal, and anticancer agents) have received much less
attention as liposome stabilizers compared to cholesterol. Studies comparing cholesterol
and plant sterols show their different effects on bilayer permeability, chain melting point,
hydrocarbon chain ordering, and on membrane domains [34,42,43]. Wu et al. in their
study suggested less efficiency of stigmasterol, compared to cholesterol, in forming ordered
domains containing DPPC [34]. However, other studies indicate that phytosterols affect
cell membrane properties such as permeability, temperature behavior, structural properties,
and stability [44,45]. Silva et al. showed that the (3-sitosterol and stigmasterol changed
the bilayer ordering and hydration of the polar DPPC head [45]. Jovanovi¢ et al. showed
that the (3-sitosterol decreased the temperature of the main phase transition, reduced
membrane fluidity and induced more stable interactions with phospholipids (increased
liposome stability) [35]. Unsalan et al. suggested that the incorporation of stigmasterol
induces changes in the thermotropic behavior of lipid phases, lipid ordering, fluidity, and
hydration near the polar group of liposomes formed from dimyristoylphosphatidylcholine
(DMPC) [46]. Similar to our study, their results suggest that stigmasterol is fully able to
interact with membranes and alter their biophysical properties. Moreover, these results
showed an increase in the ordering of the DMPC membrane in both the gel and liquid
phases for low concentrations of stigmasterol (1, 5, and 10 mol%) and a decrease in the
ordering in the gel phase as well as a decrease in the conformational disorder of the DMPC
membrane in the liquid phase for high concentrations of stigmasterol (20, 30, and 40 mol%).
In contrast, our study showed an increase in ordering in the gel and liquid phases for both
compounds (4 and 5) as well as an increase in the Ty, temperature, especially for molar
ratios acylglycerol/DPPC of 0.1 and 0.2.

The differences between the literature studies and our results may be due to the
structural characteristic of the synthesized stigmasterol derivatives. The aforementioned
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studies involved a free form of stigmasterol molecule incorporated into a lipid bilayer,
where the hydroxy group is directed to the aqueous phase and the hydrophobic rings to
the fatty acids of the phospholipids. Our study involved molecules in which stigmasterol is
linked to 1,3-dimyristoylglycerol via a carbonate or succinate linker. The hydroxy group of
stigmasterol is esterified, which prevents the presence of the molecule in the polar region.
In a free stigmasterol, the hydroxy group forms hydrogen bonds with the polar groups
of the phospholipid heads. The present study shows that the strong hydrogen bonding
caused by stigmasterol on carbonyl and phosphate groups in DMPC membranes suggest
that stigmasterol has a significant probability of altering lipid acyl chain flexibility and
lipid dynamics.

4. Materials and Methods
4.1. Chemicals

Dihydroxyacetone (>98%), stigmasteryl chloroformate, N,N’-dicyclohexylcarbodiimide
(DCC, 99%), dimethylaminopyridine (DMP, >99%), sodium borohydride (99%), ethanol-
free chloroform (>99%), anhydrous tetrahydrofurane (THF, >99.9%), hexane (ACS reagent,
>99%), 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC, 99%), and sterile filtered
water were purchased from Sigma-Aldrich (St. Louis, MO, USA). Other chemicals of
analytical grade were purchased from Chempur (Piekary Slaskie, Poland). Stigmasteryl
hemisuccinate was synthesized from stigmasterol as described previously [22]. The fluores-
cent probes, 6-dodecanoyl-2-dimethylaminonaphthalene (Laurdan) and 1,6-diphenyl-1,3,5-
hexatriene (DPH), were purchased from Molecular Probes (Eugene, OR, USA).

4.2. Analysis

Analytical Thin Layer Chromatography (TLC) was performed on 0.2 mm aluminum
plates coated with silica gel 60 Fps4 (Merck). Chromatograms were visualized by spraying
the plates with a solution of 1% Ce(SOy4),; and 2% H3[P(M0301p)4] in 10% HySO4 and
heating the plates to 120-200 °C or 0.05% solution of primuline in acetone:water mixture
(4:1, v/v) followed by observation of the spots under UV light (A = 365 nm).

Flash chromatography was carried out using puriFlash® SX520 Plus Interchim system
(Interchim, Montlugon, France) gradient pump, UV detector, and fraction collector. The
samples were dry loaded on a pre-column puriFlash® F0012 and the products were sepa-
rated on puriFlash® STHP 30 pum columns using gradient elution with mixtures of hexane
and ethyl acetate as the mobile phase (flow 26 mL/min, pressure 15 mbar).

Gas chromatography was carried out on an Agilent 6890 N chromatograph using a
polyethylene glycol column (DB WAX, 30 m x 0.25 mm x 0.25 pm) and flame ionization
detector, with the following temperature parameters: injector 250 °C, detector 280 °C,
column: 160 °C (held 3 min), 160-220 °C (rate 5 °C/min), 220-260 °C (rate 30 °C/min),
250 °C (held 3 min). Fatty acid profiles of trimyristin and myristic acid were determined
after their conversion to the fatty acid methyl esters (FAME) using BF3 x MeOH complex
solution according to the standard procedure [47]. Standard FAME mixture (Supelco 37
FAME Mix, Sigma Aldrich, St. Louis, MO, USA) was used as reference.

Spectroscopic measurements in the range of Nuclear Magnetic Resonance (‘H NMR,
3C NMR, COSY, HMQC, HMBC) were recorded on a Jeol 400 MHz Year Hold Magnet
spectrometer (Jeol Ltd., Tokyo, Japan) or Bruker Avance II 600 MHz spectrometer (Bruker,
Rheinstetten, Germany). Samples were dissolved in CDCl; and the chemical shifts of the
detected signals were referenced to the signals of residual solvent (6H =7.26, 6C = 77.00).

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) spec-
tra were recorded on a Nicolet iS10 spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA).

High Resolution Mass Spectra (HRMS) were registered on Bruker Daltonics ESI-Q-TOF
maXis impact mass spectrometer (Bruker, Billerica, MA, USA) using electrospray ionization
(ESI) technique.
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Boetius apparatus (Nagema, Dresden, Germany) was used to determine melting points
(m.p., uncorrected) of synthesized compounds.

4.3. Isolation of Trimyristin from Nutmeg

Trimyristin was extracted from nutmeg by Soxhlet extraction using hexane and recrys-
tallized from acetone according to the procedure described in our previous paper [47].

4.4. Hydrolysis of Trimyristin

Trimyristin (3 g) was dissolved in 50 mL of 1 M NaOH ethanolic solution and the
mixture was heated under reflux. After complete hydrolysis of trimyristin (1.5 h, TLC,
hexane:diethyl ether 3:1) and cooling the reaction mixture, it was poured into 100 mL
of water and acidified with 20 mL of concentrated HCl. Crystals of myristic acid were
separated from the solution on a Biichner funnel, washed with 25 mL of distilled water,
and dried at 40 °C overnight to afford 2.3 g of myristic acid (yield 81%).

4.5. Synthesis of Target Acylglycerols with Stigmasterol Residues
4.5.1. Preparation of 1,3-Dimyristoylpropanone (2)

Solution of myristic acid (1.6 g, 7 mmol) in ethanol-free chloroform was added por-
tion wise to the stirring mixture of dihydroxyacetone (1, 0.3 g, 3.3 mmol), DCC (1.44 g,
6.9 mmol), DMAP (0.85 g, 6.9 mmol) and 100 mL of ethanol-free chloroform placed in
round-bottom flask. The reaction mixture was stirred at room temperature until the sub-
strate was completely consumed (24 h, TLC: hexane/ethyl acetate 1:1) and filtered using
a funnel with G4 sintered disc to remove white precipitate. The filtrate was washed with
0.5 M HCJ, neutralized with brine, dried with anhydrous MgSQOy, filtered, and the solvent
was evaporated under vacuum. The crude product was purified by flash chromatography
using a gradient elution system (from hexane to hexane:EtOAc 19:1, v/v). Physical and
spectroscopic data of pure 1,3-dimyristoylpropanone (2, 1.27 g, yield 75%) are given below:

White crystals, mp 72-75 °C (lit. 76°C [27]), R¢ = 0.44 (hexane:ethyl acetate, 5:1), 'H
NMR (400 MHz, CDCl3):6 0.87 (t, ] = 7.0 Hz, 6H, 2 x -OC(O)(CH;)1,CHj3), 1.20-1.36 (m,
40H, 2 x -OC(O)CH,CH,(CH3)19CH3), 1.64 (m, 4H, 2 x -OC(O)CH,CH,(CH»)19CH3), 2.42
(t,] =7.7 Hz, 4H, 2 x -OC(O)CH,(CH>)11CH3), 4.74 (s, 4H, CHp-1 and CH,-3); 3C NMR
(100 MHz): 6 14.10 (2 x -OC(O)(CH;)12CH3), 22.67 (2 x -OC(O)(CHy)11CH,CH3) 24.81
(2 x -OC(O)CH,CH,(CH;)19CHs), 29.04, 29.21, 29.34, 29.41, 29.57, 29.62, 29.63 and 29.65
(2 x -OC(O)CH,CH,(CH,;)sCH,CH,CHj3), 31.90 (2 x -OC(O)(CH;)1oCH,CH,CHj3) 33.72
(2 x -OC(O)CH,(CH3)11CH3), 66.13 (C-1 and C-3), 172.95 (2 x -OC(O)(CH;)12,CH3), 198.16
(C-2); IR (ATR, cm™1): 1733 (s), 1701 (s), 1162 (s); HRMS (ESI): m/z calcd for C3;Hs305:
533.4182 [M+Na]*; found: 533.4179.

4.5.2. Preparation of 1,3-Dimyristoylglycerol (3)

To the solution of 1,3-dimyristoylpropanone (2, 1 g, 1.2 mmol) in 25 mL of THF placed
in an ice bath with NaCl, few portions of NaBHy4 (0.2 g, 2.6 mmol) were added. When
substrate was not detected on TLC plate (30 min, hexane:ethyl acetate, 5:1), THF was
evaporated in vacuo, the residues was suspended in water and the product was extracted
with CH,Cl, (3 x 15 mL). The organic layer was washed with brine until neutral, dried
over anhydrous MgSQy, filtered and concentrated in vacuo. After flash chromatography
(gradient elution from hexane to hexane:ethyl acetate, 5:1, v/v,) 0.56 g (yield 56%) of pure
1,3-dimyristoylglycerol (3) was isolated. Its physical and spectral data are given below:

White crystals, mp 62-64 °C (lit. 64-66 °C [48]), R¢ = 0.22 (hexane:ethyl acetate, 5:1),
'H NMR (400 MHz, CDCl3): § 0.87 (t, ] = 7.1 Hz, 6H, 2 x -OC(O)(CH,)1,CHj3), 1.20-1.34
(m, 40H, 2 x -OC(O)CH,CH,(CHy)19CH3), 1.62 (m, 4H, 2 x -OC(O)CH,CH,(CHy)19CH3),
234 (t,] =7.6 Hz, 4H, 2 x -OC(O)CH,(CH>)11CH3), 4.07 (m, 1H, H-2), 413 (dd, ] = 11.3 Hz
and 5.6 Hz, 2H, one of CH,-1 and one of CH,-3), 4.18 (dd, ] = 11.3 Hz and 4.3 Hz, 2H, one
of CH,-1 and one of CH,-3); 13C NMR (100 MHz): 5 14.12 (2 x -OC(O)(CH;)12CH3), 22.68
(2 X -OC(O)(CHz)HQHQCHg), 24.86 (2 X -OC(O)CHngz(CHz)l()CHg,), 29.10, 29.23, 29.34,



Molecules 2022, 27, 3406

11 of 15

29.43,29.58, 29.63 and 29.66 (2 x -OC(O)CH,CH,(CH,)sCH,CH,CHj3), 31.90 (2 x -OC(O)
(CH3)10CH,CH,CHy3), 34.07 (2 x -OC(O)CH,(CHjy)11CHgs), 65.00 (C-1 and C-3), 68.33 (C-2),
173.95 (2 x -OC(O)(CH,)12CHj3); IR (ATR, cm™1): 3484 (w), 1715 (s), 1732 (s), 1181 (s);
HRMS (ESI): m/z caled for C31HsgOs: 535.4338 [M+Na]*; found: 535.4335.

As a minor product, 0.23 g (23% yield) of rac-1,2-dimyristoylglycerol (3a) was isolated
with the following physical and spectra data:

White crystals, mp 54-56 °C, (lit. 56-58 °C [49]), R¢ = 0.16 (hexane:ethyl acetate, 5:1),
'H NMR (400 MHz, CDCl3): § 0.88 (t, ] = 7.1 Hz, 6H, 2 x -OC(O)(CH2)12CH3), 1.20-1.34
(m, 40H, 2 x -OC(O)CH,CH,(CHy)19CH3), 1.62 (m, 4H, 2 x -OC(O)CH,CHy(CH;)0CH3),
2.32 and 2.34 (two t, ] = 7.9 Hz, 4H, 2 x -OC(O)CH,(CH3)11CH3), 3.71 (dd, ] = 12.4 Hz
and 5.2 Hz, 1H, one of CH,-3), 3.74 (dd, | = 12.4 and 4.8 Hz, 1H, one of CH,-3), 4.23
(dd, ] = 11.9 and 5.7 Hz, 1H, one of CHj,-1), 4.32 (dd, | = 11.9 and 4.5 Hz, 1H, one of
CH,-1), 5.08 (m, 1H, H-2); 13C NMR (100 MHz): § 14.12 (2 x -OC(O)(CH,)1,CH3), 22.68
(2 x -OC(O)(CH,)11CH,CH3), 24.86 and 24.92 (2 x -OC(O)CH,CH,(CH,)19CHj3), 29.07,
29.10, 29.26, 29.35, 29.46, 29.61, 29.64, 29.67 (2 x -OC(O)CH,CH,(CH,)sCH,CH,CH3;), 31.90
(2 X -OC(O)(CH2)102H2CH2CH3), 34.08 and 34.27 (2 X -OC(O)QHQ(CH2)11CH3), 61.50 (C-
3),61.95 (C-1), 72.04 (C-2), 173.46 (>CHOC(O)(CH,)1,CHj3), 173.84 (-CH,OC(O)(CH,)1,CH3);
HRMS (ESI): m/z caled for C31HsgOs: 535.4338 [M+Na]*; found: 535.4336.

4.5.3. Preparation of 1,3-Dimyristoyl-2-stigmasterylcarbonoylglycerol (4)

1,3-Dimyristoylglycerol (3, 0.1 g, 0.19 mmol), stigmasteryl chloroformate (0.32 g,
0.63 mmol)) and DMAP (0.095 g, 0.78 mmol) were dissolved in 50 mL of ethanol-free dry
chloroform. The solution was stirred at room temperature for 48 h, and the solvent was
evaporated in vacuo. Flash chromatography (gradient elution: hexane to hexane:EtOAc
49:1, v/v) afforded 0.17 g (92% yield) of 1,3-dimyristoyl-2-stigmasterylcarbonoylglycerol (4)
with the following physical and spectral data:

White crystals, mp 43-45 °C, R¢ = 0.82 (hexane:ethyl acetate, 5:1), "H NMR (600 MHz):
5 0.70 (s, 3H, CH3-18s), 0.79 (d, 3H, ] = 6.5 Hz, CH3-27s), 0.80 (d, ] = 7.4 Hz, CH3-29s), 0.84
(d, ] = 6.4 Hz, 3H, CH3-26s), 0.88 (t, ] = 7.2 Hz, 6H, 2 x -OC(O)(CH3)12CH3), 0.95 (m, 1H,
H-9s), 1.00 (m, 1H, H-14s), 1.01 (s, 3H, CH;3-19s), 1.02 (d, ] = 6.9 Hz, 3H, CH3-21s), 1.06 (m,
H-15s ()), 1.09-1.21 (m, 4H, H-1s («), H-17s, H-12s («), one of CH;-28s), 1.22-1.33 (m, 41H,
2 x -OC(O)CH,CH,(CHy)19CHj3 and H-16s (p)), 1.38-1.67 (m, 13H, one of CH,-28s, H-8s,
H-7s (o), CHp-11s, H-2s (), H-24s, H-25s, H-15s (), 2 x -OC(O)CH,CH,(CH;)19CHs), 1.70
(m, 1H, H-16s (o)), 1.89 (m, 1H, H-1s ()), 1.93-2.01 (m, 3H, H-2s (), H-7s (#), H-12 s (B)),
2.04 (H-20s), 2.31 and 2.32 (two t, ] = 7.5 Hz, 4H, 2 x -OC(O)CH,(CH;)11CH3), 2.36-2.44
(m, 2H, CH,-4s), 4.18 and 4.19 (two dd, ] = 12.0 and 6.0 Hz, 2H, one of CH»-1, and one of z
CH,-3), 4.32 and 4.33 (two dd, | = 12.0 and 4.1 Hz, 2H, one of CHj-1, and one of CH,-3), 4.48
(m, 1H, H-3s), 5.02 (dd, | = 15.1 and 8.8 Hz, 1H, H-23s), 5.10 (tt, ] = 6.0 and 4.1 Hz, 1H, H-2),
5.15(dd, ] = 15.1 Hz and 8.7 Hz, 1H, H-22s), 5.39 (m, 1H, H-6s); }3C NMR (150 MHz): § 12.02
(C-18s), 12.24 (C-29s), 14.11 (2 x -OC(O)(CH;)12CH3), 18.96 (C-27s), 19.23 (C-19s), 21.01
(C-11s), 21.08 (C-26s), 21.21 (C-21s), 22.69 (2 x -OC(O)(CH,)1;CH,CHj), 24.33 (C-15s), 24.82
(2 x -OC(O)CHCH,(CHy)19CH3z), 25.40 (C-28s), 27.60 (C-2s), 28.89 (C-16s), 29.11, 29.27, 29.36,
29.48, 29.64 29.66 and 29.70 (2 x -OC(O)CH,CHy(CH,;)sCH,CH,CH3), 31.82 (C-7s), 31.87
(C-8s, C-25s), 31.92 (2 x -OC(O)(CH3)10CH,CH,CH3), 34.03 (2 x -OC(O)CH;,(CHy)11CH3),
36.53 (C-10s), 36.81 (C-1s), 37.92 (C-4s), 39.59 (C-12s), 40.48 (C-20s), 42.19 (C-13s), 49.99
(C-9s), 51.23 (C-24s), 55.92 (C-17s), 56.77 (C-14s), 61.99 and 62.00 (C-1, C-3), 72.68 (C-2), 78.46
(C-3s), 123.09 (C-6s), 129.29 (C-23s), 138.28 (C-22s), 139.16 (C-5s), 153.73 (Stig-OC(O)O-),
173.28 (2 x -OC(O)(CHy)12CHz); IR (ATR, em~1): 1739 (s), 1467 (s), 1278 (s), 1254 (s), 1083
(m), 787 (m), 723 (m); HRMS (ESI): m/z caled for Cs1Hy0607: 973.7836 [M+Na]*; found:
973.7831.

4.5.4. Preparation of 1,3-Dimyristoyl-2-stigmasterylsuccinoylglycerol (5)

To the solution of 1,3-dimyristoylglycerol (3, 0.21 g, 0.41 mmol), DCC (0.13 g, 0.63 mmol)
and DMAP (0.082 g, 0.67 mmol) in ethanol-free chloroform, stigmasteryl hemisuccinate
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(0.32 g, 0.62 mmol) in chloroform was added dropwise. The reaction mixture was stirred
at room temperature for 24 h and worked-up as described in paragraph 4.5.1. Flash chro-
matography (gradient elution from hexane to hexane:EtOAc 19:1, v/v) afforded 0.308 g
(73% yield) of pure 1,3-dimyristoyl-2-stigmasterylsuccinoylglycerol (5) with physical and
spectral data are given below:

White solid, mp 36-37 °C, R; = 0.57 (hexane:ethyl acetate, 5:1), 'H NMR (600 MHz): &
0.69 (s, 3H, CH3-18s), 0.79 (d, 3H, ] = 6.5 Hz, CH3-27s), 0.80 (d, ] = 7.4 Hz, CH3-29s), 0.84
(d, ] = 6.4 Hz, 3H, CH3-26s), 0.88 (t, ] = 7.2 Hz, 6H, 2 x -OC(O)(CHy)12CH3), 0.95 (m, 1H,
H-9s), 1.00 (m, 1H, H-14s), 1.01 (s, 3H, CH3-19s), 1.02 (d, | = 5.3 Hz, 3H, CH3-21s), 1.06 (m,
H-15s (B)), 1.10-1.21 (m, 4H, H-1s (x), H-17s, H-12s (), one of CH,-28s), 1.22-1.33 (m, 41H,
2 x -OC(O)CH,CH,(CHy)10CHj3 and H-16s (p)), 1.38-1.63 (m, 13H, one of CH,-28s, H-8s,
H-7s («), CHy-11s, H-2s (3), H-24s, H-25s, H-15s (o), 2 x -OC(O)CH,CH,(CH;)19CHs), 1.70
(m, 1H, H-16s (x)), 1.82-1.88 (m, 2H, H-1s (3), H-2s (cv)), 1.94-2.01 (m, 2H, H-7s (3), H-12 s
(B)), 2.03 (H-20s), 2.30-2.32 (m, CHy-4s), 2.31 (t, ] = 7.6 Hz, 4H, 2 x -OC(O)CH,(CH>)11CH3),
2.58-2.65 (m, 4H, (-OC(O)-CH,CH,-(0)CO-), 4.15 (dd, | = 11.9 and 5.9 Hz, 2H, one of
CH,-1 and one of z CH,-3), 4.29 (two dd, | = 11.9 and 4.2 Hz, 2H, one of CH,-1 and
one of CH,-3), 4.61 (m, 1H, H-3s), 5.01 (dd, | = 15.1 and 8.8 Hz, 1H, H-23s), 5.10 (m,
1H, H-2), 5.15 (dd, ] = 15.1 Hz and 8.7 Hz, 1H, H-22s), 5.27 (tt, | = 5.8 and 4.2 Hz,
1H, H-2), 5.36 (m, 1H, H-6s); 13C NMR (150 MHz): § 12.02 (C-18s), 12.23 (C-29s), 14.11
(2 x -OC(O)(CH3)12CH3), 18.96 (C-27s), 19.28 (C-19s), 21.00 (C-11s), 21.07 (C-26s), 21.20 (C-
218), 22.68 (2 X -OC(O)(CH2)11QH2CH3), 24.33 (C-lSS), 24.83 (2 X -OC(O)CHngz(CHz)wCH?,),
25.39 (C-28s), 27.72 (C-2s), 28.89 (C-16s), 29.12, 29.28, 29.30, 29.36, 29.49, 29.63, 29.66 and
29.69 (2 x -OC(O)CH,CH,(CH,)sCH,CHCHj3 and Stig-OC(O)CH,CH,(0)CO-), 31.82
(C-7s), 31.86 (C-8s, C-25s), 31.91 (2 x -OC(O)(CH3)10CH,CH,CHs), 34.00 (2 x -OC(O)CH,
(CH»)11CH3), 36.57 (C-10s), 36.94 (C-1s), 38.04 (C-4s), 39.60 (C-12s), 40.49 (C-20s), 42.18
(C-13s), 50.02 (C-9s), 51.22 (C-24s), 55.91 (C-17s), 56.76 (C-14s), 61.94 (C-1, C-3), 69.44 (C-
2), 74.40 (C-3s), 122.72 (C-6s), 129.27 (C-23s), 138.29 (C-22s), 139.50 (C-5s), 171.35 (Stig-
OC(O)CH,CH,(0)CO-), 171.50 (Stig-OC(O)CH,CH,(0)CO-), 173.31 (2 x -OC(O)(CHy)12CH3);
IR (cm~1): 1734 (s), 1467 (m), 1154 (s), 1091 (m), 721 (m); HRMS (ESI): m/z caled for
CeaHi1100s: 1029.8098 [M+Na]*; found: 1029.8085.

4.6. Liposome Preparation

Liposomes were prepared using mixture of newly synthesized acylglycerols (4,5) and
dipalmitoylphosphatidylcholine (DPPC). The procedure was based on the hydration of a
dry film and was described in previous papers [50]. Liposomes were formed using different
molar ratios of the acylglycerol to DPPC (nacyiglycerol/npppc): 0.01, 0.02, 0.05, 0.1, and 0.2.
The control liposomes contained only DPPC. The mixture of DPPC and the obtained acyl-
glycerols were dissolved in chloroform. Next, the chloroform was slowly evaporated, first
under nitrogen and then under vacuum pump for at least 2 h. Subsequently, the obtained
dry film was hydrated with distilled water and shaken intermittently on a vortex at a tem-
perature above the main phase transition of lipids (50 °C). We obtained the multilamellar
vesicles (MLVs) when all lipids created a homogeneous milky suspension. Then, small
unilamellar liposomes (SUVs) with a diameter of 120-140 nm were formed from MLVs
using a Sonics VCX750 sonicator (Sonics, Newtown, CT, USA) for 15 min at 20 kHz.

4.7. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry method was employed to evaluate the effect of hy-
brids of acylglycerols with stigmasterol on the thermotropic properties of MLVs liposomes.
In particular, the temperature of pre- (Ip) and main phase transition (Tm), as well as
the half width of the main peak (®Tj ;) were determined. The final concentration of the
lipid in the sample was 25 mg/mL. The method was described precisely in our previous
papers [50,51]. Prepared liposomes were incubated for 48 h at 4 °C and measured using
Mettler Toledo Thermal Analysis System D.S.C. 821e (Mettler Toledo, LLC, Columbus, OH,
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USA) in a range temperature from 20 to 55 °C. Measurements were repeated three times
and data analysis were performed using original software provided by Mettler Toledo.

4.8. Steady-State Fluorescence Spectroscopy

The fluorimetric method was used to determine the changes of polarity, fluidity,
and main phase transition of SUVs liposomes composed of stigmasterol-containing acyl-
glycerols and DPPC, prepared according to the procedure described in Section 4.6. The
concentration of the lipid in the sample was 0.1 mg/mL. To evaluate the previously men-
tioned changes, we used two fluorescent probes, namely Laurdan and DPH at concentration
1 uM in the samples. These fluorescent probes were chosen because of their various affinity
to the different areas of the membranes. Measurements were conducted above and below
the main phase transition of DPPC in a range from 25 to 55 °C using CARY Eclipse fluo-
rimeter (Varian, San Diego, CA, USA) equipped with DBS Peltier temperature controller
(temperature accuracy 40.1 °C).

The excitation and emission wavelengths were as follows: for DPH, A¢xc = 360 nm
and Aem = 425 nm; for Laurdan, Aexe = 360 nm and the emission wavelengths were
Aem =440 nm and Aem = 490 nm. The details of this procedure was described in our
previous papers [50,51].

5. Conclusions

In this work new acylglycerols containing natural myristic acid at sn-1 and sn-3
positions and stigmasterol residue linked to sn-2 position by carbonate and succinate linker
were designed, synthesized, and used to the formation of liposomes with DPPC as model
phospholipid. The effect of newly synthesized lipids on the physicochemical properties
of liposomes was determined, including the polarity, fluidity, and main phase transition
using DSC and fluorimetric methods.

Both stigmasterol-containing acylglycerols in molar ratios ranging from 0.2 to 0.05
significantly increase the order in the polar heads of the lipid bilayer and increase in the
rigidity in the hydrophobic region of the membrane. Moreover, the presence of both
acylglycerols in the membranes also shifts the temperature of the main phase transition
towards higher temperatures. The trend of changes was similar for both compounds and
the changes were proportional to the acylglycerols concentration.

Taking into consideration the beneficial effects of stigmasterol and myristic acid on
human health and the stabilization of liposome membranes containing synthesized com-
pounds, the obtained hybrids of acylglycerols and stigmasterol are both good candidates
for phytosterols delivery system and more attractive components of liposomes compared
to cholesterol. The results of biophysical studies provide a basis for further research on the
use of these compounds in the formation of novel lipid nanocarriers.

Author Contributions: Conceptualization, A.G., W.G., A.W. (Aleksandra Wloch) and H.P; inves-
tigation, W.G., A.W. (Aleksandra Wtoch), H.P., A.W. (Agnieszka Wysota), A.D., D.R.C. and A.C.;
validation, W.G., A.G., A.C., AW. (Aleksandra Wloch) and H.P,; writing—original draft, W.G., A.W.
(Aleksandra Wtoch) and H.P,; writing—review and editing, W.G., A.W. (Aleksandra Wiloch), H.P,,
A.C. and A.G,; funding acquisition, M.R. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by National Science Centre, Poland, grant number 2018/31/B/NZ9/
00602. Article Processing Charge (APC) was financed by Wroclaw University of Environmental and
Life Sciences.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.



Molecules 2022, 27, 3406 14 of 15

Acknowledgments: The authors would like to thank Renata Szczygiel from the Department of Food
Chemistry and Biocatalysis for her help in the purification of the products of synthesis.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Salehi, B.; Quispe, C.; Sharifi-Rad, J.; Cruz-Martins, N.; Nigam, M.; Mishra, A.P; Konovalov, D.A.; Orobinskaya, V.
Abu-Reidah, LM.; Zam, W,; et al. Phytosterols: From Preclinical Evidence to Potential Clinical Applications. Front. Pharmacol.
2021, 11, 599959. [CrossRef]

Batta, A.K; Xu, G.; Honda, A.; Miyazaki, T.; Salen, G. Stigmasterol reduces plasma cholesterol levels and inhibits hepatic synthesis
and intestinal absorption in the rat. Metabolism 2006, 55, 292-299. [CrossRef] [PubMed]

Lifsey, H.C.; Kaur, R.; Thompson, B.H.; Bennett, L.; Temel, R.E.; Graf, G.A. Stigmasterol stimulates transintestinal cholesterol
excretion independent of liver X receptor activation in the small intestine. J. Nutr. Biochem. 2020, 76, 108263. [CrossRef] [PubMed]
Feng, S.; Dai, Z.; Liu, A.B.; Huang, J.; Narsipur, N.; Guo, G.; Kong, B.; Reuhl, K.; Lu, W.; Luo, Z.; et al. Intake of stigmasterol and
[3-sitosterol alters lipid metabolism and alleviates NAFLD in mice fed a high-fat western-style diet. Biochim. Biophys. Acta-Mol.
Cell Biol. Lipids 2018, 1863, 1274-1284. [CrossRef] [PubMed]

Gabay, O.; Sanchez, C.; Salvat, C.; Chevy, F,; Breton, M.; Nourissat, G.; Wolf, C.; Jacques, C.; Berenbaum, F. Stigmasterol: A
phytosterol with potential anti-osteoarthritic properties. Osteoarthr. Cartil. 2010, 18, 106-116. [CrossRef]

Mo, Z.; Xu, P; Li, H. Stigmasterol alleviates interleukin-1beta-induced chondrocyte injury by down-regulating sterol regulatory
element binding transcription factor 2 to regulate ferroptosis. Bioengineered 2021, 12, 9332-9340. [CrossRef]

Pratiwi, R.; Nantasenamat, C.; Ruankham, W.; Suwanjang, W.; Prachayasittikul, V.; Prachayasittikul, S.; Phopin, K. Mechanisms
and Neuroprotective Activities of Stigmasterol Against Oxidative Stress-Induced Neuronal Cell Death via Sirtuin Family. Front.
Nutr. 2021, 8, 648995. [CrossRef]

Ward, M.G.; Li, G.; Barbosa-Lorenzi, V.C.; Hao, M. Stigmasterol prevents glucolipotoxicity induced defects in glucose-stimulated
insulin secretion. Sci. Rep. 2017, 7, 9536. [CrossRef]

Li, K;; Yuan, D; Yan, R.; Meng, L.; Zhang, Y.; Zhu, K. Stigmasterol exhibits potent antitumor effects in human gastric cancer
cells mediated via inhibition of cell migration, cell cycle arrest, mitochondrial mediated apoptosis and inhibition of JAK/STAT
signalling pathway. J. BUON 2018, 23, 1420-1425.

Kangsamaksin, T.; Chaithongyot, S.; Wootthichairangsan, C.; Hanchaina, R.; Tangshewinsirikul, C.; Svasti, J. Lupeol and
stigmasterol suppress tumor angiogenesis and inhibit cholangiocarcinoma growth in mice via downregulation of tumor necrosis
factor-o. PLoS ONE 2017, 12, €0189628. [CrossRef]

Yenn, T.W.; Arslan Khan, M.; Amiera Syuhada, N.; Chean Ring, L.; Ibrahim, D.; Tan, W.N. Stigmasterol: An adjuvant for beta
lactam antibiotics against beta-lactamase positive clinical isolates. Steroids 2017, 128, 68-71. [CrossRef]

Torres, C.E; Martin, D.; Torrelo, G.; Casado, V.; Fernandez, O.; Tenllado, D.; Vazquez, L.; I. Moran-Valero, M.; Reglero, G. Lipids
as Delivery Systems to Improve the Biological Activity of Bioactive Ingredients. Curr. Nutr. Food Sci. 2011, 7, 160-169. [CrossRef]
Maurell, S.; Blasi, F.; Cossignani, L.; Bosi, A.; Simonetti, M.S.; Damiani, P. Enzymatic synthesis of structured triacylglycerols
containing CLA isomers starting from sn-1,3-diacylglycerols. J. Am. Oil Chem. Soc. 2009, 86, 127-133. [CrossRef]

Del Mar Muiiio, M.; Robles, A.; Esteban, L.; Gonzélez, P.A.; Molina, E. Synthesis of structured lipids by two enzymatic steps:
Ethanolysis of fish oils and esterification of 2-monoacylglycerols. Process Biochem. 2009, 44, 723-730. [CrossRef]

Houte, H.; Partali, V.; Sliwka, H.R.; Quartey, E.G.K. Synthesis of structured lipids and etherlipids with antioxidants: Combination
of a selena fatty acid and a selena fatty alcohol with a carotenoic acid in glyceride molecules. Chem. Phys. Lipids 2000, 105, 105-113.
[CrossRef]

Sari, M.; Chung, Y.; Agatha, F.; Kim, H.K. Evaluation of antioxidant and antimicrobial activity of phenolic lipids produced by the
transesterification of 4-hydroxyphenylacetic acid and triglycerides. Appl. Biol. Chem. 2019, 62. [CrossRef]

Zhang, S.; Hyatt, J.R.; Akoh, C.C. Solvent-free enzymatic synthesis of 1,2-dipalmitoylgalloylglycerol: Characterization and
optimization of reaction condition. Food Chem. 2021, 344, 128604. [CrossRef]

Khan, M.S.Y.; Akhter, M. Synthesis, pharmacological activity and hydrolytic behavior of glyceride prodrugs of ibuprofen. Eur. J.
Med. Chem. 2005, 40, 371-376. [CrossRef]

Redasani, V.K.; Bari, S.B. Synthesis and evaluation of glyceride prodrugs of naproxen. Open . Med. Chem. 2013, 3, 87-92.
[CrossRef]

Huang, Z.; Jaafari, M.R.; Szoka, E.C. Disterolphospholipids: Nonexchangeable lipids and their application to liposomal drug
delivery. Angew. Chem. Int. Ed. Engl. 2009, 48, 4146-4149. [CrossRef]

Iman, M.; Huang, Z.; Szoka, F.C.; Jaafari, M.R. Characterization of the colloidal properties, in vitro antifungal activity, antileishma-
nial activity and toxicity in mice of a distigmasterylhemisuccinoyl- glycero-phosphocholine liposome-intercalated amphotericin
B. Int. J. Pharm. 2011, 408, 163-172. [CrossRef] [PubMed]

Rudzifiska, M.; Grudniewska, A.; Chojnacka, A.; Gtadkowski, W.; Maciejewska, G.; Olejnik, A.; Kowalska, K. Distigmasterol-
Modified Acylglycerols as New Structured Lipids—Synthesis, Identification and Cytotoxicity. Molecules 2021, 26, 6837. [CrossRef]
[PubMed]


http://doi.org/10.3389/fphar.2020.599959
http://doi.org/10.1016/j.metabol.2005.08.024
http://www.ncbi.nlm.nih.gov/pubmed/16483871
http://doi.org/10.1016/j.jnutbio.2019.108263
http://www.ncbi.nlm.nih.gov/pubmed/31759199
http://doi.org/10.1016/j.bbalip.2018.08.004
http://www.ncbi.nlm.nih.gov/pubmed/30305244
http://doi.org/10.1016/j.joca.2009.08.019
http://doi.org/10.1080/21655979.2021.2000742
http://doi.org/10.3389/fnut.2021.648995
http://doi.org/10.1038/s41598-017-10209-0
http://doi.org/10.1371/journal.pone.0189628
http://doi.org/10.1016/j.steroids.2017.10.016
http://doi.org/10.2174/157340111797264868
http://doi.org/10.1007/s11746-008-1334-7
http://doi.org/10.1016/j.procbio.2009.03.002
http://doi.org/10.1016/S0009-3084(99)00137-1
http://doi.org/10.1186/s13765-019-0419-3
http://doi.org/10.1016/j.foodchem.2020.128604
http://doi.org/10.1016/j.ejmech.2004.11.009
http://doi.org/10.4236/ojmc.2013.33011
http://doi.org/10.1002/anie.200900111
http://doi.org/10.1016/j.ijpharm.2011.01.044
http://www.ncbi.nlm.nih.gov/pubmed/21277963
http://doi.org/10.3390/molecules26226837
http://www.ncbi.nlm.nih.gov/pubmed/34833929

Molecules 2022, 27, 3406 15 of 15

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Rioux, V.; Pédrono, F; Legrand, P. Regulation of mammalian desaturases by myristic acid: N-terminal myristoylation and other
modulations. Biochim. Biophys. Acta-Mol. Cell Biol. Lipids 2011, 1811, 1-8. [CrossRef] [PubMed]

Rioux, V. Fatty acid acylation of proteins: Specific roles for palmitic, myristic and caprylic acids. OCL—OQilseeds Fats Crop. Lipids
2016, 23, D304. [CrossRef]

Contreras, C.M.; Rodriguez-Landa, J.F.; Garcia-Rios, R.I.; Cueto-Escobedo, J.; Guillen-Ruiz, G.; Bernal-Morales, B. Myristic Acid
Produces Anxiolytic-Like Effects in Wistar Rats in the Elevated Plus Maze. BioMed Res. Int. 2014, 2014, 492141. [CrossRef]
Neises, B.; Steglich, W. Simple Method for the Esterification of Carboxylic Acids. Angew. Chem. Int. Ed. Eng. 1978, 17, 522-524.
[CrossRef]

Cockman, S.J.; Joll, C.A.; Mortimer, B.C.; Redgrave, T.G.; Stick, R.V. The Synthesis of Some Esters of Glycerol with Special
Attention to the Problem of Acyl Migration. Aust. J. Chem. 1990, 43, 2093-2097. [CrossRef]

Yang, T.; Fruekilde, M.B.; Xu, X. Suppression of acyl migration in enzymatic production of structured lipids through temperature
programming. Food Chem. 2005, 92, 101-107. [CrossRef]

Mao, J.; Hu, Z.; Hu, J.; Zhu, X,; Xiong, H. A Density Functional Theory (DFT) study of the acyl migration occurring during
lipase-catalyzed transesterifications. Int. J. Mol. Sci. 2019, 20, 3438. [CrossRef]

Forgo, P.; Kovér, K.E. Gradient enhanced selective experiments in the IH NMR chemical shift assignment of the skeleton and
side-chain resonances of stigmasterol, a phytosterol derivative. Steroids 2004, 69, 43-50. [CrossRef]

Parasassi, T.; De Stasio, G.; Ravagnan, G.; Rusch, R.M.; Gratton, E. Quantitation of lipid phases in phospholipid vesicles by the
generalized polarization of Laurdan fluorescence. Biophys. J. 1991, 60, 179-189. [CrossRef]

Parasassi, T.; Krasnowska, E.K.; Bagatolli, L.; Gratton, E. Laurdan and Prodan as Polarity-Sensitive Fluorescent Membrane Probes.
J. Fluoresc. 1998, 8, 365-373. [CrossRef]

McPhie, P. Principles of Fluorescence Spectroscopy, Second ed. Joseph R. Lakowicz. Anal. Biochem. 2000, 287, 353-354. [CrossRef]
Wu, R; Chen, L.; Yu, Z.; Quinn, PJ. Phase diagram of stigmasterol-dipalmitoylphosphatidylcholine mixtures dispersed in excess
water. Biochim. Biophys. Acta-Biomembr. 2006, 1758, 764-771. [CrossRef] [PubMed]

Jovanovi¢, A.A.; Balan¢, B.D.; Ota, A.; Ahlin Grabnar, P,; Djordjevi¢, V.B,; Savikin, K.P; Bugarski, B.M.; Nedovi¢, V.A;
Poklar Ulrih, N. Comparative Effects of Cholesterol and (3-Sitosterol on the Liposome Membrane Characteristics. Eur. . Lipid Sci.
Technol. 2018, 120, 1800039. [CrossRef]

Demel, R.; De Kruyff, B. The function of sterols in membranes. Biochim. Biophys. Acta 1976, 457, 109-132. [CrossRef]
Papahadjopoulos, D.; Jacobson, K.; Nir, S.; Isac, I. Phase transitions in phospholipid vesicles fluorescence polarization and
permeability measurements concerning the effect of temperature and cholesterol. BBA-Biomembr. 1973, 311, 330-348. [CrossRef]
Virden, ].W.; Berg, ].C. NaCl-induced Aggregation of Dipalmitoylphosphatidylglycerol Small Unilamellar Vesicles with Varying
Amounts of Incorporated Cholesterol. Langmuir 1992, 8, 1532-1537. [CrossRef]

Liu, D.Z.; Chen, W.Y,; Tasi, L.M.; Yang, S.P. Microcalorimetric and shear studies on the effects of cholesterol on the physical
stability of lipid vesicles. Colloids Surf. A Physicochem. Eng. Asp. 2000, 172, 57-67. [CrossRef]

Mohammed, A.R.; Weston, N.; Coombes, A.G.A.; Fitzgerald, M.; Perrie, Y. Liposome formulation of poorly water soluble drugs:
Optimisation of drug loading and ESEM analysis of stability. Int. ]. Pharm. 2004, 285, 23-34. [CrossRef]

Briuglia, M.L.; Rotella, C.; McFarlane, A.; Lamprou, D.A. Influence of cholesterol on liposome stability and on in vitro drug
release. Drug Deliv. Transl. Res. 2015, 5, 231-242. [CrossRef] [PubMed]

Halling, K.K.; Slotte, J.P. Membrane properties of plant sterols in phospholipid bilayers as determined by differential scanning
calorimetry, resonance energy transfer and detergent-induced solubilization. Biochim. Biophys. Acta-Biomembr. 2004, 1664, 161-171.
[CrossRef] [PubMed]

Hodzic, A.; Rappolt, M.; Amenitsch, H.; Laggner, P; Pabst, G. Differential modulation of membrane structure and fluctuations by
plant sterols and cholesterol. Biophys. J. 2008, 94, 3935-3944. [CrossRef] [PubMed]

Zhao, L.; Temelli, E; Curtis, ].M.; Chen, L. Preparation of liposomes using supercritical carbon dioxide technology: Effects of
phospholipids and sterols. Food Res. Int. 2015, 77, 63-72. [CrossRef]

Silva, C.; Aranda, EJ.; Ortiz, A.; Martinez, V.; Carvajal, M.; Teruel, ].A. Molecular aspects of the interaction between plants sterols
and DPPC bilayers. An experimental and theoretical approach. J. Colloid Interface Sci. 2011, 358, 192-201. [CrossRef]

Altunayar Unsalan, C.; Sahin, I.; Kazanci, N. A concentration dependent spectroscopic study of binary mixtures of plant sterol
stigmasterol and zwitterionic dimyristoyl phosphatidylcholine multilamellar vesicles: An FTIR study. J. Mol. Struct. 2018,
1174,127-132. [CrossRef]

Chojnacka, A.; Gtadkowski, W. Production of structured phosphatidylcholine with high content of myristic acid by lipase-
catalyzed acidolysis and interesterification. Catalysts 2018, 8, 281. [CrossRef]

Kargar, M.; Hekmatshoar, R.; Ghandi, M.; Mostashari, A. Use of glycerol carbonate in an efficient, one-pot and solvent free
synthesis of 1,3-sn-diglycerides. . Am. Oil Chem. Soc. 2013, 90, 259-264. [CrossRef]

Lee, ].D.; Ueno, M.; Miyajima, Y.; Nakamura, H. Synthesis of boron cluster lipids: Closo-dodecaborate as an alternative hydrophilic
function of boronated liposomes for neutron capture therapy. Org. Lett. 2007, 9, 323-326. [CrossRef]

Pruchnik, H.; Gliszczyniska, A.; Wloch, A. Evaluation of the physico-chemical properties of liposomes assembled from bioconju-
gates of anisic acid with phosphatidylcholine. Int. J. Mol. Sci. 2021, 22, 13146. [CrossRef]

Pruchnik, H.; Wioch, A.; Zytka, R.; Oszmianski, J.; Kleszczyniska, H. Interaction of skullcap (Scutellaria baicalensis Georgi) and
buckwheat (Fagopyrum esculentum Moench) extracts with lipid bilayers. J. Therm. Anal. Calorim. 2015, 121, 475-484. [CrossRef]


http://doi.org/10.1016/j.bbalip.2010.09.005
http://www.ncbi.nlm.nih.gov/pubmed/20920594
http://doi.org/10.1051/ocl/2015070
http://doi.org/10.1155/2014/492141
http://doi.org/10.1002/anie.197805221
http://doi.org/10.1071/CH9902093
http://doi.org/10.1016/j.foodchem.2004.07.007
http://doi.org/10.3390/ijms20143438
http://doi.org/10.1016/j.steroids.2003.09.012
http://doi.org/10.1016/S0006-3495(91)82041-0
http://doi.org/10.1023/A:1020528716621
http://doi.org/10.1006/abio.2000.4850
http://doi.org/10.1016/j.bbamem.2006.04.017
http://www.ncbi.nlm.nih.gov/pubmed/16774735
http://doi.org/10.1002/ejlt.201800039
http://doi.org/10.1016/0304-4157(76)90008-3
http://doi.org/10.1016/0005-2736(73)90314-3
http://doi.org/10.1021/la00042a007
http://doi.org/10.1016/S0927-7757(00)00560-4
http://doi.org/10.1016/j.ijpharm.2004.07.010
http://doi.org/10.1007/s13346-015-0220-8
http://www.ncbi.nlm.nih.gov/pubmed/25787731
http://doi.org/10.1016/j.bbamem.2004.05.006
http://www.ncbi.nlm.nih.gov/pubmed/15328048
http://doi.org/10.1529/biophysj.107.123224
http://www.ncbi.nlm.nih.gov/pubmed/18234811
http://doi.org/10.1016/j.foodres.2015.07.006
http://doi.org/10.1016/j.jcis.2011.02.048
http://doi.org/10.1016/j.molstruc.2018.02.100
http://doi.org/10.3390/catal8070281
http://doi.org/10.1007/s11746-012-2165-0
http://doi.org/10.1021/ol062840+
http://doi.org/10.3390/ijms222313146
http://doi.org/10.1007/s10973-015-4618-9

	Introduction 
	Results 
	Synthesis 
	Biophysical Studies 
	Differential Scanning Calorimetry (DSC) 
	Steady-State Fluorescence Spectroscopy 


	Discussion 
	Materials and Methods 
	Chemicals 
	Analysis 
	Isolation of Trimyristin from Nutmeg 
	Hydrolysis of Trimyristin 
	Synthesis of Target Acylglycerols with Stigmasterol Residues 
	Preparation of 1,3-Dimyristoylpropanone (2) 
	Preparation of 1,3-Dimyristoylglycerol (3) 
	Preparation of 1,3-Dimyristoyl-2-stigmasterylcarbonoylglycerol (4) 
	Preparation of 1,3-Dimyristoyl-2-stigmasterylsuccinoylglycerol (5) 

	Liposome Preparation 
	Differential Scanning Calorimetry (DSC) 
	Steady-State Fluorescence Spectroscopy 

	Conclusions 
	References

