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Abstract: Beta-caryophyllene (BCP) is a natural bicyclic sesquiterpene with high biological activity.
Potentially, it can be used in the treatment of a wide range of neurological diseases. However, to date,
there are practically no data on the interaction of BCP with biological membranes. In the present
work, we studied for the first time the interaction of BCP with model membranes—liposomes based
on egg yolk phosphatidylcholine (Egg PC) with a variable cholesterol content (from 0 to 25 w.%).
Using ATR-FTIR spectroscopy, we have shown that the membrane rigidity and cholesterol content
dramatically affect the nature of the interaction of BCP with the bilayer both at room temperature
and at physiological temperatures. The incorporation of BCP into the thickness of the bilayer leads to
changes in the subpolar region of the bilayer, and at a high cholesterol content, it can provoke the
formation of defects in the membrane.
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1. Introduction

Beta-caryophyllene is a bicyclic sesquiterpene (Figure 1) found in numerous plants and
their essential oils, such as angustifolia lavender, black pepper, cardamom, and clary sage.
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Figure 1. Formulae of substances under consideration.

Several types of biological activity of beta-caryophyllene (BCP) are known, includ-
ing antimicrobial, antileishmanial, antimalarial, local anesthetic, antispasmodic, and an-
ticonvulsant activity [1]. However, BCP attracts attention to the greatest extent for its
anti-inflammatory [2], antiseptic properties [3]. Recently, BCP activity has been demon-
strated in the treatment of diseases of the nervous system, including Parkinson’s disease [4],
and multiple sclerosis [5], atherosclerosis [6], and tumors [7].
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BCP is a selective agonist of the CB2 receptor, which is a therapeutic target for the
treatment of inflammation, pain, atherosclerosis, colitis, cerebral ischemia, and inflamma-
tion of the brain [8]. Since BCP does not show activity to CB1 (cannabinoid type 1 receptor),
it does not cause psychotropic effects and distortion of consciousness. These facts make
beta-caryophyllene a potential analgesic and analogue of opiates, which are prescribed for
persistent chronic pain syndromes [9].

Beta-caryophyllene desensitizes chemo-resistant cancer cells when used with anti-
cancer drugs [2]. It has been found to be able to be included in target signaling pathways
involved in inflammation and cancer, including the HMGB1/TLR4 and STAT3 signaling
pathways [7].

Probably, the biological effect of BCP is largely due to its interaction with cell mem-
branes, but at present there is no consistent study of the physicochemical mechanisms of
this process. Obviously, the interaction of a phospholipid membrane with a large sesquiter-
pene molecule can significantly depend on the rigidity of the membrane; therefore, it
seems appropriate to study the interaction of BCP with a liquid crystal membrane, for
example, based on egg yolk phosphatidylcholine, with different rigidity due to the variable
cholesterol content.

In this work, we aimed to analyze the interaction of BCP with model lipid membranes–
liposomes based on egg lecithin, and also containing 10 and 25 w.% of cholesterol. It is
known from the literature that liposomes based on egg lecithin are in the liquid crystalline
phase, and cholesterol provides the membrane rigidity [10,11]. The role of cholesterol as a
potential binding site as well as the influence of the membrane rigidity on the interaction
between BCP and bilayer are obscure. One of the tasks of the current work was to discover
the main functional groups of lipids capable of binding BCP, as well as to reveal the role of
membrane rigidity by means of comparing different lipid composition. Since the behavior
of lipid bilayers is highly dependent on temperature, for more detailed information, we
investigated the behavior of systems at temperatures from 22 to 40 ◦C to take into account
the influence of physiological temperatures.

2. Materials and Methods
2.1. Materials

Egg yolk phosphatidylcholine (Egg PC) and cholesterol (Chol) were obtained from
Avanti Polar Lipids (Alabaster, AL, USA). Sodium phosphate buffer tablets for solution
preparation were obtained from Pan-Eco (Moscow, Russia). CHCl3 was obtained from
Reakhim (Moscow, Russia). β-caryophyllene was obtained from Givaudan (New York,
NY, USA).

2.2. Liposome Preparation

Liposomes were obtained by lipid film hydration followed by sonication according
to the previously published protocol [12]. Solutions of Egg PC and Chol in chloroform
(25 mg/mL) in the required mass ratio of 75:25 or 90:10 or Egg PC (monocomponent
vesicles) with total lipid mass of 10 mg were placed in a round-bottom flask; the solvent
was then removed on a rotary evaporator at a temperature below 55 ◦C. The resulting
thin film was dispersed with 8 µL of beta-caryophyllene and 0.01 M sodium phosphate
buffer solution (pH = 7.4) to a lipid concentration of 5 mg/mL; the flask was then exposed
to an ultrasonic bath (37 Hz) for 5 min. The opaque suspension was transferred into a
plastic tube and sonicated (22 kHz) for 10 min continuously with constant cooling on a
4710 Cole-Parmer Instrument disperser (Vernon Hills, IL, USA).

2.3. DLS Measurements

Determination of the hydrodynamic diameter and ζ-potential of vesicles was carried
out using a Zetasizer Nano S Malvern (Malvern, UK) (4 mW He–Ne laser, 633 nm) in a
thermostatted cell at 22 ◦C. The software Malvern S Zetasizer Nano 4 2 Software 37 Zeta
(Malvern, UK) was used to analyze autocorrelation curves.
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2.4. ATR-FTIR Spectroscopy

The spectra were recorded using a Bruker Tensor 27 ATR-FTIR spectrometer (Ettlingen,
Germany) equipped with an MCT detector cooled with liquid nitrogen and Huber thermo-
stat (Offenburg, Germany). The measurements were carried out in a BioATR II thermostat-
ted cell (Bruker, Ettlingen, Germany) using a single reflection ZnSe element at 22 ◦C and
continuous purging of the system with dry air using a compressor (JUN-AIR, Redditch,
UK). An aliquot (50 µL) of the corresponding solution was applied to the internal reflection
element, and the spectrum was recorded three times in the range from 3000 to 900 cm−1

with a resolution of 1 cm−1; 70-fold scanning and averaging were performed. The back-
ground spectrum was registered in the same way and was automatically subtracted by the
software. The spectra were analyzed using Opus 8.6 software, Bruker. When recording the
ATR-FTIR spectra of liposomes loaded with BCP, a portion of β-caryophyllene in equal
concentration was used as a background solution. For phase transition studies, the temper-
ature was controlled with a Huber thermostat in the range from 22 ◦C up to 42 ◦C. For each
temperature, background spectra were recorded.

Carbonyl group spectral region deconvolution was conducted as described [13]. Curve-
fitting was performed using the Bruker Opus 7.5 software. The center positions of the
band components were found by the second-derivative production as 1728 and 1743 cm−1.
Bands were fitted by components of Gauss shape, with a correlation of at least 0.995.

3. Results and Discussion
3.1. Interaction between Liposomal Membrane and BCP at Room Temperature

BCP contains only a hydrophobic moiety (Figure 1) and according to the PubChem
database, logP is 6.3, indicating almost total water-insolubility. Thus, for BCP-loaded
liposomes, one could expect that BCP is located in the hydrophobic area of the membrane
without any interaction with polar functional groups. To disclose the mechanism of interac-
tion between bilayer and BCP, we obtained 3 types of vesicles with variable proportions of
Egg PC and Chol.

It is well-known that liposomes composed on Egg PC are in a liquid-crystalline state
both at room and at physiological temperatures [14]. On the other hand, according to [15],
adding cholesterol allows more organized and rigid bilayers. The inclusion of cholesterol
in the composition of vesicles also leads to a higher Young’s modulus for liposomes: e.g.,
Egg PC vesicles are about 1.97 ± 0.75 µPa, while for Egg PC:Chol 85:15, this value is
12.07 ± 1.53 µPa [16]. WE therefore investigated whether the rigidity of the membrane will
depend on the nature of the interaction of the BCP with the bilayer at temperature and
with changes in temperature.

According to the DLS data, all samples were about 100–120 nm in diameter and
possessed almost neutral ζ-potential (Table 1).

Table 1. Hydrodynamic diameter (Dh) and ζ-potential of control and BCP-loaded liposomes based
on Egg PC and Chol in various combinations; 0.01 M sodium phosphate buffer solution, pH = 7.4,
T = 22 ◦C. Mean ± SD (n = 3).

Lipid Composition Dh, nm (Z-Average) ζ-Potential, mV

Egg PC control 106 ± 4 2.2 ± 1.2
Egg PC + BCP 108 ± 8 3.7 ± 1.0

Egg PC:Chol 90:10 liposomes 112 ± 3 6.6 ± 2.4
Egg PC:Chol 90:10 liposomes + BCP 110 ± 6 2.0 ± 0.6

Egg PC:Chol 75:25 liposomes 114 ± 4 3.3 ± 1.4
Egg PC:Chol 75:25 liposomes + BCP 116 ± 5 4.1 ± 2.0

To discover the mechanism of interaction between membrane and BCP, one could use
ATR-FTIR spectroscopy as a powerful method for thorough study of the heterogeneous col-
loids such as liposomal suspension providing detailed information on the state of functional
groups of lipids. On the ATR-FTIR spectrum of liposomes (Figure 2), several informative
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bands are presented. The most intensive bands in the high-wavenumber area correspond
to the symmetrical (νCH2 s, 2850 ± 3 cm−1) and asymmetrical (νCH2 as, 2919 ± 6 cm−1)
stretching oscillation of the CH2 group. Changes in this area are usually caused by re-
arrangement in the hydrophobic part of the bilayer, such as phase transitions [17] or
interactions with large hydrophobic moieties in ligands [12].
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Figure 2. Normalized ATR-FTIR spectra of liposomes of various lipid compositions: (a) Egg PC,
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Total lipid concentration 5 mg/mL; 0.01 M Na phosphate-buffered solution, pH = 7.4, T = 22 ◦C.

A carbonyl group valence oscillation band is located in the area of 1715–1750 cm−1 [18].
It is very sensitive to the changes in the microenvironment on the lipid–water surface. This
band is especially interesting because it usually consists of 2–3 components corresponding
to different degrees of hydration of carbonyl groups [19]. Thus, highly hydrated groups are
characterized by absorption in the region of lower wave numbers, while poorly hydrated
groups, for example, those involved in the formation of hydrogen bonds with ligands, are
characterized by absorption in the region of high wave numbers. The decomposition of
the absorption band of the carbonyl group makes it possible to more accurately follow the
redistribution of these groups over the degrees of hydration and track subtle changes in
the bilayer.

In the binding of polar ligands, a special role is played by the phosphate group,
which is characterized by two absorption bands νPO2

− s 1088 cm−1 and νPO2
− as

1250–1220 cm−1. Of particular interest is the absorption band of asymmetric stretching
vibrations νPO2

− as, which undergoes a high-frequency shift when bound to a cationic
ligand, such as an amino group [17,20].
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Positions of the main absorption bands on the spectra of control and BCP-loaded
liposomes are presented in Table 2. The binding of BCP already at room temperature
significantly affects the bilayer. Firstly, comparing data for control and BCP-loaded vesicles,
one can observe that the absorption band νCH2 as in all cases undergoes a low-frequency
shift, indicating a decrease in the mobility of hydrophobic chains in the membrane. This
is an expected effect, which is apparently associated with the penetration of a large BCP
molecule into the bilayer. This effect is most pronounced for monocomponent vesicles that
do not contain cholesterol additives.

Table 2. Position of the main absorption bands (cm−1) in the ATR-FTIR spectra of liposomes and
liposomal form of β-caryophyllene (BCP); 0.01 M sodium phosphate buffer solution, pH 7.4, T = 22 ◦C.
Mean ± SD (n = 3).

Sample νCH2 as νCH2 s νCO νPO2− as

Egg PC liposomes 2923.1 ± 0.2 2852.6 ± 0.5 1731.3 ± 0.2 1231.9 ± 0.2

Egg PC liposomes + BCP 2922.6 ± 0.2 2853.0 ± 0.5 1732.1 ± 0.2
1736.0 shoulder 1228.7 ± 0.2

Egg PC:Chol 90:10 liposomes 2923.6 ± 0.2 2852.6 ± 0.5 1730.0 ± 0.2 1233.8 ± 0.2

Egg PC:Chol 90:10 liposomes + BCP 2922.8 ± 0.2 2852.4 ± 0.5 1736.5 ± 0.2
1732.0 shoulder 1227.1 ± 0.2

Egg PC:Chol 75:25 liposomes 2924.4 ± 0.2 2851.8 ± 0.5 1729.9 ± 0.2
1740.0 shoulder 1226.0 ± 0.2

Egg PC:Chol 75:25 liposomes + BCP 2923.7 ± 0.2 2851.8 ± 0.5 1734.7 ± 0.2 1225.5 ± 0.2

An interesting pattern is observed for the absorption band of the carbonyl group. For
liposomes Egg PC loaded with BCP, the main peak νCO remains with a stable position at ca.
1731 cm−1 and a shoulder appears at 1736 cm−1, which is characteristic of carbonyl groups
with a lower degree of hydration [11]. Due to the fact that it typically manifests when the
membrane interacts with polar ligands, the presence of a low-hydrated component may
be unexpected. The hydration shell is disrupted by the creation of hydrogen bonds with
the ligand, which causes the absorption band to shift to the area with high wave numbers.
BCP cannot directly interact with lipid carbonyl groups due to the structure. However, the
packing density of acyl chains increases when a large hydrophobic molecule is incorporated
into the bilayer, as shown by changes in the relevant spectral area νCH2 as. Thus, the
degree of hydration of CO may formally decrease as a result of these perturbations, which
have the potential to destabilize the hydration shell.

We used a curve-fitting approach (Figure 3, Table 3) for the carbonyl group’s absorp-
tion band to quantify this behavior [18,19]. The primary model, which corresponds to
high- and low-hydrated groups, is a two-component one based on 1728 and 1743 cm−1.
We observed a considerable rise in the integral ratio of the component of low-hydrated
carbonyl groups when comparing the calculations for control Egg PC and loaded liposomes
(Figure 3a,b, Table 2). This impact becomes even greater for liposomes containing 10% by
mass cholesterol. Indicating the heterogeneity of the circumpolar area of the bilayer, the pri-
mary band (1730 cm−1) shifts to the region with higher wavenumbers (1736.5 cm−1) while
a shoulder stays in place (1730 cm−1). This effect becomes considerably more pronounced
when the cholesterol concentration approaches 25%. A population of low-hydrated car-
bonyl groups is evident even in unbound liposomes (ca. 25%), most likely related to the
domains that are rich in cholesterol [21]. BCP’s presence in the bilayer causes the highest
amount of low-hydrated carbonyl groups (almost 40%) to be there.

What determines the decrease in carbonyl group hydration is the subsequent issue.
This is frequently related to the formation of hydrogen bonds with polar ligands, such
as polycations or molecules of polar drugs; nevertheless, the BCP structure lacks any
suitable groups, and the level of lipophilicity in the molecule strongly suggests that the
molecule is most likely located in the hydrophobic thickness of the bilayer. Since it is
well-known that phosphate groups are located on the surface of the vesicles, it follows that
the disturbance of the hydration shell of carbonyl groups and the expulsion of some water
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molecules from the circumpolar area should have an impact on the phosphate groups.
Monocomponent, “liquid” liposomes (Egg PC) reveal this phenomenon of decreasing the
degree of hydration for the νPO2

− as absorption bands with the highest strength. This
process is shown by the particular shift of the peak from 1231.9 to 1228.7 cm−1. Evidently,
the more rigid the membrane, the more challenging it is to maintain hydration-related
water on the surface of the vesicles; thus, such an effect cannot be observed for liposomes
containing 25% cholesterol.
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0.01 M sodium-phosphate-buffered solution pH = 7.4, T = 22 ◦C.
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Table 3. Integral share of carbonyl groups components; 0.01 M sodium phosphate-buffered solution,
pH = 7.4, T = 22 ◦C. Mean ± SD (n = 3).

Sample 1728 cm−1 (High Hydrated), Integral
Share, %

1743 cm−1 (Low Hydrated), Integral
Share, %

Egg PC liposomes 77 ± 2 23 ± 2
Egg PC liposomes + BCP 66± 2 34 ± 2

Egg PC:Chol 90:10 liposomes 86 ± 2 14 ± 2
Egg PC:Chol 90:10 liposomes + BCP 64 ± 2 36 ± 2

Egg PC:Chol 75:25 liposomes 74 ± 2 26 ± 2
Egg PC:Chol 75:25 liposomes + BCP 61 ± 2 39 ± 2

As a result, the data obtained by ATR-FTIR spectroscopy clearly demonstrate that
the interaction of BCP with the membrane is more complex than just simple integration
into the hydrophobic area of the bilayer. Both the circumpolar region of the membrane
and the surface undergo alterations. However, the behavior of membranes may change
significantly when shifting from room to physiological temperature, which may have
an important influence on the interaction between bilayer and BCP. Here we consider
the way these three systems with variable lipid composition behave in the 22 to 40 ◦C
temperature range.

3.2. Behavior of Liposomal Forms of BCP during the Transition from Room to
Physiological Temperature

At room temperature, Egg PC liposomes are in the liquid crystalline phase, also called
the liquid-disordered (Ld) or La phase [22], which is associated with great mobility of hy-
drophobic chains. For example, lateral diffusion rates vary from 107 to 108 cm2s1 [23]. Tem-
perature of phase transition (“melting temperature”) for Egg PC is around (−10)–(−5) ◦C [24].

In the presence of cholesterol, the most typical phase for Egg PC-based vesicles is
liquid-ordered phase (Lo) or Lb phase [22]. Chol molecules, located in the bilayer, form
interactions between hydroxy groups and the polar head groups of Egg PC, resulting in
lower mobility of the acyl chains in this region of the membrane.

As Egg PC liposomes are already in Ld phase, they do not undergo any significant
changes upon heating up to 40 ◦C (Figure 4a). In contrast, BCP-loaded Egg PC vesicles
demonstrate firstly accelerated “melting” up to 30 ◦C, followed by reproducible minimum.
These changes indicate an interaction of BCP with the bilayer.

For liposomes containing 10 w.% of cholesterol (Figure 4b, grey line), the shape of
the curve becomes more complicated. Probably, the appearance of minima and maxima is
associated with rearrangements in the membrane. The shape of the curve for liposomes
loaded with BCP is similar to the control one (Figure 4b, red line); however, in the region
from 28 to 35 ◦C, the process slows down. The slowing effect is even more pronounced for
liposomes containing 25 w.% of cholesterol. This membrane is already much more rigid,
and when heated, the mobility of acyl chains evenly increases from 26 to 40 ◦C (Figure 4c,
grey line). Turning on the BCP leads to blocking of this process: first, the mobility of the
chains is significantly reduced (Figure 4c, red line) followed by a return to the initial peak
position.

As a result of the above, vesicles with a high cholesterol content have a particularly
dramatic reaction to BCP’s effect on the phase transition. We performed the deconvolution
of the carbonyl group’s absorption band for each sample in the temperature range of 22 ◦C
to 40 ◦C in order to better understand the processes taking place during the phase transition.
We monitored an increase in the integral share of the 1743 cm−1 component corresponding
to low-hydrated groups (ψLH) as we kept the two-component model. When BCP was
added to liposomes, the fraction of this component increased for all lipid compositions at
room temperature (Table 3). We now analyze the dynamics of this value ψLH throughout
the phase transition.
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For monocomponent vesicles Egg PC, both for the control and loaded, the changes in
ψLH with increasing temperature are insignificant (Figure 5a), which, together with the data
on the change in the νCH2 as the peak position, indicates only a minor rearrangement of the
bilayer. Probably, a slight heating allows the BCP to penetrate better into the hydrophobic
thickness of the bilayer.

A completely different pattern is observed for liposomes Egg PC:Chol 75:25. The
course of the thermogram for unloaded liposomes indicates a significant increase in the
mobility of acyl chains (Figure 4c, grey line). This process is accompanied by a significant
decrease in the proportion of low-hydrated carbonyl groups (Figure 5c, grey line), which is
in good agreement with previously published data [25]. Indeed, as the membrane becomes
more fluid, carbonyl groups become more accessible to water molecules, which increases
their degree of hydration.

For BCP-loaded liposomes Egg PC:Chol 75:25, the atypical course of the thermogram
(Figure 4c, red line) is confirmed by significant changes in the degree of hydration of
carbonyl groups (Figure 5c, red line). A sharp decrease in the mobility of hydrophobic
chains in the area of 28–32 ◦C is accompanied by a decrease in the integral share of low-
hydrated carbonyl groups ψLH, thus, formally, the degree of hydration of the circumpolar
area is increasing. Such an effect can be observed during the formation of defects in the
membrane [26], when the search for the optimal position of the BCP in a sufficiently rigid
bilayer leads to a violation of the integrity of the membrane.
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grey and for BCP-loaded are presented in red. For each point, the SD (n = 3) is presented. Total lipid
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For liposomes containing 10% cholesterol, a similar pattern is observed (Figure 5b). The
state of carbonyl groups upon heating from 22 ◦C to 40 ◦C remains practically unchanged
for both control and loaded vesicles. Thus, the observed perturbations in the mobility
of hydrophobic chains on the thermogram of loaded vesicles (Figure 4b red line) are
associated with changes only in the hydrophobic area of the bilayer and do not even
involve the circumpolar region.

3.3. The Effect of Lipid Composition on the Interaction of BCP with Liposomal Bilayers

The data obtained indicate the decisive role of cholesterol in the interaction of BCP
with liposomes based on Egg PC.

Recently, the role of cholesterol in the interaction between drugs and lipid bilayers
was examined with molecular dynamics (MD) simulations, for example, for ibuprofen and
fully hydrated 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) bilayer with variable
mass ratio of cholesterol (0, 16, and 36 w.%) [27]. The authors concluded that 36 w.% of
Chol in the bilayer leads to a higher free energy barrier and decreases the translocation of
the ibuprofen through the bilayer. Kremkow and coauthors reported that ibuprofen indeed
disturbs the acyl chains package and increased the mobility of the lipid head groups [10].

Here we have clearly demonstrated that another molecule—BCP—influences the
microenvironment of functional groups of lipids already at room temperature, while upon
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heating, the most pronounced changes are observed for the most rigid membrane with
25 w.% of Chol.

Unlike BCP, ibuprofen is a small molecule, in the structure of which there is one polar
functional group—a carboxyl group. BCP, in contrast, is a completely hydrophobic terpene
hydrocarbon that does not contain any moieties capable of interacting with the polar
groups of lipids. However, considering the experimental data, its effect on the hydrophobic
thickness of the bilayer is so significant that it causes perturbations in the subpolar and
polar regions of the membrane.

For all lipid compositions at room temperature, BCP is incorporated into the hydropho-
bic thickness of the bilayer. Carbonyl and phosphate groups, representing circumpolar
and polar areas of bilayer, become redistributed over the degrees of hydration due to
disturbances in the packing of hydrophobic chains and perturbations in the membrane.
With increasing temperature, systems Egg PC and Egg PC:Chol 90:10 remain stable, re-
taining the liquid crystal phase. In contrast, loaded vesicles Egg PC:Chol 75:25 undergo
significant changes both in the thickness of the bilayer and in the circumpolar region. A
decrease in the mobility of hydrophobic chains, coupled with a decrease in the integral
fraction of low-hydrated carbonyl groups, indicates the potential formation of defects in the
membrane. Given that the proportion of cholesterol in a eukaryotic cell reaches 30% [28],
the observed effect may play an important role in the study of the biological activity of BCP.

4. Conclusions

In this work, we studied the interaction of the terpene hydrocarbon BCP, which has a
wide spectrum of biological activity, with PC-based liposomes with variable cholesterol
content. It has been established that BCP is located in the hydrophobic part of the bilayer
and causes significant perturbations in the membrane, leading to a decrease in the degree of
hydration of lipid carbonyl groups. The effect becomes more pronounced with an increase
in cholesterol content. Main features of the interaction are presented in Table 4.

Table 4. Main features of the interaction BCP—PC bilayer with variable content of Chol; 0.01 M
sodium phosphate-buffered solution, pH = 7.4, T = 22 ◦C.

Lipid Composition Main Features of Interaction, RT Main Features of Interaction upon Heating

Egg PC Strong interaction with hydrophobic
area + weak interaction with circumpolar area Almost unchanged pattern of interaction

Egg PC:Chol 90:10 Strong interaction with hydrophobic and
circumpolar area Almost unchanged pattern of interaction

Egg PC:Chol 75:25 liposomes Strong interaction with hydrophobic and
circumpolar area

Probably: formation of defects in bilayer in
the temperature range 28–32 ◦C

When heated from 22 to 40 ◦C, the systems without cholesterol and with 10 w.%
remain practically unchanged, while for the Egg PC:Chol 75:25 vesicles, dramatic changes
are observed both in the hydrophobic region and in the circumpolar region. The deconvo-
lution of the absorption band of the carbonyl group made it possible to trace that in the
temperature range 28–32 ◦C, there is a clear decrease in the integral share of low-hydrated
carbonyl groups, which, together with a decrease in the mobility of hydrophobic chains,
may indicate the formation of defects in the membrane. The results obtained shed light
on the mechanisms of BCP interaction with biological membranes and may be useful in
studying the chemical basis of the biological activity of BCP.
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