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β-myrcene (myrcene) is themain component of the hop essential oil, the latter being a plant derived extract of a
wide range of antimicrobial properties. To get a deeper insight in the role of myrcene in the membrane-related
activity of the total extract, in this work the effect of this terpene on the lipid monolayers was investigated.
The aim of the studies was to analyze and to compare the influence of myrcene on the one component films
formed by the lipids typical of plant and fungi membranes and differing in the structure of both polar and
non-polar part of themolecule. The experiments involved the surface pressure-areameasurements, the penetra-
tion and the relaxation studies, Brewster anglemicrocopy andGrazing incidenceX-ray diffraction (GIXD) studies.
It was found thatmyrcene causes the decrease of the condensation and/or stability and changes themorphology
of the lipid monolayers, however its exact effect is determined by the concentration and by the lipid type. More-
over, themechanisms leading to the alterationswithin the organization of thefilm are different depending on the
monolayermaterial and theymay involve the extraction of themolecules from the interface and/or accommoda-
tion of terpene in the lipid environment. It was also summarized that althoughmyrcene and the hop essential oil
affect the properties of the lipid films they act on the studied membranes according to different mechanisms.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

The essential oils and their particular components are known from a
wide range of their biological activities. For many of them, antibacterial
or/and antifungal properties were confirmed; some of them act as a
non-toxic anti-angiogenic and anticancer agents and their antioxidant
properties were also postulated [1–3]. All the mentioned above activi-
ties predestine these chemicals to be used as natural, ecological or
“green” therapeutics, preservatives, food additives or pesticides.

As in the case of all of the bioactive substances, the practical use of
the essential oils should be preceded by a thorough studies leading to
the exploration of various aspects of their activity. For example, it is ex-
tremely important to select the compound(s), which are responsible for
biological effects exerted by the studied plant extract. Moreover, the
recognition of themechanisms of the activity/selectivity and the identi-
fication of the possible side effects of the chemicals are also vital. As it
was reported in literature (e.g. Refs. [4,5]), the essential oils are able to
induce their therapeutic effect by the acting at different levels of the
cells. In the other words, there is no one specific target in cells responsi-
ble for the activity of these substances. However, what is common for
these chemicals, the active molecules have to overcome the barrier of
.
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the cellular membrane to reach the target in the cell interior. It is also
highly important that the penetration of the oil components into the
membrane or their diffusion through the lipid bilayermay lead to signif-
icant perturbations in themembrane organization. The latter can be the
important part of a complex mechanism of action of the compound or
even the basis for its biological activity or toxicity [6,7]. Therefore, the
investigations on the effect of the essential oils and their particular com-
ponents on membranes is very important step in the investigations on
their properties and the areas of their applications.

The studies on the mechanism of action and the membrane activity
of both bio-molecules and xenobiotic are comprehensive and system-
atic and they are performed both on natural cells/membranes and on
the artificial systems [8,9]. The application of the model lipid systems
seems to be a good starting point in these researches. A lower complex-
ity ofmodelmembranes and the ability of the researcher to fix the com-
position and physicochemical parameters of the system as well as to
control the external conditions during experiments allow one to collect
the information on the behavior of the studied substance in the
membrane-like environment [10,11]. For example, based on the ob-
tained results it is possible to conclude on the affinity of the extract or
its components to membrane, analyze the penetration abilities of the
compound, select the phytocompound of the strongest effect on mem-
brane organization or indicate the lipid(s) of special importance from
the point of view of the membrane-activity of the investigated
substance.
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Recently, we have started in our laboratory the investigations on the
antibacterial effect of the hop essential oil [12]. The experiments were
performed on the ternarymodel lipid system (monolayers and bilayers)
imitating plant pathogen bacteria membrane as well as on its particular
lipid components. It was found that the studied plant extract compo-
nents easily incorporate into the membranes and the whole mixture
acts as a fluidizing agent. However, the effect of the hop oil increases
only up to a given concentration and the further increase of the extract
concentration does not strengthen the observed effects. Our results on
model systems together with the results of the in vitro test allowed
one to draw conclusion that the hop essential oil affects membrane or-
ganization and reveals antibacterial activity. Thus, it could be applied for
example as the natural pesticide.

However, it is not known, which of the component of the hop oil is
decisive from the point of view of the extract activity. During our anal-
ysis of the hop extract composition, β-myrcene (myrcene, 7-methyl-
3-methylideneocta-1,6-diene) was recognized as the main component
of the mixture [12]. This compound is a monoterpene, which derives
its name from Myrcia species forming a large flowering plant family
[13]. Based on the detailed verification of the absorption, metabolism
and excretion of myrcene in humans as well as taking into account
that myrcene is used in low doses, and it is lack of significant genotoxic
and mutagenic potential, this compound has the status: “generally rec-
ognized as safe” (GRAS). Therefore, it is widely used as a fragrance in
cosmetics, anti-odour agent, cleaning products and as the food additive
[14,15]. Myrcene is also highly important raw material for the produc-
tion of various naturally occurring compounds used as flavors, fra-
grances, cosmetics, vitamins, and pharmaceuticals or pheromones
[14,16]. Although myrcene is naturally produced by various plants, its
direct extraction is uneconomical. However, industrially it can be easily
obtained via pyrolysis of β-pinene, the latter being a key compound of
the turpentine (that is the volatile compounds of crude balsams from
conifers, mainly from the Pinaceae family) [14].The production of
myrcene inmicrobial synthesis viametabolically engineered Escherichia
coli was also reported [14]. Microbiological studies evidenced the anti-
bacterial properties of myrcene on Staphylococcus aureus, Escherichia
coli, Salmonella enterica [17] as well as on plant pathogenic bacteria
Agrobacterium tumefaciens and Erwinia carotovora var. carotovora [18].
Moreover, the ability of myrcene to locate in the cellular membranes
was reported [19,20]. All the foregoing facts may suggest that this com-
pound is responsible for themembrane-fluidizing activity of the hop es-
sential oil as well as its antibacterial effect. Therefore, the aim of this
work is to investigate the effect ofmyrcene on one component insoluble
monolayers formed by the lipids typical for bacteria and fungi mem-
branes. To perform systematic investigations the lipids selected differ
in the structure of polar head as well as in the saturation degree of the
apolar part of the molecule.

2. Experimental

2.1. Materials

The lipids investigated in this work, namely: 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (POPE), 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine (DPPE), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-(1′-rac-glycerol) (sodium salt) (POPG), 1,2-
dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium salt)
(DPPG), 1′,3′-bis[1,2-dioleoyl-sn-glycero-3-phospho]-sn-glycerol so-
dium salt (C:18 Cardiolipin, TOCL), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), were the synthetic compounds of high purity
(≥99%) purchased from Avanti Polar Lipids Inc., USA. These lipids were
dissolved in a chloroform/methanol (9:1 v/v) mixture (HPLC grade,
≥99.9%, Aldrich). The studied terpene, β-myrcene (myrcene), was sup-
plied by Sigma Aldrich. The stock solutions of myrcene were prepared
in a high purity ethanol (HPLC grade, ≥99.9%, Aldrich).
2.2. Methods

2.2.1. Surface pressure–area measurements
The surface pressure (π)–area (A) isotherms were recorded for the

monolayers formed from particular lipids on water subphase and on
myrcene solutions. The solutions of terpene were prepared by the dilu-
tion of the stock solution prepared in ethanol (the concentration
0.1 mol/dm3) in Ultrapure Milli-Q water to obtain the solutions of the
following concentrations: 0.49; 0.73; 0.98; 1.22 and 13.6 μg/ml (which
corresponds to the concentrations range from 3.5 · 10−6 to 1
· 10−4 M). These concentrations correspond to those used in our previ-
ously done experiments on the effect of the hop essential oil on the lipid
monolayers [12]). The myrcene solutions were used on the day of their
preparation. To form the monolayers, the respective lipid solutions
were deposited onto the subphase (pure water or myrcene solutions)
with the Hamilton micro syringe (±1.0 μl). Then, the monolayers
were left for 5 min before the compression was started with the barrier
speed of 10 cm2/min. These experiments were done on KSV-NIMA
Langmuir trough (total area= 275 cm2) having two Delrin barriers en-
abling symmetrical compression of the monolayers. The trough was
placed on an anti-vibration table. The surface pressure was measured
(±0.1 mN/m) with the Wilhelmy plate made of filter paper (ashless
Whatman Chr1) connected to the electrobalance. The experiments
were done at 20 °C and the subphase temperature was controlled ther-
mostatically (±0.1 °C) by a circulating water system. The measure-
ments were repeated at least twice to obtain consistent results (the
error for the area per molecule does not exceed 0.2 Å2/molecule).

Based on the obtained results, the compressional modulus values
were calculated according to Eq. 1:

C−1
S ¼ −A dπ=dAð Þ ð1Þ

wherein A is the mean area per molecule value at a given surface pres-
sure π. The higher CS−1 values the lower lateral elasticity of model mem-
brane [21].

To compare the effect ofmyrcene on the position of the isotherm the
changes in the area per molecule values in respect to the values on
water subphase at different surface pressures were calculated.

2.2.2. Penetration experiments
The studies on the penetration of myrcene into the lipid films were

done in a following procedure. The lipid monolayer was prepared on
water subphase and compressed up to the target surface pressure and
then left for equilibration to desirable initial surface pressure πi (πi =
10 and 30 mN/m). Then, the myrcene solution prepared in ethanol
was injected into the subphase to the final concentration 13.6 μg/ml.
After the injection, the increase of the surface pressure (at a constant
area), caused by the incorporation of the terpene into the lipid film,
wasmonitored up to the constant value (equilibrium surface pressure—
πeq) or per ca. 1 h. During experiments, the subphase was continuously
stirred. As it was found in preliminary experiments, the injection of sole
ethanol into the subphase (in the volume corresponding to the volume
of ethanolic extract solutions introduced during penetration experi-
ments) does not alter the surface pressure. Thus, the observed changes
inπ valueswere induced only by the presence ofmyrcene. The results of
these experiments, namely, the changes in the surface pressure to con-
stant values (πeq), were analyzed in respect to the initial surface pres-
sure (πi). Thus, Δπeq values (Δπeq = πeq − πi) were calculated and
analyzed. The penetration is the stronger the higher Δπeq value. The
positive values of this parameter (Δπeq) means thatmyrcenemolecules
incorporate into themonolayer and accommodate within the lipidmol-
ecules. On the other hand, Δπeq ≈ 0 means that terpene molecules are
excluded from the interface, while Δπeq b 0 evidences destabilization
of the film and possible dragging of the molecules into the bulk phase.
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2.2.3. Stability measurements
The monolayers formed by particular lipids on myrcene solution

(concentration 13.6 μg/ml) were compressed to the surface pressure
30 mN/m and then, after the barriers were stopped, the changes of the
area permolecule values in timewere monitored. A decrease of the rel-
ative area in timemeans desorption of themolecules from the interface.
Thus, to gain some insight into the desorption process occurring for the
studied herein systems the model proposed by Ter Minassian-Saraga
[22] was applied. According to the latter model, the desorption process
may involve two steps: the dissolution and then the diffusion. In the
consequence of the dissolution into the bulk phase the saturated layer
under the surface is formed and the rate of this step of desorption can
be calculated from Eq. (2):

− log
A
A0

¼ k1t
1
2 ð2Þ

where k1 is the rate of dissolution, A is the area occupied at time t, while
A0 is an initial area at t = 0.

The second step of desorption, namely the diffusion of themolecules
from the formed sublayer, may occur when the desorption achieves a
steady-state. The rate of this process can be calculated based on Eq. (3):

− log
A
A0

¼ k2t ð3Þ

where k2 is the rate of diffusion.

The fitting of the linear curve(s) to the linear part(s) of− log
A
A0

vs t
1
2

and − log
A
A0

vs t plots allows one to calculate, from the slopes of the

fitted curves, the rates of particular steps of the relaxation process. It
should be however stressed that sometimes the mechanism of the re-
laxation of the film is complicated and during this process, the steady
state is not reached. In the latter situation the relaxation involves
more than one dissolution steps of different rates.

2.2.4. Brewster angle microscopy studies
The morphology of the monolayers formed on water and on the

myrcene solution (of the concentration 13.6 μg/ml) was analyzed in
Brewster angle microscopy experiments. In these experiments, an
UltraBAM instrument (Accurion GmbH, Goettingen, Germany)
equipped with a 50-mW laser emitting p-polarized light at a wave-
length of 658 nm, a 10× magnification objective, polarizer, analyzer
and a CCD camera was used. The spatial resolution of the microscope
was 2 μm. The foregoing apparatus and the Langmuir trough were
placed on the table (Standa Ltd., Vilnius, Lithuania) equipped with an
active vibration isolation system (antivibration system VarioBasic 40,
Halcyonics, Göttingen, Germany).

2.2.5. Grazing incidence X-ray diffraction (GIXD)
The experiments were performed on the SIRIUS beamline at SOLEIL

synchrotron (Gif-sur- Yvette, France) using the dedicated liquid surface
diffractometer. The detailed construction of the diffractometer working
at the SIRIUS beamline and the parameters of the synchrotron beam ap-
plied in the GIXD experiments are described on the SOLEIL web site
(www.synchrotron-soleil.fr) and in our previous papers [23,24]
whereas the foundations of the technique are summarized in the excel-
lent review articles [25,26]. The GIXD studies were performed for DPPE,
DPPC and DPPG monolayers on water and on myrcene solutions of the
highest concentrations (13.6 μg/ml).
3. Results

3.1. The influence of myrcene on POPE,POPE, POPC and TOCL monolayers

The surface pressure–area curves (π–A isotherms) for POPE, POPC,
POPG and TOCl monolayers spread on water and on the solutions of
myrcene of different concentrations were shown in Fig. 1a–d. In
Fig. 2a–d, the compressional modulus vs the surface pressure plots for
the films on water and on themyrcene solutions of the highest concen-
trations are shown. As it is seen for POPE and POPG monolayers, the ef-
fect of myrcene depends on its concentration in the subphase. Namely,
with the increasing content of myrcene, the isotherms shift to the larger
areas and they change their slope. For POPC and TOCl films, the latter ef-
fect is observed only at the highest concentration of terpene in the solu-
tion. Moreover, for POPC the isotherm changes its slop and, at higher
surface pressures, it is situated even at lower areas than the curve for
the film on water. The effect of myrcene reflects also in a decrease of
the compressional modulus values for the studied films. The first con-
clusion obtained from these results is that myrcene affects the conden-
sation of the studied monolayers and the ordering of the molecules at
the interface.

To facilitate the analysis and presentation of the collected data lead-
ing to the comparison of the results for particular monolayers more
deeply, further presentation of the calculated parameters was limited
to those obtained for the highest concentration of myrcene in the sub-
phase. Thus, the shift, in percent, of the isotherm at two different
(namely low and high) surface pressures were determined and pre-
sented in Fig. 3. In the same figure, the results of the penetration exper-
iments performed at two different initial surface pressures (10 and
30 mN/m) were shown as the Δπ vs time plots.

The analysis of the surface pressure–area curves evidenced that the
shift of the curves at the highest content of myrcene in the subphase
is very comparable for POPE and POPG films, and much lower for
TOCl, both at low and high surface pressure (Fig. 3).

A drop of the maximal values of the compressional modulus values,
which indicates a decrease of the ordering of themolecules at the inter-
face (Fig. 2) changes in the following order: POPE (ca. 41%), POPG (ca.
28%) and TOCl (ca. 21%). Interestingly, at lower surface pressures,
myrcene practically does not change the compressional modulus for
POPE. On the other hand, myrcene causes the shift of the transition sur-
face pressure existing for POPE monolayer to the higher π values. The
latter means that terpene prevents POPE molecules from the formation
of the condensed phase at the interface and in this sense, myrcene af-
fects POPE films even at lower π values. Moreover, the results of pene-
tration experiments (Fig. 3) indicate that at lower π the injection of
myrcene solution causes the increase of the surface pressure, thus
myrcene molecules incorporate into POPE monolayer. The penetration
data for POPG and TOCL indicate thatΔπeq ≤ 0, both at low and high sur-
face pressures. Thus, initially the molecules of terpene insert into these
monolayers, however, they easily escape form the interface to the bulk
phase. Moreover, the decrease of the surface pressure below the initial
value (Δπeq b 0) (without film stabilization) may suggest that also
the monolayer material is partially removed from the interface or
dragged into the subphase.

In Fig. 4, the BAM images taken for POPEmonolayers are shown. As it
can be seen, at the surface pressures above the transition surface pres-
sure, the monolayer on myrcene solution is less condensed, which re-
flects in a lower number of the condensed domains, which
additionally do not merge up to the collapse the latter being in contrast
to the film onwater. Thus, although the penetration experiments do not
evidence that myrcene incorporates into the surface film, the terpene
molecules affect the monolayer morphology.

The trends in the effect of myrcene on POPC isotherms are different
from those found for the remaining lipid films. Although myrcene af-
fects these films only at the highest applied concentration, the isotherm
changes drastically its slope and, at higher surface pressures, it is shifted

http://www.synchrotron-soleil.fr


Fig. 1. The surface pressure-area isotherms for the studied lipid monolayers spread on water and on myrcene solutions of different concentrations.
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to the lower areas as compared to the curve onwater. The latter reflects
in the negative values ofΔA for POPCfilm (Fig. 3). This phenomenon can
be attributed to the exclusion of themonolayer material from the inter-
face to the bulk phase. Moreover, terpene molecules only slightly pene-
trate the POPC film (slightly positive values of Δπeq).The influence of
myrcene reflects also in a pronounced decrease of the compressional
modulus values (ca. 31%).

To verify more deeply the stability of particular monolayers in the
presence of myrcene, the changes in the area per lipid in time, at π =
30 mN/m, were monitored. The results of these experiments are
shown in Fig. 3. It is known that the phospholipid monolayers formed
at the air/water interface are highly stable, and the relative area (A/
A0) values, after a small decrease at the beginning of themeasurements,
remain constant at least during 1 h of monitoring. This relates both to
the fully saturated as well as to the unsaturated phospholipids (e.g.
Ref. [27]). As is can be found in Fig. 3 the stability of the films analyzed
in this paragraph decreases as follows: TOCL N POPC N POPE N POPG. It
can be also easily noticed that the relative area does not drop in time
monotonically but in the A/A0 vs time plots the regions of different
slopes can be easily noticed. Considering the procedure of the per-
formed experiments, it is clear that a drop of the area at a constant sur-
face pressure is the consequence of the removal of the molecules from
the interface or rather their dragging deeply into the bulk phase. To dis-
cuss the relaxation of the monolayer and possible desorption process of
themolecules from the interface themodel proposed by Ter Minassian-
Saraga [22]was applied. According to the procedure described in the ex-
perimental section the rates of dissolution and diffusion (two steps of
desorption process assumed in the abovemodel) for the studiedmono-
layers in the presence of myrcene were calculated. The results of these
calculations are presented in Table 1, while the examples of the curves
fitted to the experimental data are shown in Supplementary Materials
(Fig. S1).

For all the investigatedmonolayers, it was impossible to fit the linear
curve to the results obtained at the initial stage of the measurements,
which is the expected phenomenon caused by the reorientation of the
molecules at the interface. Among the discussed in this paragraph,



Fig. 2. The compressional modulus values vs the surface pressure plots for the lipid monolayers on water and on myrcene solution.
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phospholipids only for TOCl monolayer the steady state between disso-
lution and diffusion steps of relaxation is reached. For POPC and POPG
films, the dissolution is controlled by three different constant rates.
However, this process is faster for POPG than for POPC. For POPEmono-
layer, the situation is even more complicated. Namely, to the data
obtained during ca. 39 min of the experiments two dissolutions pro-
cesses controlled by two different constant rates was found. However,
then the relative area values practically do not change, which indicates
that the monolayer is stable. However, after further 12 min. The A/A0

values start to decrease, thus the desorption process is continued.



Fig. 3. The shift of the isotherms (ΔA, in percent) caused by the presence ofmyrcene in the
subphase, the results of penetration experiments for the investigated lipid film at different
surface pressures (concentration of myrcene: 10−4 M) and the results of the stability
measurements (The A/A0 vs time plots for the lipid film on myrcene solution).
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3.2. The influence of myrcene on DPPE, DPPC and DPPG monolayers

The results of the surface pressure-areameasurements for the phos-
pholipids having two fully saturated C16:0 chains area presented in
Fig. 1e–g. Among the monolayers formed by the saturated lipids only
for those composed of DPPC molecules, the dependency between the
myrcene concentration and the isotherms position was found. Namely,
the isotherm shifts to the larger areas and the LE/LC phase transition is
also shifted to the higher values. For DPPC films, both at high and at
low surface pressures, the influence of myrcene on the position of the
isotherm is visibly stronger as compared to its effect of DPPE and
DPPG (Fig. 3). It was also found that the ordering of monolayer formed
by the saturated lipids (DPPC, DPPG andDPPE) ismore strongly affected
by myrcene than the ordering of the remaining studied lipids. This is
reflected in the pronounced decrease of the compressional modulus
values (Fig. 2). Thus, the effect of myrcene on the organization of highly
ordered films formed by DPPC, DPPE and DPPG is more strongly
reflected in the compressionalmodulus values as compared to the influ-
ence on their saturated-unsaturated counterparts. It could be suggested
that a denser packing of the molecules at the interface facilitates the
membrane-disturbing activity of myrcene. This conclusion seems to
be in accordance with the discussed above results obtained for POPE
monolayers. Namely, for POPE film the visible decrease in CS−1 occurs
only above the transition surface pressures, when the domains of the
condensed phase are formed. Moreover, the decrease of this parameter,
measured in percent, is comparable for DPPC, DPPE and DPPG.

Interestingly, at 30 mN/m, myrcene causes some shift of the curve
for DPPG to the lower areas. This effectmay indicate that in thepresence
of myrcene the molecules are in part eliminated from the interface. A
further interesting finding is the additional kink appearing in the iso-
therms for DPPC and DPPG monolayers spread in the presence of
myrcene. This effect can be well detected in the CS−1 vs π dependencies
since the kinks in the isotherms manifest as the small minima in the
foregoing plots. The existence of the kink in the surface pressure–area
curve may also suggest the removal of myrcene molecules from the in-
terface, with the monolayer compression.

The results of penetration studies for these monolayers (Fig. 3) evi-
denced that only for DPPC film, both at low and high initial surface pres-
sure, after the injection of terpene solution the surface pressure
increases and in time achieves a stable positive values (Δπeq). For the re-
maining phospholipids (DPPE, DPPG), Δπeq values are ca. zero or they
drop below zero even at lower initial surface pressure. Thus, myrcene
molecules tend to be removed from the interface and additionally this
process may involve the dragging of the lipid molecules into the bulk
phase. The latter suggestion in respect to DPPG seems to be additionally
conformed by a well observed shift of the isotherm to the areas lower
than those for the film on water.

Based on the results presented in Table 1 and Fig. 3, it can be found
that DPPC and DPPE monolayers compressed in the presence of
myrcene are highly stable. Namely, after the initialmolecular rearrange-
ments of themonolayer the area values do not changewith time during
ca. 1 h of measurements. For DPPG the decrease of the relative area is
observed, however, it is much smaller as compared to that found for
previously discussed TOCL, POPC, POPE, POPG films. Moreover, the re-
laxation of DPPG monolayer in the presence of myrcene consists of
two dissolution steps, without achieving a steady state. However, the
constant rates for these steps aremuch lower than those for the remain-
ing monolayers.

BAM images taken for the monolayers formed by fully saturated
phospholipids on water and on myrcene solutions are shown in Fig. 4.
As it can be seen for DPPC films, the effect of myrcene on the morphol-
ogy of the monolayer is highly manifested both at low and high surface
pressures. In short, in the presence of terpene, the domains of the con-
densed phase are formed at higher surface pressures and they are
much smaller and of different morphology as compared to those ob-
served on pure water. The molecules of DPPE and DPPG form at the
air/water interface highly ordered films and the large patches of the
condensed phase are easily observed even at low surface pressures.
The presence of myrcene in the subphase does not cause substantial al-
terations in themorphology of these films at high π values. However, at



Fig. 4. BAM images for the lipid films on water and in the presence of myrcene in the subphase.
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the beginning of the compression (at low surface pressures) both
monolayers are less condensed.

The compilation of these results allows one to draw conclusion that
myrcene incorporates into DPPC films and significantly changes its mo-
lecular organization both at low and high surface pressures. On the
other hand, the effect of myrcene on DPPE and DPPG monolayer is sig-
nificantly less manifested in the results of the performed experiments.
However, for these highly ordered phospholipid films it was possible
to perform also GIXD experiments, which provide the information on
the molecular organization of the surface and the effect of myrcene on



Table 1
The rate of dissolution (k1, k1′, k1″) and diffusion k2 together with the R-square (R) for the lipid monolayer in the presence of myrcene in the subphase. For POPE film, the calculations
involve first 40 min of the measurements.

k1 · 10−3/R
[1/min−1/2]

k1′ · 10−3/R
[1/min−1/2]

k1″ · 10−3/R
[1/min−1/2]

k2 · 10−3/R
[1/min]

DPPG 2.05 ± 0.01/0.999 1.63 ± 0.01/0.999 – –
POPG 9.91 ± 0.02/0.999 14.8 ± 0.03/0.999 20.9 ± 0.05/0.999 –
TOCL 4.10 ± 0.01/0.998 – – 0.235 ± 0.005/0.997
POPC 5.19 ± 0.01/0.999 8.57 ± 0.01/0.999 2.27 ± 0.01/0.999 –
POPE 10.71 ± 0.01/0.999 14.82 ± 0.01/0.999 – –
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the ordering of hydrophobic chains at the nanometer scale. As it was re-
ported in multiple publications, the monolayers of DPPE [28–30], DPPG
[30–33] and DPPC [31,34] are 2D crystalline, that is they diffract con-
structively X-ray synchrotron radiation and can be successfully investi-
gated with the application of Grazing Incidence X-ray Diffraction
(GIXD) method. Thus, the application of the model membranes con-
structed of dipalmitoyl phospholipids enables the studies of the effects
exerted by bioactive molecules, as myrcene in these studies, on the
packing mode of the phospholipid molecules within the 2D crystalline
lattice with molecular resolution. Myrcene is a small and flat hydrocar-
bon molecule, the structure of which resembles the terminal part (acyl
chain) of the membrane steroids (the structure of myrcene molecule is
presented in a Graphical abstract, TOC). Therefore, when myrcene mi-
grates from the aqueous solution it can pack in the voids between the
palmitoyl chains and change their orientation at the air/water interface.
The packing mode of DPPE, DPPG and DPPC is not the same at a given
surface pressure value as the tilt of the palmitoyl chains and its orienta-
tion in the monolayer plane depends on the size and chemical proper-
ties of the polar headgroup. Therefore, it is possible that the effects of
myrcene incorporation can differ depending on the headgroup type.
To shed light on these interesting questions and verify the effects
exerted of myrcene on DPPE, DPPG and DPPC monolayers at 15 and
30 mN/m the GIXD experiments were performed. The results for DPPE
are presented in Figs. 5 and 6, while for DPPG at 30 mN/m in Fig. 7.
The results for DPPG at 15 mN/m and all the results for DPPC were di-
rected to Supplementary Materials (Figs. S2, S3) due to the reasons
specified in the text. All the structural parameters calculated from the
GIXD data are gathered in Table 2.

DPPE has a small headgroup which is moderately hydrated due to
the limited tendency of the\\NH3

+of the terminal ethanolaminemoiety
Fig. 5. Intensity maps I(Qxy,Qz) for the DPPE monolayers: a) 15 mN/m water, b) 15
to hydrogen bond formation. At higher surface pressures (30 mN/m),
the palmitoyl chains are tightly packed (solid state of the monolayer)
and oriented parallel to the monolayer normal, so their packing mode
can be described by the hexagonal 2D crystal lattice [29,30]. At
15 mN/m, the monolayer is in the liquid-condensed state with the
palmitoyl chains tilted collectively (τ= 18.8) from the monolayer nor-
mal; thus, the symmetry of the 2D lattice is lowered (rectangular cen-
tered). The data obtained for DPPE monolayer on the aqueous
subphase is in accordance with scientific literature [28–30].

At 15 mN/m, in the presence of myrcene in the subphase, three sep-
arate diffraction signals are visible in the intensity map (Fig. 5b). There-
fore, three separate Bragg peaks and Bragg rods were calculated from
these data and indexed with the Miller h,k indices ⟨0,1⟩, ⟨1,⟩ and
⟨−1,1⟩. Three separate diffraction signals are typical to the oblique 2D
lattice [25,26]. The ⟨−1,1⟩ signal has its intensity maximum close to
the horizon; whereas the ⟨0,1⟩ and ⟨1,0⟩ signals have their intensity
maxima shifted much over the horizon to higher Qz values. The tilt
angle τ in the presence of myrcene is increased only slightly to 20.2°,
so the change in the packingmode of the palmitoyl chains is connected
with the alteration of the tilt azimuth from the nearest neighbor (NN) to
the intermediate orientation. In the rectangular centered and oblique
lattices, the ordering parameter Lxy is anisotropic and depends on the
crystallographic direction. However, in the presence of myrcene the in-
crease of Lxy in all the directions can be observed. Lxy is especially high
(614 Å) in the ⟨−1,1⟩ direction analogous to the ⟨0,2⟩ direction in the
rectangular centered lattice, forwhich the value of 197Åwas calculated.
Therefore, it can be concluded that at 15 mN/m some myrcene mole-
cules are incorporated between the DPPE palmitoyl chains and they
exert a rather organizing effect leading to the three-fold increase of
the 2D crystallinity range. For the DPPE monolayer compressed to
mN/m myrcene solution, c) 30 mN/m water, d) 30 mN/m myrcene solution.



Fig. 6. Bragg peak I(Qxy) and Bragg rod I(Qz) profiles calculated from the intensitymap I(Qxy,Qz) for the DPPEmonolayers: a) 15mN/mwater, b) 15mN/mmyrcene solution, c) 30mN/m
water, d) 30 mN/m myrcene solution. The green, blue and red lines are Lorentz curve fits to the experimental data. The Bragg rods are calculated for the specified maxima.

Fig. 7. GIXD data: intensity map I(Qxy,Qz), Bragg peak and Bragg rod profiles collected at π = 30 mN/m for the DPPG monolayers spread on: a) pure water, b) myrcene solution.
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Table 2
Structural parameters calculated from the GIXD data: Qxy— location of the intensity maximumof the diffraction signal, Qz— location of the intensitymaximumof Bragg rod; a, b, γ— the
lattice parameters, Lxy — the range of 2D crystallinity, A — area of the unit cell (per one hydrocarbon chain), τ — tilt angle.

System Qxy,
Å−1

Qz,
Å−1

a, b, Å, Å, γ, ° A,
Å2

Lxy,
Å

τ,
°

DPPE,
water, π = 15 mN/m

b−1,1N 1.429
b0,2N 1.454

b−1,1N 0.42
b0,2N 0

5.107, 8.643, 90 44.1 b−1,1N 154
b0,2N 197

18.8

DPPE,
myrcene, π = 15 mN/m

b0,1N 1.415
b1,0N 1.439
b−1,1N 1.459

b0,1N 0.50
b1,0N 0.38
b−1,1N 0.006

4.969, 5.054
118.52

22.1 b0,1N 368
b1,0N 251
b−1,1N 614

20.2

DPPE
water, π = 30 mN/m

1.466 0 4.949 21.2 346 0

DPPE
myrcene, π = 30 mN/m

b−1,1N 1.454
b0,2N 1.469

b−1,1N 0.30
b1,0N 0

5.007, 8.554, 90 42.8 b−1,1N 244
b0,2N 464

13.4

DPPG
water, π = 15 mN/m

b0,1N 1.390
b1,0N 1.424
b−1,1N 1.449

b0,1N 0.60
b1,0N 0.48
b−1,1N 0.054

4.998, 5.121, 118.0 22.6 b0,1N 204
b1,0N 168
b−1,1N 503

24.4

DPPG
myrcene, π = 15 mN/m

b0,1N 1.403
b1,0N 1.430
b−1,1N 1.454

b0,1N 0.59
b1,0N 0.40
b−1,1N 0.050

4.988 5.084, 118.2 22.3 b0,1N 276
b1,0N 204
b−1,1N 614

23.2

DPPG
water, π = 30 mN/m

b−0,1N 1.428
b1,0N 1.448
b−1,1N 1.460

b0,1N 0.40
b1,0N 0.20
b−1,1N 0.045

4.961, 5.030, 119.0 21.8 b0,1N 345
b1,0N 276
b−1,1N 461

15.6

DPPG
myrcene, π = 30 mN/m

1.465 0 4.953 21.2 435 0

DPPC
water, π = 15 mN/m

b−1,1N 1.301
b0,2N 1.430

b−1,1N 0.84
b0,2N 0

5.782, 8.788, 90 50.8 b−1,1N 146
b0,2N 553

37.7

DPPC
myrcene, π = 15 mN/m

b−1,1N 1.305
b0,2N 1.433

b−1,1N 0.82
b0,2N 0

5.561, 8.769, 90 50.5 b−1,1N 142
b0,2N 512

36.9

DPPC
water, π = 30 mN/m

b0,1N 1.386
b1,0N 1.415
b−1,1N 1.449

b0,1N 0.60
b1,0N 0.45
b−1,1N 0.08

5.015, 5.120, 117.71 22.7 b0,1N 118
b1,0N 104
b−1,1N 553

24.2

DPPC
myrcene, π = 30 mN/m

b0,1N 1.347
b1,0N 1.407
b−1,1N 1.436

0.73
0.46
0.06

5.020, 5.244
117.19

23.4 b0,1N 102
b1,0N 63
b−1,1N 291

28.7
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30 mN/m on the pure aqueous solution only one diffraction signal can
be observed in the intensity map; whereas in the presence of myrcene
two signals are visible — the first with it intensity maximum at Qz = 0
Å−1 and the second with its intensity maximum at Qz = 0.30 Å−1.
This alteration corroborates the presence of some myrcene molecules
incorporated between the palmitoyl chains also in these experimental
conditions. Myrcene incorporated to the monolayer induces the tilt of
the palmitoyl chains from the monolayer normal (τ = 13.4); thus, the
physical state of the monolayer changes from solid (water) to liquid —
condensed (myrcene). This is in accordance with significant lowering
of the compression modulus observed for DPPE monolayer spread on
the myrcene solution (compare with Fig. 2). Therefore, at the surface
pressure of 30 mN/m, the effect of myrcene incorporation can be classi-
fied as disorganizing. On the other hand, the incorporation of myrcene
does not affect the range of 2D crystallinity within the investigated
monolayer, which is even higher in the presence of myrcene (464 Å)
than on pure water (346 Å).

In the subsequent GIXD experiments, the effects of myrcene incor-
poration to DPPG monolayer were investigated. As it can be compared
in Table 2, the results obtained at 15 mN/m for the monolayers spread
on pure water and on myrcene solution were practically identical. In
both the cases, the packing of the palmitoyl chains can be described
by the oblique lattice; thus, the intensity maps, Bragg peaks and Bragg
rods are presented in the Supplementary Materials (Fig. S2). Significant
differences between the monolayers were noticed at π= 30 mN/m, so
the GIXD data collected in these experimental conditions are presented
in Fig. 7.

At first glance there are two diffraction signals in the I(Qxy,Qz) plot
registered for the DPPG monolayer spread on pure water — one with
its intensity maximum at Qz = 0 and the second at Qz N 0, which indi-
cates the rectangular centered lattice with the NN azimuth. However,
the thorough analysis of the Bragg rods enables the identification of
two closely located and partially overlapped signalswith intensitymax-
imum at Qz=0.40 (0,1) and Qz=0.20 (1,0) defining the oblique lattice
similarly to themeasurements performed at 15mN/m. These data are in
agreement with our previous paper [30] in which the GIXD data for
DPPG monolayers were collected on a different synchrotron facility
(BW1, Hasylab, Hamburg). The compression of the monolayer from 15
to 30 mN/m reduces the tilt angle τ from 24.4 to 15.6° but the mono-
layer still remains in the liquid-condensed state, which is in agreement
with the compressional modulus plots (Fig. 2). At 30 mN/m, the pres-
ence of myrcene molecules between the palmitoyl chains changes pro-
foundly their orientation at the air/water interface, as they are oriented
perpendicularly with the tilt angle τ reduced to 0. This can be inferred
from the I(Qxy,Qz) plot at which only one diffraction signal with the in-
tensity maximum at Qz = 0 Å−1 can be observed. In the presence of
myrcene, the 2D lattice is now hexagonal. The thorough analysis of
the Bragg rod profiles this time does not allow to discern any other sig-
nals, overlapped or merged in the I(Qxy,Qz) image; thus the presence of
myrcene exerts this time an organizing effect on the orientation of the
palmitoyl chains at the interface. As it was mentioned above, the orien-
tation of the acyl chains in the monolayer is governed by the size and
hydration of the polar headgroup. The phosphatidylgycerol (PG) mole-
cule has a larger headgroup than PE, and the terminal glycerol molecule
can form effective hydrogen bonds with water molecules which in-
creases the hydration and by this the effective size of the headgroup.
Thus, the packing of the palmitoyl chains is less tight than in the case
of DPPE. Themigration of themyrcenemolecules within the hydropho-
bic environment of the hydrocarbon chains should be easier and more
effective in the case of DPPG than DPPE monolayer. As the palmitoyl
chains of DPPG are less ordered than in the case of DPPE there is the
room for the ordering action of small hydrophobic molecules well fit
to voids between the chains. The palmitoyl chains are the effective scat-
terers, which diffract the X-ray radiation. We usually tend to approxi-
mate the whole hydrophobic chain as a rigid rod; however, due to
thermal oscillation the terminal parts can be disordered or the gauche
defects can break the rods [35]. Therefore, the effective scatterer can
be shorter than 16C atoms and the tilt effect can be caused not by the
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inclination of the whole palmitoyl chain as a rigid rod but by the disor-
der of its terminal part. The presence ofmyrcene in theDPPGmonolayer
can limit the oscillations of the terminal parts of the palmitoyl chains
and by this eliminate the tilt effects leading finally to the hexagonal or-
dering of the scatterers. The proposed here model is illustrated in the
Graphical Abstract (TOC).

Finally, the GIXD experiments were performed for DPPC mono-
layers. At 15 mN/m, the diffraction signal can be already measured but
its intensity is low. One diffraction signal is located at Qz = 0 Å−1, and
the second very high above the horizon, at Qz N 0.8 Å−1. The second sig-
nal is weak and diffused— probably it is a superposition of two separate
signals and the 2D lattice should be described as oblique; however, the
quality of the Bragg rod profiles is here very low; thus the 2D latticewas
approximated as rectangular centered with a large tilt of the palmitoyl
chains τ= 37.7o. In the presence of myrcene the GIXD data were prac-
tically identical. The compression of the monolayer to 30 mN/m in-
creased the intensity of the diffraction signal and improved its quality.
This time it was possible to discern three separate signals and define
the oblique lattice well known for this phospholipid from literature
[31,34]. Again, the presence of myrcene does not lead to any significant
changes of the palmitoyl chains ordering. The GIXD data – Bragg peak
and Bragg rod profiles for the DPPC monolayers – are presented in
Supporting Materials in Fig. S3. Thus, it can be concluded that the pres-
ence of myrcene between the hydrocarbon chains in the DPPC mono-
layer is quite neutral for the chain ordering. Again, it can be explained
by the size of the polar headgroup. The phosphatidylcholine headgroup
is the largest among the double-chained phospholipids. The charged
\\N(CH3)3+ choline groups does not form hydrogen bonds with each
other but due to the partial positive charge are well hydrated. The
large head-group prevents the chains from high ordering, so the voids
between the chains are larger than in the DPPE and DPPG monolayers.

4. Discussion

The collected results allow one to summarize that myrcene mole-
cules may lead to the decrease of the condensation and/or stability of
the investigated lipid monolayers as well as to change their morphol-
ogy. The alterations in the properties of the surface films caused by
the investigated terpene were detected for all the studied herein lipids,
however their magnitudewas different depending on the lipid type, the
surface pressure and terpene concentration. Moreover, the collected re-
sults suggest also that myrcene acts on the studied lipid monolayers ac-
cording to different mechanisms, which may include the extraction of
the molecules from the interface and/or accommodation of terpene in
the lipid environment.

First of all, it was found that the effect ofmyrcene onDPPC, POPE and
POPG monolayers depends on the terpene concentration, which is in
contrast to the remaining films affected only at the highest terpene con-
tent in the subphase. This allows one to conclude that DPPC, POPE and
POPG films are more susceptible to the myrcene influence than DPPG,
DPPE, TOCL and POPC monolayers. Moreover, at the highest concentra-
tion of myrcene and at lower surface pressures, all the monolayers be-
come more expanded (the shift of the isotherms to larger areas, the
alterations in BAM pictures) and this effect is the most pronounced for
DPPC films. However, as result from the penetration experiments at
10 mN/m, terpene molecules are able to accommodate in some extend
only within DPPC, POPE and POPC films. As indicated the data obtained
for the remaining films, myrcene molecules tend to be rather removed
from the interface. However, even in the latter situation, they are still
able to affect the film organization.

From the point of view of the discussion of the effect of bio-
molecules onmembranes, the results obtained in themonolayer exper-
iments performed at high surface pressure region are more important.
The results collected at these conditions for POPE monolayer evidence
strong effect of myrcene on the film fluidity and morphology, which
reflects in the position of the isotherms, in the decrease of the
compressional modulus values and in BAM images. Since myrcene
does not penetrate the monolayer at high surface pressure region, it
seems that its effect is based on the destabilization of the film. Vey sim-
ilar conclusions on the effect of myrcene at higher surface pressures can
be drawn for POPG and TOCL films. Namely, the increase of the mono-
layer fluidity and its strong gradual destabilizationwere confirmed dur-
ing analysis of the isotherm position, compressional modulus values
and stability measurements. Similarly to POPE films, myrcene does not
penetrate TOCL and POPG monolayers, and after initial incorporation,
the terpene molecules are removed from the interface. The analysis of
the data resulting from stability measurements suggests that in the
presence of myrcene the monolayer material is removed or partially
dragged into the bulk phase. Among these three phospholipids, the ef-
fect of myrcene is the strongest on POPE and theweakest on TOCl films.

As far as phosphatidylcholine (PC) monolayers are concerned, the
collected results allow one to propose that the mechanism of action of
myrcene on POPC vs DPPC films is different. First of all, for POPC mono-
layer, a noticeable effect of myrcene appears only at the highest applied
concentration,while for DPPC the shift of the isotherms even at the low-
est applied terpene concentration was noticed. In this sense, POPC film
is less affected by the terpene thanDPPCmonolayers. Secondly, thepen-
etration experiments evidenced that myrcene molecules are able to in-
corporate into both DPPC and POPC films thus phosphatidylcholine
lipids ensure the most convenient environment for terpene accommo-
dation. However, the terpene causes strong destabilization of POPC
monolayers by a gradual dissolution of the monolayer. The ability of
myrcene to extract POPCmolecules from themonolayer reflects directly
in the shape and position of the isotherm recorded onmyrcene solution.
The latter effect was not found for DPPC film. On the other hand, in the
case of DPPC myrcene does not cause desorption of the monolayer ma-
terial from the interface (the film is highly stable), but rather incorpo-
rates within the lipids environment. Moreover, the results of GIXD
experiments performed on DPPC monolayers confirm that myrcene
molecules localizedwithin the lipidmolecules at the interface do not af-
fect the chain ordering. However, all the obtained results confirm that
the terpene causes strong modification of the condensation and mor-
phology of DPPC monolayer. It seems that the condensed domains
formed at the interface facilitate the accommodation of myrcene mole-
cules leading to the fluidization of the monolayer.

The remaining studied herein fully saturated phospholipids,
namely DPPE and DPPG form at the air/water interface the mono-
layers of even the higher condensation than DPPC. However, al-
though the decrease of the ordering of the molecules at the
interface measured by the drop of the compressional modulus
values for all the saturated lipids is very similar, the effect of the
terpene on DPPE and DPPG monolayers is not reflected in the col-
lected experimental results as significantly as for DPPC. Firstly, for
DPPE and DPPG, the effect of myrcene can be noticed only at the
highest content of the terpene in the subphase. Moreover, for
DPPG, at 30 mN/m, myrcene causes some shift of the curve to the
lower areas. This fact together with the results of the stability mea-
surements and penetration studies suggests that in the presence of
myrcene the molecules are in part eliminated from the interface,
however the desorption occurs in a lower extend as compared to
the remaining monolayers. Although the GIXD data suggest that
myrcene molecules tend to order the terminal parts of the phos-
pholipid chains the overall effect of myrcene on DPPG film results
in the monolayer fluidization.

For DPPE film, thefluidizing influence ofmyrcene reflects only in the
shift of the isotherm to larger area and in the decrease of the compres-
sional modulus. The monolayer is highly stable and the penetration re-
sults do not reflect incorporation of the terpene into the monolayer.
However, the analysis of the properties of the hydrophobic part of the
molecules in a nanoscale by GIXD studies confirm that both at low
and high surface pressure some myrcene molecules are incorporated
between the DPPE palmitoyl chains. The analysis of GIXD data provide
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the conclusion that myrcene molecules cause the tilt of the palmitoyl
chains from themonolayer normal decreasing significantly the physical
state of the film.

Recently, the effect of the hop essential oil on POPE, POPG and TOCL
monolayers was investigated [12] at the same conditions as those ap-
plied in this work. Comparing the results obtained at higher surface
pressure region, for the hop essential oil, which is the mixture of differ-
ent terpenes, with the results obtained for myrcene, which is the main
component of the hop essential oil, the following conclusions can be
drawn. Both the essential oil and myrcene affect POPG and POPE films
in the concentration dependent way. However, the components of the
hop essential oil are systematically removed from the interface with
these films compression. The latter effect was not observed in the iso-
therms recorded for POPE, POPG and TOCL films spread onmyrcene so-
lution. This may explain the fact that myrcene causes stronger shift of
the isotherms at a given surface pressure and concentration than the
hop oil. The latter effect is especially pronounced for POPE and POPG
films. Namely, the shift,ΔA [%] of the isotherms at π=30mN/m caused
by myrcene is 16.4 and 12.3 for POPE and POPG, while it is 5.0 and 6.4
for the hop essential oil. However, as it was evidenced [12], the compo-
nents of the hop essential oil easily penetrate all the foregoing mono-
layer and after injection into the film they accommodate within the
lipidmolecules. Themechanism of action ofmyrcene seems to be differ-
ent. Namely, the results obtained for myrcene evidenced that this ter-
pene is not able to penetrate POPE, POPG and TOCL films at high
surface pressure; however, terpene causes strong destabilization of
these films by the desorption of themonolayer material from the inter-
face. Although both myrcene and the hop extract decreases condensa-
tion of the lipid monolayers, the fluidizing effect seems to be achieved
according to different mechanisms. It can be summarized that although
myrcene is the main component of the hop essential oil [12] and it
causes strong alterations in membrane properties, this molecule acts
on the studied membranes in a different wat than the hop essential
oil. In this sense, myrcene does not determine the effect of total mixture
on the discussed phospholipids.
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