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A B S T R A C T

Unravelling the chemical language of insects has been the subject of intense research in the field of chem-
ical ecology for the past five decades. Insect communication is mainly based on chemosensation due to the
small body size of insects, which limits their ability to produce or perceive auditory and visual signals, es-
pecially over large distances. Chemicals involved in insect communication are called semiochemicals. These
volatiles and semivolatiles compounds allow to Insects to find a mate, besides the oviposition site in repro-
duction and food sources. Actually, insect olfaction mechanism is subject to study, but systematic analyses
of the role of neural membranes are scarce. In the present work were evaluates the interaction of different
semiochemicals as α-pinene, benzaldehyde, eugenol, grandlure, among others, with a lipid membrane model
using surface pressure experiments and Monte Carlo computational analysis, allowed to propose a plausible
membranotropic mechanism of interaction between semiochemicals and insect neural membrane.

© 2017.

1. Introduction

Insects play an important role in agriculture and human health.
Their communication is mainly based on chemosensation. This is
likely due to the small body size of insects, which limits their ability to
produce or perceive auditory and visual signals, especially over large
distances [1]. Chemicals involved in insect communication are called
semiochemicals and can be classified into two categories: pheromones
and allelochemicals. Pheromones are produced and secreted by an or-
ganism that elicits a behavioral or physiological response in a mem-
ber of the same species that receives the signal, while allelochemi-
cals are those that elicit a response in a member of a different species
[2]. Insect olfaction is essential for finding a mate and oviposition
site in reproduction and the detection of food sources. The semi-
ochemicals are detected via olfactory receptors housed in the an-
tennae and maxillary palps of insects [3]. The antennae contain a
large number of chemosensory hairs called sensilla. Odors (volatile
and semivolatile organic compounds) enter through sensillar pores
and bind to hydrophilic proteins, called Odorant Binding Proteins
(OBPs), in the sensillum lymph. OBPs are soluble proteins, smaller
than 20 kDa, present at high concentrations in the antennal sensil-
lum lymph of insects [4–7]. Although the precise physiological role
of these proteins is not completely understood, biochemical data
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strongly suggest that they are involved in the binding (OBP-Odor
complex) and transportation of odors through the sensillum lymph [8]
to specific odorant receptors (ORs) localized in the membrane of ol-
factory neurons [9,10]. The OBPs comprise two groups of proteins,
varying in the type of odorant molecules bound: the pheromone bind-
ing proteins (PBPs) bind pheromones and the general odorant bind-
ing proteins (GOBPs) which bind odorant molecules of a general type,
such as plant volatiles [11]. Once the odor interacts with the OR,
signal transduction cascade starts leading to behavioral expression
[12,13]. Finally, to avoid continuous stimulation of the receptors, the
odorant molecules are rapidly degraded by proteins known as odorant
degrading enzymes (ODEs) [8,13–15].

However, much remains to be done to provide truly convincing
data for an integrated model of olfactory signal transduction. Based on
the fact that ORs recognize odors even in the absence of OBPs rais-
ing questions about the OBPs physiological role [16]. Aversely, there
is strong evidence that OBPs are involved in odorant discrimination,
receptor sensitivity and specificity [17,18]. In this point, the membra-
notropic properties of the odorants could increase its local concen-
tration at the membrane level boosting its efficiency, as was demon-
strated for other drugs [19–24].

The use of semiochemical as essential key in insect pest manage-
ment programs is very promising. This idea is clearly expressed in re-
cent publications of numerous examples of insect control [25]. The
advantages of using pheromones for monitoring or controlling pests
include low or even null pollution impact environmental, lower costs,
specificity, easy use, and high sensitivity [26,27].

https://doi.org/10.1016/j.colsurfb.2017.11.002
0927-7765/© 2017.
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Regardless the point of view of the research and according to our
knowledge, the neuronal lipid membrane role in insect olfaction has
not been focused properly. Moreover, the information is scarce being
the neuronal membrane relevant in the insects’ olfaction mechanism.

On the other hand, the modeling of biological systems has been
very useful in recent years. In general, the models can handle details or
parameters that the experiment cannot control or predict. Particularly
the Monte Carlo simulation has had great impact in processes related
to lipid membranes [28–31]

In this context, the main goal of this work is to evaluate the interac-
tion of different semiochemicals with a model lipid membrane using
surface pressure experiments and Monte Carlo simulation analysis and
relate this interaction with its plausible function in insects’ communi-
cation.

2. Materials and methods

2.1. Semiochemical standards and lipids

α-pinene ((1R)-2,6,6-trimethylbicyclo[3.1.1]hept-2-ene, 98% of
purity) and benzaldehyde (99% of purity) were purchased from
Sigma-Aldrich, Buenos Aires, Argentina, and Commercial mix con-
taining and eugenol (4-allyl-2-methoxyphenol, 99% of purity), Grand-
lure I, II, III and IV were purchased from ChemTica Internacional,
Costa Rica. DPPC (1,2-dipalmitoyl-sn-glycero-3-phos-
pho-1′-rac-glycerol) were purchased from Avanti Polar Lipids (Al-
abaster, AL, USA)

2.2. Surface pressure

Changes in the surface pressure of lipid monolayers induced by
semiochemicals were measured in a Kibron Langmuir-Blodgett
trough, at constant temperature (25 ± 0.5 °C). The surface of the
buffer solution contained in a Teflon trough of fixed area was exhaus-
tively cleaned by surface aspiration. Then, a chloroform solution of
lipids was spread on Hepes buffer, 10 mM pH 7 to reach surface pres-
sures of 20.5 ± 1 mN/m. Semiochemical solutions were injected in the
subphase and the changes of surface pressure were recorded until a
constant value was reached during at least 60 min. The surface pres-
sure of an air−water interface upon injecting the largest concentration
of compound used throughout the study was always below 17.5 mN/m
(data not shown). For this reason, the lowest initial surface pressure of
the lipid monolayers before the addition of the semiochemicals to the
subphase was above that value, 20.5 mN/m for all assays. In this con-
dition, the changes in the surface pressure observed upon the injection
of the compound solutions could be ascribed to an effect of each com-
pound on the monolayer instead by the accumulation of semiochemi-
cals on the aqueous/air interface.

Pressure data obtained were adjusted using simplest isotherm
model with the following equation:

Where θ corresponds to the degree of coverage, ΔP is the surface pres-
sure shift, [semiochemical] is the semiochemical concentration, and kd
is the apparent dissociation constant.

2.3. Computational details: model and basic definitions

In this work were used a lattice-gas model to emulate the substrate
or support where the lipids are deposited. This substrate symbolizes
water. In this case were considered a triangular two-dimensional lat-
tice of lateral size L, which contain M = L2 nodes. In this medium, it
is possible to deposit an amount of N lipids, which will affect a certain
number of nodes of this lattice. With this is possible to define a lipid
density d = N/M. If d = 0 [1] the substrate is empty [full] of lipids. In
our model, the empty nodes symbolized the interstitial water between
lipids. Should be pointed that the surface pressure used in the experi-
mental setup, 20.5 ± 1 mN/m, implies a homogenous monolayer with
a high degree of hydration [32–34]

In turn, it is possible to inject a quantity P of semiochemical which
will affect only the lipids. Then we can consider that a density of lipids
with semiochemistry will be within the range 0 ≤ σ ≤ d. If σ = 0, no
lipid will have a chemical, however, if σ = d all lipids will have a
semiochemical.

Then with these definitions, we have two states for each lipid: pure
lipid (Lp) and lipid with semiochemical (LSch). On the other hand, the
lipids can only interact energetically with his nearest neighbors (NN).
For this was defined three types of lateral interaction energy: interac-
tion Lp-Lp, wLpLp/kBT, interaction LSch − LSch, wLsLs/kBT and for the
case of pure lipid with a chemical lipid Lp- LSch, wLpLs/kBT. If any of
these energies are positive or negative it means that the lateral interac-
tions are repulsive or attractive, respectively.

The energy or the Hamiltonian of the system can be expressed by:

where l ? (NN, i) run on all NN sites of site “i” and δ is the Kronecker
function. Each node can be monitor by an occupation variable ci can
take the value zero if the node “i” is empty and equal to +1 (−1) if it is
occupied with Lp (LSch). At equilibrium pressure p/kBT at fixed σ, it
is possible to obtain the system. Each lipid will have an environment
(α) formed by six nodes with an associated energy (Hα). In turn, there
will be an empty node with same environment (β), this means with the
same configuration of Lp or LSch but with zero energy.

The ratio between the populations of local state α and its conjugate
β in the statistical assembly must be:

Where ΔH is the energy change between populations. Then:

Finally, we can calculate by averaging over different configu-

rations.

(1)

(2)

(3)

(4)
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For the Monte Carlo simulations, we consider a two-dimensional
lattice of size L = 180, with d = 0.5, which will remain constant
throughout the compute. The lipids have been randomly distributed.
Periodic contour conditions have been considered in the two dimen-
sions.

Then a quantity of lipid, chosen at random, σ ≤ d are marked with
the chemical (LSch). For the present model, the equilibrium state will
be obtained using Monte Carlo Simulation in the canonical assembly
[35,36] together with the Kawasaki algorithm [37].

3. Results and discussion

In insects, sensory reception involves diverse and parallel molec-
ular components to process a nearly infinite spectrum of chemical in-
formation. While multiple, and not necessarily incompatible, models
persist as to the underlying mechanisms and precise functional roles
of each element in these diverse signal transduction paradigms, there

Table 1
Semiochemicals in study.

Compound Structure
MW (g/
mol)

Ref.
Pheromonea

1. α-pinene 136 [39–42]

2. benzaldehyde 106 [43,44]

Commercial blend
3. eugenol 59.3% 164 [45,46]

4. grandlure I 14.79% 154 [25,47]

5. grandlure II and III mixture 19.5%
and 3.83%

154 [48–50]

6. grandlureIV 2.74% 152 15,16

a Some references were the compound acts as an insect pheromone.

is the general consensus around the idea that precise and temporally
restricted odor sensing is required for many aspects of insect success
and survival. Furthermore, It is well known that partitioning of a drug
into the membrane compartment not only potentially depletes drug
from the aqueous compartment but also concentrates drug in the lo-
cal environment around the receptor [38]. In this context, we aimed to
study the interaction with model lipid membranes of two pure semio-
chemicals and a commercial blend listed in Table 1. In order to remark
the biological significance of these molecules, main references are
presented where their activities as pheromones were reported (more
details of the compounds in study as semiochemicals are available at
www.pherobase.com).

First, the effect on the DPPC lipid monolayers surfaces pressure
produced by each semiochemical injected in the subphase was car-
ried out. As revealed in Fig. 1, changes in the surface pressure (ΔΠ)
vary with the semiochemical concentration in the subphase. It can
be observed that besides all semiochemical tested induces changes in
the surface pressure; each one induces a different response (Fig. 1a).
The kinetic behavior also showed differences between each compound
tested.

α-Pinene exhibited the faster kinetics, whereas commercial blend
coincident with its lower affinity also shown the slowest kinetics (Fig.
1b).

In order to get an insight on semiochemical − lipid interactions, we
analyze the surface pressure data using Eq. (1) described in Materi-
als and Methods (Eq. (1)) obtaining the apparent dissociation constant
(Kd) for each semiochemical (Table 2), that give us a quantitative in-
formation about the affinity of the compound to the membrane.

Interesting, each semiochemical exhibit a different affinity toward
the model lipid membrane, as could be inferred from Fig. 1. Benzalde-
hyde was the compound that exhibits the biggest difference with the
highest affinity (i.e. low Kd) and effectiveness. This effect could be
attributed to the chemical nature of aldehyde group due to that can
interact with polar head of DPPC monolayer, followed by a stabi-
lization on the membrane with its benzene located in the hydropho-
bic acyl chains of the lipids.α-Pinene that also exhibits a high affin-
ity toward the membrane, due it chemical hydrophobic that not pre-
sent a polar substituent and cannot interact directly with DPPC polar
head but are able to interact with the hydrophobic tail of the lipids.
In this context result energetically favorable that this small compound
quickly adopts a final position in the acyl region of the monolayer
instead on the polar solvent, as its kinetic behavior shown. Finally,

Fig. 1. Interaction of semiochemicals with lipid monolayers. (a). Changes in the surface pressure expressed as ΔΠ as a function of semiochemical concentration on pure DPPC mono-
layers. (b) Changes in the surface pressure expressed as ΔΠ as a function of time on pure DPPC monolayers after the first addition (Fig. 1a) each semiochemical. The initial surface
pressure for all assays was 20.5 ± 0.5 mN/m for all assays. Values are presented as mean ± standard deviation with n = 3.
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Table 2
Dissociation constants, Kd, ΔΠ and Effectiveness of the process, determined from sur-
face pressure changes.1.α-pinene

Semiochemical Kd
a

Δπ at higher conc.
assayed

Effectiveness of the process
(Δπmax

b/Kd)

1. α-pinene 0,0019 ± 0.001 29.0 ± 1.3 29660,49
2.
benzaldehyde

0,0015 ± 0.001 24.7 ± 0.4 48172,95

1. Commercial
blend

0,046 ± 0.01 32.1 ± 3.1 1832,90

a Values are presented as mean ± standard deviation with n = 3.
b Theoretical maximum obtained by Eq.(1) fitting.

commercial blend witch poses hydrophilic molecules that could eas-
ily stabilize in the polar solvent requires higher amount of compound
and time to induce similar changes on the surface pressure probably
through a primary interaction with the polar head of the lipid and fi-
nal stabilization with the allyl groups in the hydrophobic region of the
monolayer. However due the size of this molecules are those that re-
sult in a greater perturbation of the membrane (i.e. highest Δπ).

With the aim of improving our knowledge on semiochemical −
lipid interactions computational simulation were made using Lat-
tice-gas model. Here we describe the simplest model including pair-
wise interactions between lipids, as was well used for this kind of sys-
tem [52–54]. The model design was based on previous developments
with mixture lipids [55–57].

Fig. 2 (a–c) shows experimental pressure [MC pressure] versus
semiochemical concentration [σ] for experimental and MC data (Note
that two scales are used), for each semiochemical indicated. For the
simulations repulsive interactions were considered in particular that
wLpLp << wLsLs, wLpLs.

As we can see in Fig. 2, the model reproduces phenomenologically
the experimental results.

The behavior obtained from the model exhibit a similar trend for
the three compounds studied with significant higher values of en-
ergy for the pair Lipid- Semiochemical (LSch)/Lipid − Semiochemi-
cal (LSch). However each compound, as was observed from pressure
data, exhibited different nominal values.

In order to dissect the behavior of the compounds after reach the
membrane, the inset in Fig. 3(i) shows a MC pressure versus σ, for the
commercial blend in a specific region. Three different concentration
of semiochemical was analyzed. These are indicated by a red point and
labeled by A, B, and C. Insets (ii-iv) shows a “snapshots” of the men-
tioned states of the system. Green dots represent Lp and red dots to
LSch. When compounds accumulate into the membrane a clustering
effect of the lipids carrying semiochemical was observed. The three
compounds studied reveal a similar behavior (data not shown).

This finding strongly suggests that semiochemical after the inter-
action with the membrane is grouped in clusters that implied a high
concentration of drug in restricted spatial domains of the membrane.

At the highest concentration of semiochemical tested, the mem-
brane pressure up cto around 50 mN/m, which is close to collapse
pressure of pure DPPC monolayer [58]. However, should be that col-
lapse on pure DPPC monolayer, is mainly due at high packing of
DPPC with an area per lipid of around 46 Å2. In our experiments,
lipids amounts and area remains constant, with an initial area per lipids
around 65 Å2. In the contexts of the present work, the increase in the
surface pressure could be interpreted as an increase in the area per
lipid due to the interaction of the lipids with the semiochemical tested
by the formation of a lipid-semiochemical complex with a resulted in
the higher area (red dots in Fig. 3). This increase in the area per lipid
with the concomitant increase in the monolayer tension could con-
tribute at the clustering of the lipids carrying semiochemical in order
to achieve an energetically more favorable conformation.

It is well established that the concentrating effects of mem-
brane-associated drugs, lateral diffusion of drugs across the two-di-
men

Fig. 2. Experimental pressure [MC pressure] versus semiochemical concentration [σ] for experimental and MC data. Energies used were: a) Commercial blend, wLsLs/kBT = 32.0,
wLpLs/kBT = 4.0, b) α-pinene, wLsLs/kBT = 24.0, wLpLs/kBT = 3.0 and c) Benzaldehyde. wLsLs/kBT = 40, wLpLs/kBT = 5.0.
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Fig. 3. (i) MC pressure versus σ, for the commercial blend. Insets (ii–iv): snapshots at three different concentration A–C.

Fig. 4. Putative model of the role of membrane association of semiochemical in the context of olfactory receptor functions.

sional surface (rather than three dimensions in aqueous bulk) could
also increase reaction rates with receptors in a mechanism referred to
as “reduction of dimensionality” rate enhancement [38,51].

In terms of signaling activity, the possibility of a clustering effect
of the semiochemicals could promote the interaction with OBP by an
increase of local concentration and/or even induce a direct stimulation
of ORs without the need of OBPs participation as some authors sug-
gested [16].

4. Conclusions

In this work, we demonstrated that two known semiochemicals and
a commercial blend are able to interact with membrane lipid models.
In order to rationalize these findings in the context of olfactory recep-
tor functions, was proposed a putative model were the lipid interaction
could play a passive catalytic role Fig. 4.

Membranotropic properties were described as a key step in many
therapeutic compounds, due can increase their local concentration at
the membrane level, in this way enhancing the efficiency of the drug.
In our model, the “pre” concentration of the semiochemicals in the
neuronal membranes could catalyze the subsequent interaction with
the OBPs (pathway 1 in Fig. 4), and also play a role to avoid the
premature degradation by the odorant-degradative enzymes. Further-
more, some authors have been reporting that some semiochemicals
could activate the odorant receptors without an OBP [16], in this sit-
uation the affinity toward lipid membrane could become essential to
achieve the odorant receptor and trigger the odorant signal.
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