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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Cyclodiene pesticides are incorporated
into model fungal membranes

• Cyclodiene pesticides do not disturb the
formation of phospholipid crystalline
nanodomains

• Chlordecone has the greatest impact on
the physical properties of Langmuir
monolayers

• All studied cyclodiene pesticides fluidize
the lipid bilayer in liposomes
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A B S T R A C T

Polychlorinated cyclodiene pesticides (CP) are persistent organic pollutants causing widespread soil contami-
nation. CPs-contaminated soils could be purified by mycoremediation, i.e. the introduction of CP-degrading
fungal strains into the soils. However, not all mycoremediation attempts are effective, and the microbial cells
introduced into the soil die. CP molecules are highly hydrophobic, therefore, their toxicity may largely result
from membrane activity, i.e. from the incorporation of CP molecules into membranes disturbing their functions.
To test this hypothesis and shed light on the interactions of CPs with plasma membranes, we used lipid Langmuir
monolayers and unilamellar liposomes as models of fungal membranes. In our research, we included the four
most common CPs polluting soils: aldrin, endrin, endosulfan, and chlordecone. Our studies have shown that CPs
can be incorporated into the membranes up to the molar ratio of approximately 0.15. In the case of Langmuir
monolayers, greater effects were observed for the model composed of saturated lipids. For this model, however,
X-ray diffraction studies have shown that CPs are incorporated into the ergosterol-enriched amorphous phase
without disturbing the formation of crystalline phospholipid nanodomains. Langmuir monolayer studies showed
that chlordecone disturbs the physical properties of the model membrane to the greatest extent. However,
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liposome studies have shown that the effect of all CPs is similar – their presence increases the fluidity of the
bilayer. Our studies confirmed CPs’ membrane activity, however, also showed that the presence of CP molecules
in lipid membranes does not cause drastic changes in their physical properties.

1. Introduction

The development of effective soil remediation techniques is one of
the most important challenges of contemporary environmental chem-
istry [1–4]. This is not an easy challenge as soils can accumulate virtu-
ally any contaminants, from heavy metals [5–7] through petroleum
hydrocarbons [8] to persistent organic pollutants (POP) [9–11]. Among
POPs, polychlorinated pesticides, especially polychlorinated cyclodiene
pesticides, are particularly dangerous contaminants.

Cyclodiene pesticides (CP) were introduced to the American market
in the late forties of the previous century [12,13]. The precursor of these
compounds is hexachlorocyclopentadiene which is subjected to the
Diels-Alder reaction with different cyclic dienophiles [14]. CPs were
very effective against multiple insects, however, soon after their first
applications they were found very toxic to non-target animals, including
humans [13,15]. CPs are very persistent in the environment [16], and
due to their hydrophobicity easily migrate to adipose tissue, which leads
to their biomagnification in trophic chains [17]. Some CPs, such as
aldrin (ALD) or endrin (END) were banned in the USA already in the
seventies of the 20th century, but other more polar derivatives, such as
endosulfan (EDS) [18] or chlordecone (CDN) [19] were still in usage in
the first decade of the 21st century and are still locally applied in some
developing countries.

Due to their hydrophobicity, very low water solubility, and limited
biodegradation, CPs accumulate in soils leading to the persistent
pollution of vast areas [11,20]. Due to the high dispersion in the soil, CPs
are a problematic carbon source for bacteria [21], resulting in a reduced
efficiency of bacterial remediation of CP-polluted soil. The alternative
can be the application of soil fungi [22–24]. The rapidly growing hyphae
of mycelium can penetrate aerial voids in the soil, overgrow the organic
detritus and humic matter, and often degrade different POPs absorbed
therein, including CPs [22]. On the other hand, CPs can also be toxic to
soil fungi, which is associated with the membrane-disruptive activity of
these substances [24,25]. The fungal metabolism of the hydrophobic
persistent pollutants is membrane-dependent [22,26] and the accumu-
lation of chlorinated pesticides in the membranes can be the main reason
for their toxicity toward soil fungi [27–29].

Soils can be in-situ actively purified of POP in many ways. Soils ca be
enriched with various sorbents, such as biochar [30] or fertilizers con-
taining appropriately designed nanoparticles [2,31,32]. Another
approach is bioaugmentation, i.e. introducing organic pollutants
degrading microorganisms directly into the soils [33]. Soil fungi can be
effectively applied in the remediation of CP-polluted soil, which can be
achieved both ex-situ in bioreactors and in-situ in field conditions [16,
18,34–38]. Thus, multiple examples of effective fungal bioaugmentation
of soils polluted by PAHs or CPs were previously described [39–43].
However, it was highlighted that the success of such bioaugmentation
cannot be predicted a-priori, as it depends on the concentration of the
pollutants, their distribution in the soils, and especially on the fungal
species applied for bioaugmentation [44–46]. In many cases, the toxicity
of the POP molecules prevailed leading to limited growth of the myce-
lium and finally death of the fungus.

The laboratory and field bioremediation studies can be supported by
laboratory experiments focusing on POP molecules’ interactions with a
fungal plasma membrane model [28,29,47]. Such studies can elucidate
the questions regarding the membrane toxicity of a particular pollutant
or correlate the composition of the model membrane with the effects
triggered by the incorporation of the pollutant molecules into the
studied membrane [47,48]. Finally, the results of such model studies can
greatly help implement large-scale bioaugmentation and limit the

number of unsuccessful cases. Therefore, in our studies, we created
models of fungal plasma membranes and examined the impact of the
incorporation of small amounts of cyclodiene pesticides on their phys-
ical properties, and crystalline structure. We employed lipid Langmuir
monolayers, large unilamellar vesicles (LUV), and giant unilamellar
vesicles (GUV) as model membranes. The combination of mutually
complementary models, representing the membrane behavior of nano-
meter and cell-size scales, enabled the studies of different membrane
characteristics. The employment of Langmuir monolayers allowed the
study of the effects of CP incorporation on membrane condensation and
2D crystalline packing on the molecular scale. LUV and GUV studies
investigated the effects of CP incorporation on the bilayer fluidity and
stiffness. The plasma membrane composition and its dependence on
environmental conditions for the most widespread soil fungi, namely
Aspergillus, Penicillium, and Fusarium were previously described by
others [49–51]. We made an informed choice for the composition of the
fungal membrane based on published data and our previous studies [47,
52]. We tested four representatives of CPs: aldrin, endrin, endosulfan,
and chlordecone, as these pesticides are most commonly identified as
soil pollutants of the CP group. All four CP pesticides are listed in Annex
A of the Stockholm Convention [9], as typical POP of global concern.
Thus, understanding their interactions with soil microorganisms and
further developing techniques for their elimination from the soil is
highly required.

2. Experimental

2.1. Chemicals

All the phospholipids employed in the studies: 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (POPE), 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine (DPPE), 1-palmitoyl-2-oleoyl-glycero-3-phos-
phocholine (POPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), and ergosterol were purchased from Avanti Polar Lipids.
Organic solvents of HPLC grade, chloroform, and methanol were bought
from Merck Sigma Aldrich. Analytical standards of the studied cyclo-
diene pesticides: aldrin (ALD), endrin (END), endosulfan (EDS), and
chlordecone (CDN) were also purchased from Merck Sigma Aldrich. The
structural formulae of these molecules are shown in Scheme 1. Ultrapure
water with a resistivity of 18.2 MΩ⋅cm was produced in our laboratory
with the application of the Merck MilliPore water purification system.

3. Model membranes

Samples of lipids and pesticides were weighed on a Mettler Toledo
balance with the accuracy of 10 µg and dissolved in chloroform/meth-
anol 9/1 v/v mixture. The concentrations of pesticide solutions were of
the order of 0.1 mg/ml, whereas those of the lipids were 0.2–0.3 mg/ml.
All the stock solutions were stored at – 20 ◦C. Appropriate volumes of
the stock solutions were mixed in dark glass vials just before the ex-
periments to achieve the required composition of the components in the
studied systems.

Information about the composition of the plasma membrane of
different soil fungi has been reported previously [47–52]. Generally, the
two main phospholipid classes in these membranes are phosphatidyl-
cholines (PC) and phosphatidylethanolamines (PE), constituting usually
80 % of all phospholipids. The remaining 20 % are mainly phosphati-
dylserines (PS) and phosphatidylinositols (PI). The key lipid in fungal
membranes is ergosterol, the content of which depends on the fungal
species, the development stage of the hyphae, and the environmental
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conditions and usually ranges between 10 and 50 mol% of all membrane
polar lipids [50,53]. The saturation of the lipid acyl chains depends also
on the fungal species and environmental conditions, but four fatty acids,
two saturated 16:0, and 18:0, and two unsaturated 18:1, and 18:2
dominate [50,54,55]. Typically, the saturated chain is substituted in the
sn1 position of the glycerol backbone, while the unsaturated is in the sn2
position [56]. Therefore, the sn1-palmitoyl-sn2-oleoyl phospholipids
are frequently selected for membrane models. Moreover, the
PO-phospholipids have low main transition temperatures (Tm): − 2 ◦C
for POPC and 25 ◦C for POPE [57], which is convenient for liposome
preparation. Therefore, as a model of the plasma membrane, we chose a
ternary lipid mixture containing 35 % POPC, 35 % POPE, and 30 %
ergosterol (mole %); we will refer to this mixture as a model fungal
membrane with unsaturated lipid acyl chains (MFU). We also intended
to study the effect of the saturation of the hydrophobic chains on the
interactions of the model fungal membranes with cyclodiene pesticides,
as often in response to environmental contamination or other shock
stimuli, soil microorganisms modify the composition of their membrane
phospholipids, especially the ratio of saturated and unsaturated chains
[58,59]. Therefore, we constructed a second model, MFS (model fungal
membrane with saturated lipid acyl chains) composed of 35 % DPPC,
35 % DPPE, and 30 % ergosterol (mole %). This model was employed
only in the Langmuir monolayer studies, as due to the stiffness of the
membranes and high Tm (118 ◦C for DPPE [57]) the formation of lipo-
somes using this membrane composition was not feasible.

4. Preparation and studies of Langmuir monolayers

KSV NIMA double barrier Langmuir trough of the nominal area of
273 cm2 was employed for π-A isotherms measurements. Following the
standard cleaning procedure the Teflon trough was wiped with tissues
soaked with chloroform, followed by a tissue soaked in isopropanol and
rinsed in ultrapure water. Ultrapure MilliQ water was used in all the
experiments as the subphase. Appropriate volumes of chloroform solu-
tions of the studied substances were deposited with Hamilton analytical
syringes at the air/water interface. 10 min were left for the evaporation
of the spreading solvent, then the Langmuir monolayers were spread
with a constant compression rate of 20 cm2/min. Surface pressure was
measured with a Wilhelmy-type electrobalance (KSV NIMA) with a
rectangular plate of filtration paper (Whatman) used as a surface pres-
sure sensor with an uncertainty of ± 0.05 mN/m. π-A isotherms were
measured at least three times and the uncertainty of the mean molecular
area (A) was ± 1 Å2/molecule. The temperature of the subphase was
controlled by a water-circulating bath. All the experiments were per-
formed at 20 ± 0.1 ◦C. The compression modulus CS

− 1 was calculated
from the course of the π-A isotherms according to its definition [60]:

C− 1
S = − A

dπ
dA

(1)

The studied cyclodiene pesticides are not surface active and do not
form Langmuir monolayers. In all the experiments performed for
monolayers containing pesticides the number of film-forming lipid
molecules deposited at the air/water interface was constant, regardless
of the mole ratio (X) of the pesticide. All the mean molecular areas are

calculated only for the lipids constituting the studied models.
Grazing incidence X-ray diffraction (GIXD) experiments were per-

formed on the Sirius beamline of the SOLEIL synchrotron (Gif sur Yvette,
France) using a dedicated surface diffractometer [61]. The description of
the settings of this instrument and the performance of a routine exper-
iment can be found in the experimental section of the reference [47]

4.1. Preparation and characterization of large unilamellar vesicles (LUV)
and steady-state fluorescence anisotropy (FA) measurements

Liposome formulations were obtained from dry lipid film, prepared
from the appropriate amounts (about 1 ml of the mixed solutions) of
stock chloroform solutions of the studied lipids and pesticides in glass
vials. The undoped LUVs were formed from POPC (35 mol%), POPE
(35 mol%) and ergosterol (30 mol%). Chloroform solutions of the
studied pesticides were mixed in appropriate proportion with the lipid
stock solutions before the evaporation of the solvent and the formation
of a dry lipid film. The original idea was to prepare liposomes with the
same composition as the Langmuir monolayers, however, it was
impossible to produce LUVs containing 15 or 20 mol% of CP. Thus, the
CP content was lowered to effectively introduce CP into the lipid bilayer,
ranging from 2.5 to 12.5 mol%. Then, the solvents were evaporated
under a gentle stream of nitrogen and the samples were dried under
reduced pressure. Dry lipid films were hydrated in 0.1 M PBS buffer (pH
7.4), then the vials were placed in an ultrasound bath for 1.5 h. To
obtain unilamellar vesicles, the lipid suspension was subjected to five
cycles of freezing (in liquid nitrogen) and thawing (60◦ C). Finally, the
prepared mixture was extruded six times through polycarbonate filters
with 100 nm pores using LiposoFast extruder (Avestin Inc.). The final
concentration of lipids in each system was 1.0 mM.

The hydrodynamic diameters of the liposomes were measured with
dynamic light scattering (DLS) using the Malvern Nano ZS light-
scattering apparatus (Malvern Instrument Ltd., Worcestershire, UK).
The sample was illuminated by the laser beam at λ = 633 nm, while the
intensity of the scattered light was measured by a photodiode at the
angle of 173◦. Malvern software was used for the calculation of the
hydrodynamic diameter and polydispersity coefficient.

The fluidity of the liposomal membrane was investigated based on
the measurements of the steady-state fluorescence anisotropy (r) of DPH
(1,6-diphenyl-1,3,5-hexatriene) [48]. Liposomes with this fluorescent
probe were prepared by the addition of DPH solution (chlor-
oform/methanol 4/1 v/v) to the appropriate volume of the liposomal
suspensions. The final concentration of DPH in the liposomal membrane
was 1.67 μM. The fluorescence anisotropy was measured with a Hitachi
F-7100 spectrofluorometer. All measurements were repeated at least
four times. The samples were excited with vertically polarized light at λ
= 350 nm. The intensity of the emitted light was measured at λ =

428 nm both for the vertical and parallel polarization of the beam. The
steady-state fluorescence anisotropy (r) was calculated using the
equation:

r =
IVV − GIVH
IVV − 2GIVH

(2)

Scheme 1. Structural formulas of the studied cyclodiene pesticides.
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where: G = IHV/IHH is an instrumental correction factor which is defined
as the ratio of the intensity with horizontal excitation and vertical
emission to the intensity with horizontal excitation and horizontal
emission, IVV is the intensity with vertical excitation and vertical emis-
sion, IVH is the intensity with vertical excitation and horizontal emission
[48].

5. Preparation and measurements of giant unilamellar vesicles

POPC, POPE, ergosterol, and cyclodiene pesticide (ALD, END, EDS)
chloroform stock solutions with concentrations of 10 mM were pre-
pared. Appropriate volumes of the stock solutions were mixed to obtain
the model membrane composition (35 % POPE, 35 % POPC, 30 %
ergosterol (mole %)), or the model doped with the respective pesticide
(5, 10, or 15 mol%). For FRAP (fluorescence recovery after photo-
bleaching) experiments, the mixtures contained also 0.5 % of a fluo-
rescent probe: 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine
perchlorate (diI C18).

GUVs were prepared by electroformation [62]. 10 μl lipid solution
was spread on clean indium-tin oxide (ITO)-coated glass supports (5 μl
on each glass). The ITO slides were dried for 1 h in a vacuum desiccator.
Then they were assembled to sandwich a 2 mm-thick Teflon spacer,
forming a formation chamber. The chamber was filled with 100 mM
sucrose solution and kept at 50 ◦C. A sinusoidal AC electric field of the
frequency of 10 Hz and field strength of 1.6 V was applied for 1 h for
electroswelling of the lipid films. To ensure GUV detachment from the
substrate, the frequency was lowered to 3 Hz for 5 min, and the elec-
troformation chamber was cooled down at a rate of 1 ◦C/min. GUV
samples were used in the experiments within 24 h of their preparation.

6. Fluorescence recovery after photobleaching (FRAP)

FRAP experiments were performed at room temperature (23±1 ◦C).
Microscope slides were coated with casein (2 mg/ml solution). 50 μl of
GUV solution was placed on the slide (22×40 mm) with a silicon spacer,
covered by a coverslip (22×22 mm), and left for 1 h to allow the vesicles
to sediment. The measurements were performed on a Leica TCS SP8
microscope with an HC PL FLUOTAR L 40x (0.60NA) dry objective (1
Airy unit). The samples were excited with a diode-pumped solid-state
laser at 561 nm. The emission signal was collected in the 571–608 nm
band with a Hyd SMD2 detector. The images (256×256 pixels) were
recorded in the bidirectional scan mode at 1000 Hz. Simple Beam
Expander FRAP Booster was also used. The intensity gain of the laser
was set at 10 %. Three images at low laser intensity (3 %) were taken
before photobleaching. Photobleaching was performed using the
maximum intensity (100 %) for 268 ms (3 frames) through a circular
ROI of nominal radius rn = 2.5 μm. The laser was then switched back to
attenuated intensity and the recovery images were recorded for several
seconds. Photobleaching was performed on the upper GUV surface. The
obtained data was analyzed according to a simplified equation consid-
ering molecular diffusion during photobleaching. The diffusion coeffi-
cient D was calculated according to the following equation:

r =
IVV − GIVH
IVV − 2GIVH

(3)

Where: re and rn are the effective and the nominal bleaching radii and t1/

2 is the half-time of fluorescence recovery. [63,64]. More information
regarding the FRAP technique for the characterization of membrane
fluidity can be found in references [65,66].

7. Bending rigidity

All experiments were performed at 23 ◦C. 50 μl of GUV solution was
spread on the casein-coated glass and covered by a coverslip. Membrane
fluctuations were observed using an inverted microscope (Axio

Observer, Zeiss, Germany) under phase contrast using a 40x objective
(NA 0.6), frame rate 20 Hz, ROI 480×480 pixels, exposure 200 ns. The
number of images obtained for each GUV was 3000. The video recording
and imaging were performed using a high-speed camera Pco Edge (PCO
AG, Kelheim, Germany). The vesicle contours were detected and
analyzed using a home-developed software that computed the bending
rigidity based on the Fourier decomposition of thermally-driven mem-
brane fluctuations into a spherical model [67,68].

8. Results and discussion

8.1. Langmuir monolayers as model fungal membranes

We first prepared single-component monolayers of the employed
lipids: POPC, DPPC, POPE, DPPE, and ergosterol, measured π-A iso-
therms, and calculated the compression modulus. These π-A isotherms
and CS

− 1 – π curves are presented in Fig. S1 in the Supplementary Ma-
terials. Then the ternary monolayers, imitating fungal membranes, MFU,
and MFS were formed and characterized. The π-A isotherms and CS

− 1-π
dependencies for these membranes are presented in Fig. 1.

For MFU model membrane the beginning of an increase of surface
pressure (lift-off area, A0) is observed at 78 Å2/mol. (Fig. 1 black curve).
Upon further compression, surface pressure grows slowly, which is
typical for monolayers in the liquid expanded (LE) state. At higher π
values the curve is steeper and the monolayer collapses at A = 43 Å2/
mol. and π = 45 mN/m. Low values of compression modulus confirm the
LE state of the MFU monolayer. For MFS A0 = 53 Å2/mol., π grows
quickly at the compression and the curve is much steeper than measured
for MFU (Fig. 1 red curve). Compression modulus exceeds the value of
100 mN/m at the molecular area of 11 Å2/mol. and 250 mN/m at 30 Å2/
mol. achieving the maximum of 293 mN/m. These values prove high
condensation of the MFS monolayer. The monolayer collapses at A = 36
Å2/mol. and π = 50 mN/m.

The MFS model is composed of DPPC, DPPE and ergosterol. All these
lipids form 2D-crystalline Langmuir monolayers when spread from
chloroform solution at the air/water interface [69–71]. To check
whether the lipid molecules are also periodically packed in the ternary
MFS monolayer the GIXD technique was used. The GIXD data are pre-
sented in Fig. 2 and the calculated lattice parameters are collected in
Table 1.

Where a, b, γ – lattice units, Axy – area per one chain, τ – tilt angle of
the hydrocarbon chains from the monolayer normal, Lxy – correlation
distance within the crystalline domains.

There are three separate diffraction peaks in the I(Qxy,Qz) intensity
contour map (Fig. 2a). The mutual location of these maxima is typical
for an oblique 2D crystal lattice. Similar GIXD results were obtained in

Fig. 1. Langmuir monolayer characteristic of the model fungal membranes.
Surface pressure (π) – mean molecular area (A) isotherms and compression
modulus (CS-1) – surface pressure (π) dependencies (inset).
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our previous studies in which DMPC (dimyristoyl-PC) was applied
instead of DPPC (a model containing 35 % DMPC, 35 % DPPE, and 30 %
ergosterol) [47]. The oblique lattice, narrow diffraction signals, and
large values of Lxy are typical to Langmuir monolayers formed by
saturated phospholipids [72], whereas for sterol monolayers, or the

crystalline domains containing considerable amounts of sterol, wide
non-degenerate signals with intensity maximum at ca. 1.0–1.1 Å− 1 were
typically observed [73]. The observation of narrow diffraction peaks
located between 1.4 and 1.5 Å− 1 in the reciprocal space leads to similar
conclusions and interpretations to those proposed in ref. [47]. At 20
mN/m phospholipid-enriched 2D crystalline nanodomains coexist with
ergosterol-rich amorphous regions. This is an important observation for
further research on these systems. Since there are two phases in the
system, the question arises whether pesticides will be incorporated into
both of them?

8.2. Interactions of cyclodiene pesticides with Langmuir monolayers
mimicking fungal plasma membranes

The studied cyclodiene pesticides differ significantly in their hy-
drophobicity. The pKOW (logarithm of octanol/water partition

Fig. 2. Grazing incidence X-ray diffraction results for the MFS model membrane. a) I(Qxy,Qz) intensity contour map, b) I(Qxy) Bragg peak profiles. Solid lines in this
plat are best fit Lorentz curves.

Table 1
Structural parameters for the MFS monolayer.

System Qxy, Qz (Å− 1,
Å− 1)

Unit
parameters a,
b, γ (Å, Å, deg)

Axy

(Å2)
τ
(deg)

Lxy (Å)

MFS <0,1> 1.432,
0.56 <1,0>
1.460, 0.44
<− 1,1> 1.491,
0.02

4.871, 4.967,
117.9

21.37 22.3 <0,1> 149±8
<1,0> 197
±14 <− 1,1>
369±10

Fig. 3. Effects of aldrin and endrin presence in the model fungal membranes on their physical properties monitored by the π-A isotherms and CS-1-π dependencies.
The following panels concern the systems: a) MFU + ALD, b) MFS + ALD, c) MFU + END, d) MFS + END, black – undoped membrane, red – X(CP) = 0.05, green – X
(CP) = 0.10, blue – X(CP) = 0.15, magenta – X(CP) = 0.20.
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coefficient) for ALD is 6.5, for END 5.2, for EDS 3.7, and for CDN 3.5
[74]. Considering the values of pKOW and the fact that the scale is log-
arithmic it can be stated that ALD and END are much more hydrophobic
than EDS and CDN. The differences in hydrophobicity of these pesticides
can manifest in their membrane activity. Therefore, in further figures,
the results obtained for ALD and END, and for EDS and CDN are pre-
sented separately. Fig. 3 presents the π-A isotherms and CS

− 1 – π curves
for the model membranes doped with ALD and END.

As can be seen in Fig. 3a, at X(ALD) = 0.05 the effect of the pesticide
introduction into the MFU monolayer is unnoticeable, but at higher X
(ALD) the π-A isotherms move successively to larger areas. It should be
reminded here (see the experimental section) that the number of lipid
molecules deposited at the air/water interface was constant. In such
conditions a shift of the π-A isotherm toward greater molecular areas
signifies a lager number of molecules present at the interface, thus the
incorporation of pesticide molecules into the lipid monolayer. CS

− 1-π
curves at X(ALD) = 0.05 – 0.15 overlap with the CS

− 1-π curve for the
undoped MFU monolayer, which proves that the presence of ALD mol-
ecules does not affect the elasticity of the model membrane. Only at X
(ALD) = 0.2, the values of CS

− 1 are significantly lower. This may indicate
the incorporation limit and the presence of ALD aggregates within the
monolayer. At high surface pressure of 40 mN/m the isotherms for the
monolayers doped in ALD (X(ALD) from 0.10 to 0.20) overlap, but are
still shifted by 4 Å2/mol. to greater mean molecular areas. The
convergence of the isotherms and their further overlapping may result
from the partial elimination of the incorporated ALD molecules from the
model membrane. However, the 4 Å2/mol. shift of these isotherms from
that recorded for the undoped monolayer indicates that some ALD
molecules are present in the monolayer till its collapse.

Doping the MFS model membrane with aldrin (Fig. 3b) leads to the
shift of the isotherm to greater A values already at X(ALD) = 0.05,
proving the incorporation of the pesticide. The increase of CS

− 1 values
indicates the condensing effect exerted on the monolayer by ALD
incorporation. At the further increase of ALD content (X(ALD) from 0.10
to 0.20), the π-A isotherms are still shifted to greater A values but are
located close to each other, which indicates that ALD incorporation into
this model membrane is concentration limited. In the CS

− 1-π curves the
condensing effect is still observed at X(ALD) = 0.10, while at X(ALD) =
0.15 and 0.20, the increasing number of ALD molecules leads to the
decrease of compression modulus. This observation proves the postu-
lated limited incorporation of ALD molecules into the MSF membrane.
Due to this limit at X(ALD) = 0.15 and 0.20 some of the ALD molecules
are separated from the lipid monolayer forming 3D aggregates, the
presence of which disturbs the lipid packing within the monolayer
which is reflected in the lowered CS

− 1 values.
The addition of END into the MFU membrane (Fig. 3c) leads to an

effect qualitatively and quantitatively similar to that observed when the
model membrane was doped with ALD. On the other hand, significant
differences between ALD and END can be observed for the model MFS
composed of saturated phospholipids (Fig. 3d). With increasing X(END)
a successive shift of the isotherms toward greater areas is observed.
Moreover, with growing X(END) the monolayers are more expanded
which manifests in lower CS

− 1 values. This means that END molecules
show greater affinity than ALD to the MFS model membrane - more
pesticide molecules are incorporated and the observed changes in
monolayer properties are more noticeable. However, at π > 25 mN/m,
the curves approach each other, which can mean the elimination of the
pesticide from the membrane.

The experiments performed using the GIXD technique for the MFS
model indicated the presence of two different phases: the 2D crystalline
phospholipid-rich phase, and the ergosterol-enriched amorphous, and
less condensed phase. Thus, we asked a question whether ALD and END
are incorporated equally into both these phases. To answer this question
the MFS model membranes containing 20 mol% of ALD or END were
studied with the GIXD technique. The obtained GIXD results are pre-
sented in Fig S2 and Fig. S3 of the Supplementary Materials,

respectively, while the lattice parameters calculated from the GIXD data
are summarized in Table S1 The CP-doped monolayers turned out to be
2D crystalline and the sequence of diffraction signals was identical
within the experimental error with the results collected for the undoped
MFS monolayer. Thus, the incorporation of ALD and END does not affect
the crystalline packing within the model fungal membrane. As ALD and
END do not affect the periodic packing of lipid molecules in the 2D
crystalline nanodomains, it can be postulated that these pollutants are
incorporated into the amorphous, ergosterol-rich regions of the
monolayer.

The effects of the less hydrophobic CPs: EDS and CDN on the model
fungal membranes were also studied and the resulting π-A isotherms and
CS
− 1-π curves are presented in Fig. 4.

The addition of 5 mol% of EDS to the MFU model membrane shifts
the π-A isotherm ca. 4 Å2/mol. to smaller A values (Fig. 4a). This shift
with a slight increase in compression modulus proves the condensing
effect exerted by EDS on the MFU monolayer. EDS molecules, unlike
ALD and END, have a permanent dipole moment, have a permanent
dipole moment, thanks to which they can interact with the polar
headgroups of phospholipid molecules. It can be assumed that EDS
molecules are located in the monolayer between the initial part of the
hydrocarbon chains of phospholipid molecules so that their more
strongly hydrated hydroxide fragment comes into contact with the polar
headgroup. This leads to a more compact monolayer packing mani-
festing in increased CS-1 values. The overlapping of the π-A isotherms
for the monolayer at X(EDS) = 0.10 and the undoped membrane also
seems to originate from this effect. At higher EDS contents, the isotherms
are shifted toward greater A values, to the right of the isotherm regis-
tered for the MFU monolayer. More significant effects of the presence of
EDS are observed for the MFS model membrane (Fig. 4b). At X(EDS) =
0.05, the lift-off area A0 is reduced from 53 Å2/mol. (undoped MFS) to
43 Å2/mol. This strong condensing effect finds its manifestation in the
significant increase in CS-1 values. At X(EDS) = 0.10 A0 = 48 Å2/mol.,
which is still 5 Å2/mol. smaller than for the undoped monolayer. At
lower π the isotherm is shifted to lower A values, but starting from 15
mN/m practically overlaps with the isotherm measured for the undoped
MFS monolayer. The CS-1 – π curve overlaps with the curve for X(EDS) =
0.05, thus, also in this case a significant condensing effect was observed.
For X(EDS) = 0.15 A0 was 61 Å2/mol., and for X(EDS) = 0.2 67.5 Å2/
mol., that is 8 and 14.5 Å2/mol. greater than noticed for the undoped
MFS monolayer. At π = 30 mN/m the isotherms for X(EDS) = 0.15 and
0.20 overlap, which indicates possible elimination of EDS molecules
from the monolayer. At X(EDS) = 0.15 and 0.20 CS-1 values are lower
than for the undoped monolayer, thus, when the content of EDS in the
membrane environment is too high the trend reverts and the molecules
of this pesticide expand the model membrane.

CDN addition to the MFU monolayer causes a significant increase in
compression modulus (Fig. 4c). This observation first indicates the
effective incorporation of CDN molecules into the membrane. Similar to
EDS, CDN molecules also possess a permanent dipole moment and
interact with the headgroups of phospholipid molecules forcing them to
be pecked more closely. Despite the observed condensing effect the π-A
isotherms for X(CDN) = 0.05 and 0.10 are shifted to higher A values,
which originates from the bulky structure of the CDN molecule. The shift
at collapse is 6 Å2/mol., which proves that even at high surface pres-
sures some CDN molecules remain incorporated into the MFU mono-
layer. At higher CDN contents, X(CDN) = 0.15 and 0.20 the isotherms
shift progressively to greater A values. At X(CDN) = 0.15 the increase of
CS-1 value is still observed, while at X(CDN) = 0.2, CS-1 values are
noticeably lower. This decrease in compression modulus may be caused
by the limited incorporation of this pesticide and the formation of 3D
aggregates by the excess CDN molecules. The effects exerted by the
incorporation of CDN molecules into the MFS membrane are even more
pronounced (Fig. 4d). The isotherms shift progressively to greater mean
molecular areas with increasing X(CDN). At X(CDN) = 0.2 A0 = 69 Å2/
mol., so is 16 Å2/mol. greater than for the undoped monolayer. Only for
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X(CDN) = 0.05 the increased condensation of the doped monolayer was
observed, for higher X(CDN) CS-1 values are lower than for the undoped
membrane. A shallow minimum observed in the course of the CS-1- π
curves between 20 and 30 mN/m indicates a phase transition in the
model membrane, which can originate from the progressive separation
of CDN molecules from the monolayer.

The MFS model membranes containing 20 mol% of EDS or CDN were
studied with the GIXD technique. The obtained GIXD results are pre-
sented in Fig S4 and Fig. S5 of the Supplementary Materials, respec-
tively, while the lattice parameters calculated from the GIXD data are
summarized in Table S2. Again, just like for ALD and END, the dif-
fractograms recorded for the EDS and CDN-doped monolayers are
identical within the limit of experimental error with the diffractogram
measured for the undoped MFS model membrane. This leads to the same
interpretation, in which we suggest the incorporation of the cyclodiene
pesticide molecules into the ergosterol-enriched amorphous phase in the
MFS monolayers

Mycoremediation is an effective remediation strategy for cyclodiene
pesticide-contaminated soils [34,75–78]. However, mycoremediation as
an option of bioaugmentation is frequently ineffective. The reasons can
be different, however, the antifungal toxicity of POPs plays here an
important role. In our contribution we postulated the
membrane-destructive activity of cyclodiene pesticides as a possible
explanation for this situation. However, the incorporation of a hydro-
phobic pollutant into a plasma membrane is not equivalent to membrane
destructive activity. Multiple metabolic transformations of hydrophobic
pollutants take place in the membranes, so some membrane accumula-
tion of a given pollutant is necessary in the biodegradation process [79].
The optimal option is a situation in which the accumulation of pollutant
molecules in the membrane minimally affects its physical properties and
self-organization. Our results discussed so far indicate that all four
investigated cyclodiene pesticides can be incorporated into both used by
us fungal membrane models. The limit mole proportion for the pesticide
incorporation is around 0.15. For higher mole proportion the excess
pesticide molecules separate from the lipid matrix forming probably

multilayer aggregates. The pesticide incorporation affected the MFS
model more than MFU, so to high proportion of saturated membrane
lipids is unfavorable in mycoremediation. The studies performed on four
cyclodiene pesticides most commonly found as soil contaminants prove
also that CDN is not less membrane active than the other three cyclo-
diene pesticides much earlier listed in the Anex A of Stockholm
Convention. CDN was applied mainly in tropical countries in banana
plantations against banana weevil. Its vast application has led to heavy
and persistent contamination. Based on a model elaborated by Cab-
idoche and co-authors, it can be predicted that CDN-caused contami-
nation of tropical soils can last decades or even hundreds of years,
depending on the organic matter content in the soils [80]. Bioremedi-
ation is the only cure for these soils. However, this pesticide is very toxic
to soil microorganisms, reduces their biodiversity and only a few of them
can biodegrade this pesticide. Merlin and co-authors [81] studied the
CDN biodegradation potential of 11 genera of soil fungi, and it turned
out that only one isolate, Fusarium oxysporum MIAE01197 was able to
grow in CDN-polluted soil and biodegrade this pesticide. The fungal
toxicity of CDN is probably related to the membrane-destructive activity
of this pesticide. CDN, C10Cl10O is closely related to mirex C10Cl12.
Both compounds differ at one carbon atom – the -CCl2- group is
exchanged in CDN to ketone -C––O. This structural change lowers the
value of pKOW from 6.9 for mirex to 3.5 for CDN [74] and significantly
increases the membrane activity of the pesticide. In our previous studies,
we found out, that mirex incorporation to phospholipid Langmuir
monolayers is very limited [82]. This compound did not build into the
phospholipid matrix, but formed multiple 3D aggregates; therefore, we
expected a similar behavior for CDN. However, our studies proved, that
CDN behaves completely differently. Although it is similarly bulky as
mirex and structurally incompatible with hydrocarbon chains, it is easily
incorporated into the model membrane. The perchlorinated symmetri-
cally substituted mirex molecule is completely non-polar, whereas the
introduction of the ketone group induces the permanent dipole moment
in this molecule. The dipolar properties of CDN are responsible for the
drastic change in pKOW observed for this compound. The dipolar

Fig. 4. Effects of endosulfan and chlordecone presence in the model fungal membranes on their physical properties monitored by the π-A isotherms and CS-1-π
dependencies. The following panels concern the systems: a) MFU + EDS, b) MFS + EDS, c) MFU + CDN, d) MFS + CDN, black – undoped membrane, red – X(CP) =
0.05, green – X(CP) = 0.10, blue – X(CP) = 0.15, magenta – X(CP) = 0.20.
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properties of CDN and also EDS as compared with ALD and END, facil-
itate the interactions of these CP molecules with the polar head-groups
of membrane phospholipids, which can stabilize these molecules in the
membrane.

The studies performed on Langmuir monolayers shed light on the
differences in membrane activity of the studied CPs and indicate, which
of them can be more easily incorporated into the plasma membrane.
However, the studies do not conclude on the effects exerted by the
incorporated CP molecules on membrane fluidity and stiffness. There-
fore, we employed LUV and GUV liposomes as alternative membrane
models to study these phenomena.

Application of LUV and GUV liposomes in the studies of CP–model
fungal membrane interactions

The DI-X(CP) and φ-X(CP) dependencies are presented in Fig. S6 of
the Supplementary Materials. The obtained LUVs were highly mono-
disperse, with a DI coefficient ranging from 0.08 to 0.1. The hydrody-
namic diameters of the liposomes φ ranged from 100 to 130 nm. For LUV
enriched in the DPH fluorescent probe steady-state fluorescence
anisotropy (FA) measurements were performed. The resulting plots are
shown in Fig. 5.

With increasing content of the CP molecules in the membrane
environment, the anisotropy of DPH falls to the limiting value of ca. 0.09
– 0.095 (Fig. 5). The observed trend indicates that the presence of all the
studied CP molecules increases the membrane fluidity and that the effect
is concentration-dependent. These observations partly diverge from
those obtained for Langmuir monolayers. The studies conducted on
Langmuir monolayers showed a condensing effect of chlordecone on the
elasticity of the MFU membrane. It should be highlighted, that both
membrane models are complementary but have different physical pa-
rameters. The envelope of a liposome is a bilayer, so the thickness of the
hydrocarbon chain region is doubled compared with a monolayer. CP
molecules prefer a hydrophobic environment, so they can more effec-
tively avoid contact with water and water-hydrated polar headgroups
when located in a bilayer. The use of Langmuir monolayers reveals the
differences between the tested molecules related to their hydrophobic-
ity. CDN, possessing a considerable dipole moment, interacts strongly
with the polar headgroups, and by this induces reorientations of the
hydrocarbon chains leading to the increase of monolayer condensation.
In LUVs, all the tested CP molecules are isolated from the lipid head-
groups, which eliminates the differences between them. All the tested
CPs affect the fluidity of the model membrane, which may be important
for the mechanism of CP fungal toxicity.

To verify the observations made for LUVs, studies on GUV liposomes
were performed. Only the structurally similar CP molecules: ALD, END,
and EDS were tested. Fig. 6 shows the diffusion coefficients (D) obtained
using the FRAP technique.

Both fluorescence anisotropy and FRAP probe the fluidity of the
model membranes, however, while the former monitors the rotation of
the rod-like DPH molecule in the hydrophobic membrane environment,
FRAP reports the translational migration of a fluorescent probe in the
monolayer plane [63]. FRAP provides additional insight into monolayer
fluidity, but the experiment using this technique must be performed on a
sufficiently large object that can be imaged using optical microscopy.
Therefore, thanks to the use of GUV liposomes, it was possible to
perform these experiments and make sure whether the conclusions
drawn from LUV measurements were correct. The calculated values of D
agree with the data accessible for similar lipid systems [62,83,84]. For X
(ALD) = 0.05 a rise of the mean D value from 10 to 12 μm2/s is
observed, meaning that the small addition of this pesticide increases the
fluidity of the model membrane (Fig. 6). However, at higher X(ALD) of
0.10 and 0.15 D values are practically identical to those observed for the
undoped membrane. For END D rises with the pesticide content
approximately linearly from X(END) = 0 to X(END) = 0.10, whereas the
value for X(END) = 0.15 is lower than at X(END) = 0.10, which distorts
this trend. For EDS, the diffusion coefficient rises monotonically with
increasing X(EDS) achieving the value of 13 μm2/s for X(EDS) = 0.15. It
can be stated that for END and EDS the results obtained for LUV (fluo-
rescence anisotropy) and here for GUV agree, at least till X(pesticide) =
0.10. The introduction of these CP into the model membrane leads to its
fluidization, progressing with the increasing content of these pesticides.
The discrepancies observed for ALD can be concentration-dependent.
Aldrin mole proportions applied in the LUV studies were lower than in
the experiments performed on GUVs. For X(ALD) = 0.05 the results are
convergent but for X(ALD) = 0.10 and 0.15, the results diverge, which
can be connected with the limited incorporation of ALD into the model
bilayer membranes. On the other hand, these results are in full agree-
ment with those obtained in the studies performed on Langmuir
monolayers. At X(ALD) = 0.10 and 0.15, the incorporation of ALD into
the model membrane did not affect its condensation, whereas the
incorporation of END and EDS led to the expansion of the monolayer.

Another membrane parameter that we explored to probe the effect of
CP incorporation into the GUVs was the membrane bending rigidity κ.
The dependence of this parameter on X(CP) is illustrated in Fig. 7.

The bending rigidity reflects how flexible the membrane is [85]. The
CP-free membrane exhibits bending rigidity values close to that of pure
POPC membranes. The insertion of aldrin and endrin increases the
membrane stiffness, while the less hydrophobic EDS molecule does not
affect the stiffness of the model membrane. Also here, the highest con-
centration, X(CP) = 0.15, clearly deviates from the observed trend, as
the values are lower than at X(CP) = 0.10. This finding might signify
limited CP incorporation into the bilayer, or more probably, possible
aggregation of the pesticide molecules within the bilayer, sequestering a
large fraction of them with some of the lipids and depleting the
remaining bilayer of the pesticide. The increased stiffness of the mem-
brane caused by ALD and END incorporation can impair its proper
functioning.

9. Conclusions

Soil contamination with polychlorinated pesticides is a serious
problem, especially in tropical countries, where these pesticides have
been used until recently or even still are being introduced into the
environment despite bans. Depending on the conditions in the soil, the
half-life coefficients of these pesticides can be up to several decades.
Mycoremediation, which involves the introduction of appropriate
strains of fungi into contaminated soils can be an effective option for
accelerating the degradation of soil-accumulated CPs. However, CPs
exhibit fungicidal activity, which can lead to the death of the fungal cells
introduced into the contaminated soil. The significant hydrophobicity of
CP molecules may cause their accumulation in fungal plasma mem-
branes leading to their disfunctions. In our studies, we used both
monolayer and multilayer models of fungal membranes to better

Fig. 5. Effects of cyclodiene pesticides on bilayer fluidity monitored by fluo-
rescence anisotropy. Dependence of DPH anisotropy, r, on the content of the
studied CP in the lipid bilayer.
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Fig. 6. Fluorescence recovery after photobleaching (FRAP) results for GUV liposomes (of the MFU composition) doped with a) ALD, b) END, and c) EDS. The data
presents the diffusion coefficients of diIC18 fluorescent probe.

Fig. 7. Effect of the incorporation of CP pesticides on the membrane bending rigidity assessed from an analysis of the thermal fluctuations of GUVs doped in:: a) ALD,
b) END, c) EDS.
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understand the interactions of CP molecules with membrane lipids. Our
studies have shown that all CPs we tested can be incorporated into
model membranes up to a molar ratio of approximately 0.15. Regarding
Langmuir monolayers, the more polar CPs as endosulfan and especially
chlordecone had a stronger impact on the physical properties of these
model membranes. GIXD experiments proved that in the MSF model
formed of saturated phospholipids two different phases coexist – a 2D
crystalline phospholipid-rich phase and an amorphous ergosterol
enriched phase. CPs are incorporated into the amorphous phase and
their presence do not disturb the formation of the crystalline nano-
domains. This is an important observation, as it can be assumed that in
real membranes accumulated CPs will not hinder the formation of highly
organized self-assembled domains, such as for example lipid rafts. The
experiments performed on liposomes have proven that the incorporation
of all the studied CP molecules into the bilayer leads to its fluidization.
Moreover, the bending rigidity studies indicated that aldrin and endrin,
that is the more hydrophobic CPs, can limit the conformational freedom
of phospholipid hydrocarbon chains and lead to local stiffening of the
bilayer. However, all these effects were not drastic, which predisposes
fungal cells to be used in the remediation of soils contaminated with
polychlorinated cyclodiene pesticides.
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[48] P. Perczyk, M. Młyńczak, P. Wydro, M. Broniatowski, Persistent organic pollutants
in model fungal membranes. Effects on the activity of phospholipases, Biochim.
Biophys. Acta 1864 (2022) 184018, https://doi.org/10.1016/j.
bbamem.2022.184018.

[49] P.J. Brennan, D.M. Losel, Physiology of fungal lipids: selected topics, Adv. Microb.
Physiol. 17 (1978) 47–179, https://doi.org/10.1016/s0065-2911(08)60057-0.
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