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a b s t r a c t

Polycyclic aromatic hydrocarbons (PAH) are ubiquitous persistent organic pollutants forming as byprod-
ucts in combustion processes. These compounds can become nitrated in the environment forming even
more toxic nitro derivatives. Both PAHs and nitro-PAHs accumulate in the soils which can lead to the pol-
lution of vast areas of arable land. The best means of their elimination from the environment is bioreme-
diation that is the degradation by soil microorganisms. Important key players with high prospects are
non-ligninolytic fungi, which can incorporate PAHs and their derivatives into their plasma membranes,
oxidize and metabolize to nontoxic products. The accumulation of PAHs in the membrane can, however,
be toxic to the fungal cell, but the mechanisms of the PAH-membrane lipid interactions and how they
influence the membrane phase state and properties are still poorly understood. To shed light on these
questions we employed fungal plasma membrane models and studied their interactions with selected
PAHs and nitro-PAHs. Two complementary model systems were investigated: giant unilamellar vesicles
(GUV) and Langmuir monolayers. We find that the native PAHs induce phase separation and the forma-
tion of solid ordered phase in the GUVs, whereas the nitro-derivatives do not disturb the liquid crystalline
state of the membranes. The Langmuir monolayer studies indicate that some PAHs preferably partition in
the liquid-expanded phase while others in the liquid-condensed domains. The possibility of the incorpo-
ration of PAHs into the condensed domains implies that these compounds can influence the order in the
lipid bilayer and affect the function of the lipid rafts in plasma membranes.
� 2022 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Polycyclic aromatic hydrocarbons (PAH) are omnipresent
organic molecules belonging to the class of persistent organic pol-
lutants (POP) [1–3]. This classification is based on their toxicity,
persistence in the environment and bioaccumulation in trophic
chains. More than one hundred PAH congeners have been detected
in environmental matrices. In the seventies of the previous cen-
tury, the US Environmental Protection Agency (US EPA) specified
16 of them as reference environmental toxicants [4]. PAHs are dan-
gerous to animals as their oxidized metabolites can be highly
mutagenic and carcinogenic [5]. Indeed, benzo[a]pyrene (BAP) is
one of the best known organic carcinogens [6], the concentration
of which in the atmosphere is obligatory monitored in the Euro-
pean Union. PAHs are emitted in the atmosphere mainly from
anthropogenic sources forming during the combustion of coal, fos-
sil fuels and organic matter [7–9]. PAHs of lower molecular mass
are present in the atmosphere mainly in gaseous phase, whereas
higher molecular mass congeners are mainly adsorbed at soot par-
ticulate [10]. Contrary to unsubstituted PAHs, their oxidized
derivatives are directly mutagenic and carcinogenic [11,12]. At
high temperatures in the places of their generation, e.g. in engines,
furnaces or waste incinerators, PAHs can react with nitrogen oxi-
des forming nitro derivatives [13,14]. Furthermore, nitro-PAHs
are formed by homogeneous or heterogenous reactions in the
atmosphere of PAHs with hydroxyl radicals and nitrogen oxides
during the days or with NO3 radicals at night [15–17]. Although
nitro-PAHs are present in much lower concentrations in the atmo-
sphere they can be orders of magnitude more mutagenic and car-
cinogenic than the unsubstituted PAHs [18,19]. Both PAHs and
their nitro derivatives can travel large distances from the emission
sources before they are eliminated from the atmosphere by precip-
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itation or by dry deposition [20]. Due to their hydrophobicity PAHs
and nitro-PAHs are practically water insoluble so they are targeted
to soils and bottom sediments [21–23]. In soils, these compounds
adsorb strongly on the surface of organic humic fractions or on soil
minerals or frequently migrate into the porous soil particles and
absorb therein [24]. The strong adsorption at and in the soil partic-
ular matter together with the hydrophobicity and aromaticity of
the condensed rings contribute to the recalcitrance of these com-
pounds in soils [21,24–26].

PAHs and their derivatives are not an easily accessible carbon
source to soil microorganisms, so they accumulate in the soil, pol-
luting large areas [27]. The accumulated PAHs can be mobilized by
root exudates and assimilated by plants initiating their inclusion
into the trophic chain [28]. Despite their limited accessibility, PAHs
can be degraded by some species of soil bacteria and fungi. Multi-
ple studies prove that in in-vitro conditions they can be the only
carbon source for some decomposers [21,22,29–31]. If a large area
of arable land is polluted by PAHs the only way of eliminating
these pollutants is bioremediation [21]. The PAH biodegradation
process can be augmented by biostimulation that is the provision
of nutrients to the indigenous microorganisms, or by bioaugmenta-
tion, i.e. the inoculation of PAH degrading organisms into the soil
[32]. Multiple bacterial and fungal species were reported to
degrade PAHs [25,29–31]. In contrast to bacterial uptake of water
soluble nutrients, hydrophobic substances are assimilated via
release of biosurfactants and micellar solubilization [33]. The bac-
terial degradation of PAHs and their derivatives is hindered by the
strong interaction of the compounds with hydrophobic humic par-
ticles or migration of the substances into the narrow pores of soil
minerals that are not accessible for bacteria [24]. These limitations
can be overcome by fungi.

In contrast to bacteria, fungal mycelia can grow in water unsat-
urated soil fractions by overgrowing aerial voids between the min-
eral particles or growing into the pores of the mineral grains
[34,35]. Via chemotaxis the mycelia grow towards the potential
carbon sources as well as to those connected with humic matter
or absorbed inside the mineral particles [34]. The soil filamentous
fungi are classified in ligninolytic and non-ligninolytic. The ligni-
nolytic fungi, also termed white rod fungi, release ligninolytic
enzymes such as lignin peroxidase, manganese-dependent peroxi-
dase and laccase in their surrounding [36]. Since lignin and PAHs
share high aromaticity, the ligninolytic enzymes can oxidize the
adsorbed PAH molecules and, reduce their hydrophobicity. In this
way, they induce their desorption and transform them into acces-
sible carbon sources to the fungal cells. Multiple ligninolytic fungi
were reported as effective PAH degraders [37–39]. Some non-
ligninolytic fungi can also degrade PAHs and their derivatives.
The mycelia of these fungi come in direct contact with the
adsorbed PAH molecules and incorporate them into their plasma
membranes, where these compounds are oxidized by cytochrome
P450 and other monooxygenases [40,41]. Both ligninolytic and
non-ligninolytic fungi can be inoculated into soils and applied for
the remediation of polluted land. However, ligninolytic fungi
depend on rotten wood as source of lignin. Therefore, their applica-
tion in bioremediation requires addition of plant wastes as saw-
dust or straw [32,34]. Thus, non-ligninolytic fungi are more
promising in the bioremediation of PAH contaminated soil due to
their independence of lignin. These fungi accumulate the
hydrophobic nutrients within their plasma membranes prior to
their oxidation and further metabolism [34,42]. However, the
accumulation of PAHs within the membrane can change its physi-
cal properties and in this way lead to fungal toxicity [43–45]. This
problem is encountered especially for nitro-PAHs since nitro-
aromatics are frequently toxic to microorganisms [45,46]. The nitro
group occurs very rarely in natural compounds; all known nitro-
compounds synthesized by microorganisms are antibiotics [47].
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Both, anabolic and catabolic pathways of nitro-aromatics are rare,
leading to limited number of nitroaromatics-degrading bacteria
and fungi. In vitro studies of fungal strains demonstrated that the
accumulation of PAHs can change the membrane properties lead-
ing to the death of the cultivation [44,45,48]. However, the molec-
ular mechanisms of the interactions of PAH molecules with the
lipids of fungal membranes are still poorly understood. Moreover,
the interactions of nitro-PAHs with membranes structural lipids
have not been explored at all. One major question is whether
PAH molecules and their mononitro-derivatives behave similarly
or differently within the membrane environment. To answer this
question and generally to shed light on the molecular mechanisms
of the interactions of PAHs and their mononitro-derivatives with
fungal membranes, we developed models of the fungal plasma
membrane and studied their interactions with the pairs PAH/
nitro-PAH. In our studies, three such pairs were investigated:
pyrene/1-nitropyrene, fluoranthene/3-nitrofluoranthene and
benzo[a]pyrene/6-nitrobenzo[a]pyrene. Pyrene and 1-nitropyrene
are the main PAH and nitro-PAH products in car engine exhaust
[49], nitrofluoranthene is the most abundant nitro-PAH in the
atmosphere [50], whereas benzo[a]pyrene is the reference PAH
carcinogen detected in multiple air-monitoring stations around
the world [51]. Two complementary models of fungal membranes
were employed: giant unilamellar vesicles (GUV) [52,53] and Lang-
muir monolayers.
2. Experimental

2.1. Materials

The lipids employed in our studies, 1,2-dimirystoyl-sn-glycero-
3-phosphoethanolamine (DMPE), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and ergosterol, were purchased from
Avanti Polar Lipids. The samples were lyophilized powders and
were stored at �20 �C. The fluorescent probes Texas RedTM 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine triethylam-
monium salt (Texas-Red-DHPE) and, 1,10-Dioctadecyl-3,3,30,30-Tet
ramethylindotri-carbocyanine Iodide (DiIC18) were bought from
Thermo Fischer. Pyrene (PYR), 1-nitropyrene (NPYR), fluoranthene
(FLU), 3-nitrofluoranthene (NFLU), benzo[a]pyrene (BAP) and 6-
nitrobenzo[a]pyrene (NBAP) all of the quality of analytical stan-
dards were purchased from Sigma Aldrich.

The structures of the studied pollutants are depicted in
Scheme 1.

The solvents, HPLC grade chloroform (99.9%) stabilized by etha-
nol and HPLC grade methanol (99.9%) were bought from Sigma
Aldrich. Sucrose (for molecular biology, �99.5%, HPLC grade), glu-
cose (D-(+)-glucose), anhydrous, �99.5% (sum of enantiomers,
HPLC grade) were purchased from BioUltra. Casein (from bovine
milk, purified powder) was purchased from Sigma and polyvinyl
alcohol (PVA fully hydrolyzed, Mw approx. 145000) was bought
from Merck. Ultrapure water of resistivity of 18.2 MX·cm was pro-
duced in the laboratory from Merck Millipore water purification
system.
2.2. Lipid solutions

Samples of the lipids were weighted on a Mettler Toledo bal-
ance with the accuracy of 10 lg and dissolved in chloroform/
methanol 9/1 v/v mixture. The concentrations of the solutions
applied for Langmuir monolayer formation were ca. 0.25 mg/mL
(ca. 3.5·10-4 M depending on the phospholipid and ca. 6.3·10-4 M
for ergosterol). PAHs and nitro-PAHs were also dissolved in chloro-
form/methanol 9/1 v/v mixture. If not indicated otherwise, the



Scheme 1. Structural formulae of the studied PAHs and nitro-PAHs.
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concentrations were 0.1 mg/mL, that is approx. 4·10-4 M. The stock
solutions were kept at �20 �C. The multicomponent lipid solutions
were prepared in glass vials just before the experiments by mixing
appropriate volumes of the stock solutions.

For GUV preparation, the following stock solutions were pre-
pared (if not indicated otherwise the components were dissolved
in chloroform): 10 mM POPC, 6 mM ergosterol, 10 mM PYR,
10 mM NPYR, 10 mM BAP, 4 mM NBAP and 8 mM DMPE (dissolved
in chloroform/methanol 9/1 v/v mixture).

2.3. GUV preparation

The GUVs were prepared following the gel-assisted swelling
method [54]. Briefly, sucrose and glucose solutions were prepared
in Millipore water and filtered using a sterile membrane filter
0.45 lm (Whatman). The osmolality was measured with Osmomat
3000 (freezing point osmometer, Gonotec). 40 mg/ml PVA solution
was prepared in MilliQ water and mixed in Thermomixer unit
(750 rpm, 90 �C) for 40 min to obtain a homogeneous solution.
The PVA solutions were stored at 35 �C for no longer than one
week.

Microscope glass slides (cut edges, Roth, Karlsruhe) were first
washed with ethanol, then rinsed plentifully with Millipore water
and dried under nitrogen stream. 50 ll of PVA solution was spread
on the cleaned glass and kept for 30 to 40 min at 50 �C to allow PVA
drying. Then, on the still hot glass 5 ll of 4 mM lipid solution con-
taining 0.5 mol% of Texas Red-DHPE was spread and dried under
vacuum for 30 min. A swelling chamber was built using a rectan-
gular Teflon spacer sandwiched between two lipid-coated glass
slides. The chamber was filled with 2 ml of 100 mM sucrose solu-
tion and immediately placed in an oven (Thermo Scientific, Her-
aeus vacutherm) at 55 �C. After 15 min the GUVs were harvested
and transferred into a tube. The sample was slowly cooled down
to room temperature on an aluminum block at a cooling rate of
approximately 1 �C/min. The sample was used within 12 h.

2.4. GUV imaging

Coverslips (22 � 40 mm) were coated for 40 min with 10 ll
2 mg/ml casein aqueous solution before being rinsed with water
and dried under a nitrogen stream. The observation chamber was
formed by a spacer and two coverslips. For the sample preparation,
50 ll of GUVs solution was mixed with 90 mM glucose solution.
70 ll samples were placed in the observation chamber and kept
for 40 min in the dark to allow the GUVs to settle down. The obser-
vations were performed on a Leica TCS SP8 microscope. Cross sec-
3

tion images were acquired using a HC PL FLUOTAR L 40x/ NA 0.60
dry objective, while the z-stacks were obtained using a HCP APO CS
63x/ NA 1.2 water-immersion objective. The GUVs containing
DiIC18 as the fluorescent probe were excited with DPSS 561 nm
laser line at 5% intensity and 10% gain of the detector (HyD) in
the wavelength range 570 nm – 610 nm. GUVs containing Texas
Red-DHPE as the fluorescent probe were excited with the same
laser line at 2% intensity and 10% gain, and the emission was col-
lected in the same range.

GUVs containing benzo[a]pyrene without the fluorescent
probes were excited with a diode 405 nm laser line with 100%
intensity and 100% gain and the emission signal collected between
570 nm and 610 nm. Images (512 � 512pixels) were recorded in
the bidirectional scan mode at 400 Hz. A z-stack scan was carried
out of half of the GUV (upper or lower part) to avoid overlapping
projections. The images were analyzed with the Leica software
(LAS X).

2.5. Differential scanning calorimetry - DSC

Multilamellar vesicles (MLV) were prepared from the same
stock solutions as GUVs by the hydration of dry lipid film in glass
vials to the final concentration of 1 mM. The measurements were
performed with VP-DSC MicroCal calorimeter equipped with a
calorimetric cell (Tantalum, 0.5 ml). Using an analytical syringe,
0.5 ml of the MLV sample was introduced in the cell, while the ref-
erence cell was filled with degassed MilliQ water. The DMPE MLVs
were studied at the temperature ranging from 25 to 70 �C, whereas
the other samples were studied between 10 and 60 �C. The samples
were heated/cooled at the rate of 1 �C/min. For each sample two
heating and one cooling scans were applied. All experiments were
repeated at least twice for different MLV samples.

2.6. Langmuir monolayer technique

Three Langmuir troughs were employed in the studies: a double
barrier KSV-NIMA (Biolin Scientific, Sweden) trough of total area of
273 cm2 was used for the routine p-A isotherm registration, a lar-
ger double barrier KSV-NIMA trough of total area of 580 cm2 was
used in the BAM experiments, whereas in the SOLEIL Synchrotron
at the Sirius beamline a custom R&K single barrier trough of an
approximate area of 500 cm2 was installed. After an experiment,
the monolayer material was disposed from the surface with a vac-
uum aspirator and then the subphase was removed. The troughs
were wiped first with a tissue soaked in chloroform then with iso-
propanol and rinsed with plentiful of ultrapure water. MilliQ ultra-
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pure water was applied as the subphase in all experiments per-
formed on Langmuir troughs. The troughs were filled with MilliQ
water and the appropriate volume of lipid chloroform solution
were deposited at the water/air interface with the application of
Hamilton analytical syringes. The troughs were left for 10 min
for chloroform evaporation, then the monolayers were compressed
at compression rate of 10 mm·min�1. The surface pressure p was
monitored with a Wilhelmy-plate electrobalance (KSV NIMA) with
a rectangular plate of filtration paper (Whatman, ashless) applied
as surface pressure sensor with the uncertainty of ± 0.05 mN/m.
The p-A isotherms were measured at least three times and the
uncertainty of the mean molecular area A was ± 1 Å/molecule.
The temperature of the subphase was controlled by a water-
circulating bath. All the experiments were performed at 20 ± 0.1 �C.

The compression modulus CS-1 was calculated from the course of
the p-A isotherms according to its definition [55]: C�1

S ¼ �A @p
@A.
2.7. Brewster angle microscopy

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, ana-
lyzer and a CCD camera was used. The spatial resolution of the
microscope was 2 lm. The foregoing apparatus and the Langmuir
trough were placed on a table (Standa Ltd., Vilnius, Lithuania)
equipped with active vibration isolation system (antivibration sys-
tem VarioBasic 40, Halcyonics, Göttingen, Germany).
2.8. Grazing incidence X-ray diffraction

The experiments were performed at the SIRIUS beamline in
SOLEIL synchrotron (Gif-sur-Yvette, France) using the dedicated
liquid surface diffractometer [56]. The Langmuir trough (R&K
GmBh electronics, Germany) was mounted on the goniometer in
a gas tight box with Kapton windows. The applied energy of the
X-ray beam (7.92 keV, k = 1.565 Å) is high which can result in seri-
ous beam damage to the investigated monolayer. To avoid these
phenomena, the experimental chamber was sealed and carefully
flashed with helium to reduce the oxygen level to values lower
than 1%, as most of the beam damages are related to the generation
of reactive oxygen species and the oxidation of the phospholipid
molecules. Then the monolayer was compressed to the target sur-
face pressure of 20 mN/m (see explanation below), which after-
ward was held constant during the entire experiment. The
detailed construction of the diffractometer working at the SIRIUS
beamline and the parameters of the synchrotron beam applied in
the GIXD experiments are described on the SOLEIL web site
(https://www.synchrotron-soleil.fr). The scattered signal was
detected using a Pilatus3 2D pixel detector (Dectris Ltd., Switzer-
land). This detector is used as 1D detector through the combined
use of a Soller slits collimator oriented vertically to fix the in-
plane 2h resolution and an integration of the 2D image horizontally
to obtain a 1D spectrum. The achieved resolution was about
0.002 Å�1. The spectra were obtained by scanning the in–plane
2h angle. At each point, the vertically scattered intensity was
recorded to obtain finally the intensity map I(Qxy,Qz), where Qxy

is the scattering vector component in the monolayer plane, and
Qz is the vertical component along the z-axis. The I(Qxy,Qz) diffrac-
tograms were integrated along the vertical distribution of Qz to
obtain the Bragg peaks I(Qxy). The estimation of the full width at
half maximum (FWHM) of Bragg peak enables the calculation of
the Lxy parameter, which is related to the range of 2D crystallinity,
Lxy � 0.88�2p/FWHMpeak. Further details of this technique can be
found in the introductory papers by Kjaer [57] and Als Nielsen et al.
[58]. All the GIXD experiments were performed on monolayers
4

compressed to 20 mN/m. This is a value lower than 30 mN/m usu-
ally accepted as the pressure at which the packing of acyl chains in
the monolayer is comparable to that in the bilayer. However, both
at 20 and at 30 mN/m the p-A isotherm of membranes of mixture
M2 (defined later in the text) were very steep, with approximately
the same slope, and the corresponding CS

-1 values in both cases sug-
gest liquid condensed state of the monolayer. Also BAM images
depicted practically identical morphology of the M2 monolayer
both at 20 and at 30 mN/m. For the GIXD experiment the mono-
layer is compressed to the required surface pressure and kept in
that conditions for about one hour. Therefore, we avoided the pres-
sure of 30 mN/m as at that condition 3D lipid aggregates fre-
quently evolve from the Langmuir monolayers, which then
slowly collapse with time.
3. Results and discussion

3.1. Construction of the fungal membrane models

The composition of plasma membrane of yeast and filamentous
fungi as reported in multiple studies, resembles that of other
eukaryotic plasma membranes, namely containing phosphatidyl-
cholines PC, phosphatidylethanolamines PE, phosphatidylserines
PS, phosphatidylinositols PI, ergosterol and sphingolipids [59,60].
In contrast to bacteria, fungal membranes do not usually contain
phosphatidylglycerols PG, and cardiolipins are found predomi-
nantly in mitochondrial membranes. Early work exploring the
mutual proportion of phospholipids in yeast plasma membrane,
underlined the role of PS as the dominating phospholipid [61]. This
observation was, however, not corroborated by later articles. Gen-
erally, the two dominating phospholipid classes are PC and PE, at
comparable fractions [59,62]. In a typical fungal membrane PC
and PE constitute 80% of all phospholipids while PS and PI consti-
tute the remaining 20% [59,62,63]. This generalization regards both
yeast and filamentous fungi. In some species, PC dominates over PE
(molar ratio of 6/4) [62] and some strains with PC constituting 80 %
of the phospholipid pool have been also observed [64]. The lipid
acyl chains of the membrane phospholipids are either both unsat-
urated, or saturated in the sn1 chain and unsaturated in the sn2
chain [65,66]. The acyl chain in the sn1 position has the average
length of 16 carbon atoms, whereas the average length of the acyl
chain in the sn2 position is 17, as palmitoleic (16C) and oleic (18C)
acid rests are most frequently found in this position [65]. There-
fore, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospholipids are consid-
ered suitable components of fungal plasma membrane models
[67,68]. Ergosterol is the most widespread fungal lipid and its role
for the membrane structure and function is crucial [69]. In the
yeast lipidome, ergosterol constitutes about 10 mol % of all lipids
[60]; however, its fraction in the membrane can vary considerably
depending on the membrane type. Moreover, ergosterol is the
main component of lipid rafts in fungal membranes so its distribu-
tion within the membrane is not uniform. In earlier studies, there
have been claims that the ergosterol/phospholipid ratio in the fun-
gal plasma membrane can be even 3; however, others argue that
the value of 1 is much more realistic [70]. The ergosterol distribu-
tion is not only uneven but can be changed by the fungus depend-
ing on the development stage, environmental conditions or the
presence of antibiotics or toxins [71]. Therefore, in most studies
on model fungal membranes the ergosterol/phospholipid ratio
ranges from 0.1 to 1 [72].

Our model was based on POPC, as phosphatidylcholines are the
main phospholipid class of the fungal plasma membrane, and the
sn1-palmitoyl-sn2-oleoyl substitution of the glycerol backbone
mimics the average distribution of acyl chains in these phospho-
lipids [70]. As the second component of our model we selected

https://www.synchrotron-soleil.fr
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DMPE, as phosphatidylethanolamines are typically the second
most widely distributed phospholipid class within the fungal
membranes. PEs have often more saturated acyl chains [73]; there-
fore, we chose DMPE as a suitable representative. On the other
hand, DMPE being completely saturated has a relatively low main
transition temperature Tm of 48 �C [74], which is convenient for
liposome preparation. The molar proportion of POPC to DMPE
was varied between 6/4 and 4/6 mimicking variations in PC/PE
ratio in many yeast and filamentous fungi [70,75]. The third com-
ponent of our model was ergosterol (ergo), the mole ratio of which
was established experimentally, see Fig. 1, using the following cri-
teria. Generally, a functional plasma membrane should be liquid
crystalline, so in the code of model lipid bilayers in liquid disor-
dered, Ld or liquid ordered, Lo phase, while solid ordered So (gel)
phase should be avoided. We examined vesicles at different frac-
tion of ergosterol to locate the optimal composition.

A sharp transition at Tm = 48 �C was observed for DMPE in
accordance with literature [74]. For the POPC/DMPE 6/4 mol/mol
mixture a wide transition at ca. 30 �C was observed (Fig. 1b),
whereas for the ternary system containing additionally 10 mol%
of ergosterol, a wide shallow transition could still be observed in
the DSC scan (Fig. 1c). Increasing the ergosterol content to
15 mol% eliminated any transition peaks (Fig. 1d). We employed
the fluorescent probes: DiIC18 and Texas Red-DHPE which prefer-
entially partition in the liquid Lo or Ld phases and are excluded
from the solid domains leaving them to appear dark in microscopy
images. For the POPC/DMPE 6/4 mixture, the So phase occupies a
large area of the vesicle (see Fig. 1e), which is in accordance with
the DSC data presented in Fig. 1b. Indeed, the wide DSC peak rang-
ing from ca. 18 to 35 �C suggest phase separation in the studied
system. The introduction of ergosterol at X(erg) = 10 mol% reduces
Fig. 1. a-d) DSC plots for: a) pure DMPE, b) POPC/DMPE 6/4 mol/mol mixture, c) POPC/D
POPC/DMPE 6/4 and X(ergo) = 15 mol%, e-h) confocal images of the upper half of GUV
(ergo) = 0, f) X(ergo) = 10 mol%, g) X(ergo) = 15 mol%, h) X(ergo) = 20 mol%. The GUV mem
20 �C.
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the area occupied by the So phase in the GUV image but still both
liquid and solid phases coexist in the vesicles (Fig. 1 f). At and
above X(ergo) = 15 mol% the GUVs appeared uniformly red and
homogenous, no phase separation was observed (Fig. 1g,h), which
is in accordance with the lack of any DSC peaks for this composi-
tion (Fig. 1d).

To ensure a liquid crystalline state of the bilayer and to mimic
fungal plasma membrane composition, we selected the ternary
system POPC/DMPE/erg 51/34/15 in mol%. We will refer to this
mixture as M1. The Langmuir monolayer studies employed a sec-
ond model mixture, M2 in which POPC was replaced by DPPC,
namely DPPC/DMPE/erg 51/34/15 mol%. The main transition tem-
perature (Tm) for DPPC is 43 �C higher than for POPC (41 vs �2 �C,
respectively), which significantly increases the chain ordering
within the monolayers. This is of crucial importance for the effec-
tive employment of the GIXD technique and can be of help in the
BAM visualization of the studied systems.
3.2. Studies of the incorporation of PAHs and nPAHs to GUVs

The effects of two pairs of PAHs/nitro-PAHs, namely PYR/NPYR
and BAP/NBAP, on the physical properties of the lipid bilayers in
the GUV model (of composition M1) of fungal membranes were
studied, whereas in the part devoted to Langmuir monolayers a
third pair FLU/NFLU was additionally investigated. Fluoranthene
is an isomer of pyrene, thus, the employment of the additional pair
PAH/nitro-PAH enabled the more in-depth discussion of the corre-
lation between the PAH structure and its interaction with model
membranes.

Considering the aromatic structure of the compounds (contain-
ing multiple benzene rings), we questioned whether their presence
MPE/ergo with POPC/DMPE 6/4 and X(ergo) = 10 mol %, d) POPC/DMPE/ergo with
s formed from: POPC/DMPE 6/4 mol/mol and various fractions of ergosterol: e) X
brane was doped with 0.5 mol% of the fluorescent probe DiIC18 and was observed at
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and incorporation in the GUV membrane can be imaged micro-
scopically. Indeed, the pyrene moiety is frequently grafted to fluo-
rescent probes [75,76]. The quantum yield of BAP is even higher
than that of PYR [77], whereas the substitution of the nitro group
to one of the rings severely extinguishes the fluorescence signal
[78]. Therefore, BAP was selected for the further experiments.
GUVs of three different compositions were formed: (1) model M1
composition (Fig. 2a), (2) model M1 composition doped with
10 mol% BAP (Fig. 2 b) and (3) model M1 composition doped with
10 mol% BAP and 0.5 mol% DiIC18 (Fig. 2c).

GUVs of the model M1 composition lacking BAP and DiIC18 are
not fluorescent (Fig. 2a). The fluorescence signal emitted by GUVs
doped with 10 mol% BAP corroborates its presence in the lipid
bilayer (Fig. 2b), but the relatively low signal as generated by our
microscopy system suggests that high-quality imaging is not feasi-
ble. On the other hand, the fluorescence observed for the GUV con-
taining also the membrane dye DiIC18 excited at 561 nm (Fig. 2c)
shows that simultaneous imaging of DiIC18 and BAP in the same
Fig. 2. Confocal and phase contrast images of GUVs with three different compositions to p
51/34/15, no addition of fluorescent probe and PAHs, b) POPC/DMPE/ergo 51/34/15 with
0.5 mol% DiIC18 (red channel). The images in the first column show BAP signal upon excit
second column the membrane signal from DiIC18 excited at 561 nm and emission signal
(For interpretation of the references to colour in this figure legend, the reader is referre
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GUV is feasible. However, continuous imaging of BAP and quantita-
tive analysis was avoided because of the required strong laser
intensity (see Methods), which could lead to artifacts from poten-
tial photodamage. In Fig. 2c, we also see that the DiIC18 signal is no
longer homogeneous as in the case of the BAP-free membrane
(compare to Fig. 1g) suggesting phase separation induced by the
PAH molecules. Thus, in the following, we explored the membrane
phase state upon addition of BAP, NBAP, PYR and NPYR at 10 and
20 mol%. The resultant images are presented in Fig. 3.

GUVs of model M1 POPC/DMPE/ergo 51/34/15 labeled with
Texas-Red-DHPE show homogeneous liquid crystalline phase
(Fig. 3a) as already shown for vesicles labeled with DiIC18

(Fig. 1g). In this part of the experiments DiIC18 was exchanged by
Texas Red-DHPE, as in the model systems doped by the investi-
gated PAHs and nitro-PAHs, especially at 20 mol% of these pollu-
tants, DiIC18 was observed to form aggregates appearing as
puncta of high intensity. This artefact was not observed for Texas
Red-DHPE; thus, DiIC18 was replaced by Texas Red-DHPE. The
robe the reconstitution and detection of PAH in the membrane: a) POPC/DMPE/ergo
10 mol% BAP (blue channel), c) POPC/DMPE/ergo 51/34/15 with 10 mol% of BAP and
ation at 405 nm and emission signal collected in the range 413 nm � 469 nm, in the
collected in the range 570 nm � 610 nm; last column shows phase contrast images.
d to the web version of this article.)



Fig. 3. Maximum projection images of representative confocal 3D series of the upper half of vesicles composed of mixture M1 and containing the investigated PAHs and
0.5 mol% of Texas Red-DHPE. The GUVs contained either 10 mol% or 20 mol% of the investigated PAHs/nitro-PAHs as indicated in the images. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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addition of 10 mol% of BAP to the ternary lipid mixture induces
considerable changes in the membrane phase state (Fig. 3b). Dark
domains appear in the GUV membrane. The domain shape is irreg-
ular and preserved over time suggesting So phase, thus, indicating
an increase in the order of the acyl chains induced by BAP resulting
in phase separation. This phenomenon is even more pronounced in
the presence of PYR (Fig. 3d), as the So domains occupy even larger
area of the vesicle surface. Interestingly, the incorporation of the
mononitro derivatives NBAP and NPYR does not cause phase sepa-
ration. The increase of the mole fraction of the pollutants to 20%
results in the formation of solid domains in all GUVs. Moreover,
in some GUVs, as for example at X(NPYR) = 20%, bright spots can
be observed, suggesting potential aggregation of the fluorescent
probe by the increased concentration of the pollutant (as was the
case of DiIC18 at even lower concentration). Upon examination of
the phase contrast images of the vesicles, we observe that, upon
incorporation of both PAH and their nitro derivatives, the contrast
of the vesicles is preserved: vesicles remain dark due to the asym-
metry of sucrose/glucose solutions across the membrane and the
difference in their refractive indices, see last column of Fig. 2b,c.
This implies that the membranes are not leaky in the presence of
PAH and nitro-PAH, or at least not permeable to molecules of size
comparable to and larger than that of sucrose and glucose.

Overall, our results on the bilayer GUV model of the fungal
plasma membrane prove that the native PAHs as BAP or PYR con-
dense the bilayer inducing phase separation and formation of gel So
phase. If such phenomena occurred in vivo, this might lead to cell
death due to drastic change of the membrane fluidity and associ-
7

ated permeability change. At low concentration (10 mol%), the
more polar PAH nitro derivatives do not cause phase separation
in the model membranes. This could be a result of either lesser
condensing effect on the bilayer or potential lower incorporation
in the bilayer, which we are not able to resolve in the GUV model.
The observed phase separation at the higher concentration (20 mol
%) is an interesting and valuable observation and illustrates the sit-
uation of hypothetical overloading of the membrane with the
incorporated PAHs and nitro-PAHs.
3.3. Studies of the monolayer models

Further studies were performed on a different membrane
model, that is Langmuir monolayer. Although Langmuir monolay-
ers are one-molecule-thick, mimicking only one leaflet of the
plasma membrane they are versatile platforms for membrane
modeling [79], as multiple factors can be controlled that are inac-
cessible in vesicle studies. Moreover, multiple microscopic, spec-
troscopic and X-ray diffraction techniques can be effectively
applied for the monolayers’ characterization. Two models of fungal
plasma membrane were applied in the studies of Langmuir mono-
layers – M1 (POPC/POPE/ergo 51/34/15, as in the case of GUV stud-
ies) and M2 in which POPC was exchanged for DPPC. The
monolayers were compressed and the surface pressure (p) – mean
molecular area (A) isotherms were recorded. The results for M1
model monolayers doped with the investigated PAHs and nitro-
PAHs at various fractions are presented in Fig. 4.



Fig. 4. p-A isotherms and CS
-1-p dependences registered for the M1 monolayers doped with various fractions of: a) FLU and NFLU, b) PYR and NPYR, c) BAP and NBAP. The

molar fractions of the introduced PAH and nitro-PAH are given in the legends.
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It should be underlined that all the applied PAHs and their
mononitro derivatives are not surface active. Therefore, the num-
ber of the polar lipid molecules at the air water interface was kept
constant in all the experiments. To achieve the declared mole
ratios X of the pollutants the total number of the molecules
(lipids + pollutants) deposited at the interface was increased. In
such an approach the incorporation of the POP molecule in the
monolayer leads to the shift of the p-A isotherm toward larger
mean molecular area. All the applied PAHs and nitro-PAHs are
not soluble in water and have limited volatility, causing them to
stay at the air/water interface when deposited there. If the mole-
cules are not able to incorporate in the monolayer, they form 3D
aggregates or adsorptive layers (so called add-layers [80]) on top
of the polar lipid monolayers. In such a case the location of the
p-A isotherm at the X-axis and the course of the isotherm are
unchanged and identical with the curve registered for the mono-
layer without the POP addition.

The addition of all the investigated PAHs and nitro-PAHs to the
M1 monolayer leads to the shift of the isotherms toward larger
mean molecular areas. For the isomeric PAHs PYR and FLU the iso-
therm shift is practically identical, namely ca. 4 Å2/mol. at 20 mN/
m, whereas for BAP larger shifts – ca. 11 Å2/mol. at 20 mN/m were
observed. All the p-A isotherms for the monolayers doped by the
investigated pollutants remained shifted toward larger mean
molecular area till the monolayers collapse. This implies that the
incorporated POP molecules were not squeezed out from the lipid
monolayer at high surface pressure values. At X(POP) = 10%, the p-
A isotherms for the M1 monolayers doped by the nitro derivatives
overlap with the isotherms of the parent PAH molecules, so the
substitution of one nitro group does not change the packing pat-
tern of the studied pollutants within the matrix of the lipid
hydrophobic moieties in the M1 monolayer. The mole ratio of
20% was more differentiating for the investigated POP. We
observed that for FLU the p-A isotherm registered at X
(FLU) = 20% overlapped with that registered at X(FLU) = 10%. This
means that the incorporation of this molecule in the M1monolayer
8

was limited and that the increase of the number of FLU molecules
deposited at the air/water interface did not increase the number of
the molecules built into the monolayer.

This cannot be said about the nitro derivative NFLU, as the iso-
therm registered at X(NFLU) = 20% is 5 Å2/mol. shifted (at 20 mN/
m) toward larger mean molecular areas than the curve measured
at X(NFLU) = 10%. Thus, it can be stated that the introduction of
the nitro group increases the limits of the number of the POP mole-
cules which can be incorporated in the model fungal membrane.
Regarding the p-A isotherm measured for the M1 monolayer con-
taining 20 % of NPYR it should be also underlined that at a high
pression of ca. 40 mN/m a deflection point is clearly visible in
the course of the isotherm. This is probably connected with the
elimination of the excess NPYR molecules from the monolayer in
that conditions.

For PYR the p-A isotherm registered at X(PYR) = 20% is 6 Å2/mol.
(at 20 mN/m) shifted toward larger mean molecular areas than the
curve registered at X(PYR) = 10%, which proves that significantly
more PYR than the FLUmolecules can be accumulated in the model
membrane. At both studied mole fractions the isotherms for the
monolayers doped by PYR overlap with the curves measured for
the membranes enriched in NPYR. It can be inferred from these
results that the possibility of the incorporation of the PAH mole-
cules into the polar lipid Langmuir monolayer and the number of
such molecules which can be built therein is strictly related to
the structure of the PAHmolecules. Some PAH isomers get incorpo-
rated whereas others not, or at much lower quantities, which is in
accordance with the conclusions drawn by us in the previous stud-
ies performed for different membrane models and on different PAH
congeners [81]. From all pollutants investigated here, BAP was
most easily incorporated in the M1 model membrane. The high
affinity of this particular PAH to lipid monolayers was corroborated
by previous studies [81,82]. However, an interesting outcome is
that the p-A isotherms registered for the M1 monolayer doped
by NBAP at X(NBAP) = 10% and 20% overlap, and the isotherm reg-
istered at X(NBAP) = 20% is 4 Å2/mol. shifted toward smaller mean
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molecular areas than the curve registered at X(BAP) = 20%. This
means that the conclusion regarding the incorporation of nitro-
PAHs inferred from the data collected for the pair FLU/NFLU is
not so straightforward. The case of the BAP/NBAP pair proves that
for some PAHs the introduction of the nitro group can lower the
limit of the number of the molecules which can be built into the
lipid membrane. In such a case the nitro group is probably a steric
hindrance disturbing the interactions of the PAH molecules with
the hydrophobic moieties of the membrane lipids.

Compression moduli CS-1 were calculated from the course of the
p-A isotherms and in the form of the CS

-1-p plots are also presented
in Fig. 4. The maximal value of CS-1 observed for the M1 monolayer
is 116 mN/m, which as a value higher than 100 mN/m implies that
at higher surface pressures this monolayer achieves the liquid con-
densed (LC) state [55]. However, when studied with Brewster angle
microscopy, this monolayer remained completely homogeneous in
the BAM images suggesting that it was in the liquid expanded (LE)
state till its collapse. The formation of condensed domains within
this monolayer would be analogous to the formation of So phase
in the GUVs, so the lack of such domains is in accordance with
the data discussed in the section devoted to the characterization
of M1 GUVs. The addition of PYR and BAP to the monolayer
increases the CS

-1 values proving the conclusions regarding the con-
densing effect drawn from the GUV studies. However, in the case of
the monolayers no phase separation or condensed domains forma-
tion was observed for the M1 monolayer doped by these PAHs,
suggesting a plausible role of leaflet coupling, monolayer curvature
and its possible asymmetry in the GUV bilayer system. The nitro
derivatives NPYR and NBAP had no effect on the course of the CS

-

1-p curve as the curves registered for monolayers doped by these
pollutants overlapped with the curve measured for the pure M1
monolayer. This observation is again in accordance with the stud-
ies performed on GUVs as at the presence of NPYR and NBAP
at X = 10% the vesicles remained homogeneous and no So domains
were observed. Only for the M1 monolayer doped by NFLU the CS

-1

values were noticeably higher than for the undoped membrane,
but in this case the presence of the nitro group generally mitigated
the incorporation of this PAH into the membrane, changing its
elasticity. The deflection point discussed for the p-A isothermmea-
sured for the monolayer at X(NFLU) = 20% results in a local mini-
mum in the course of the CS

-1-p curve.
Reacting to external stress as increased concentration of etha-

nol, toxicants or antibiotics, fungi frequently modify the composi-
tion of their plasma membrane. This is achieved by changing the
mutual proportions of the main polar lipids forming the monolayer
as well as by the change of the saturation of the acyl chains [73,83].
Therefore, in our studies we introduced a second model M2 of the
fungal plasma membrane in which the mixed chain POPC was
exchanged for saturated chain DPPC. Identical experiments dis-
cussed above were also performed for this model and the resultant
p-A isotherms and CS

-1-p plots are presented in Fig. 5.
The p-A isotherm registered for the M2 model has different

course than the curve discussed above for the M1 model mono-
layer. The characteristic feature of this curve is a plateau region
observed for mean molecular areas ranging from 60 to
47 Å2/mol. and surface pressure values from 4 to 6 mN/m. Similar
plateau can be observed in the p-A isotherm registered for pure
one-component DPPC monolayer [84] and it should be reminded
that DPPC is the main component of the M2 model constituting
51% of its components. Such a plateau in the course of the p-A iso-
therm is the manifestation of the LE-LC transition in the investi-
gated monolayer [79]. The compression modulus CS

-1 calculated
from the course of this isotherm reaches the value of 100 mN/m
at p = 20 mN/m and the maximal value of 240 mN/m at p = 40
mN/m. The course of the isotherm and the CS

-1 values prove that
at the surface pressure of ca. 5 mN/m LC domains appear in the
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monolayer and that at higher surface pressure most lipid mole-
cules in this monolayer are involved in LC domain formation. Sim-
ilarly to the M1 model, doping of the monolayer with the
investigated PAHs and nitro PAHs leads to a shift of the isotherms
proving the incorporation of these molecules into the model mem-
brane. However, the observed sequences of the isotherm and their
shifts from the curve registered for the pure M2 monolayer are sig-
nificantly different than these described for the M1 model. This
observation proves that the saturation of the acyl chains is a crucial
factor affecting the incorporation of hydrophobic molecules into
the membrane. For the M1 model the effects of BAP incorporation
were most pronounced. For the M2 model, the largest shifts of the
isotherms are observed for FLU and especially NFLU. This further
corroborates the conclusion that the introduction of the nitro
group in the 3 position of fluoranthene increases its membrane
activity. At the high surface pressures – 30 and more mN/m till
the monolayer collapses, the isotherms registered at X
(FLU) = 10% and 20% practically overlap with the curve measured
for the pure M2 model. This could imply that at higher surface
pressures FLU molecules are eliminated from the monolayer. How-
ever the collapse pressures at X(FLU) = 10 and 20 % were noticeably
higher than for the undoped M2 model which means that at least
some FLU molecules remained incorporated into the model mem-
brane increasing its condensation. The same cannot be said about
the M2 monolayer doped by NFLU since even at high surface pres-
sure values the isotherms do not overlap with the curve measured
for M2 and at 30 mN/m the isothermmeasured at X(NFLU) = 20% is
10 Å2/mol. shifted toward larger mean molecular areas. For PYR
and NPYR the isotherms measured at X = 10% and 20% overlap
with each other, but all are shifted toward larger areas compared
to the curve measured for POP-free M2. This means that at lower
surface pressure values limited amounts of PYR and NPYR can be
incorporated into the model membranes. BAP exhibit increased
affinity to lipid layers [81,82], therefore it was effectively incorpo-
rated in the M2 model membrane, since at surface pressures close
to the collapse pressure the isotherm registered at X(BAP) = 20%
was still ca. 6 Å2/mol. shifted toward larger mean molecular areas.
As it was already observed for the M1 model the substitution of
one nitro group to the 6 position of benzo[a]pyrene profoundly
decreases the incorporation of this PAH into the model membrane,
since the p-A isotherms registered for NBAP were similar to these
measured for NPYR.

Since the M2 monolayer was much less compressible than the
M1 model, the incorporation of PAHs and nitro-PAHs had a negli-
gible impact on the course of the CS

-1-p curves. The two most
diverging curves were registered at X(FLU) = 20% and X
(NPYR) = 20%. In both cases, the maximum value of CS-1 significantly
decreased from 240 mN/m to 160 mN/m and 140 mN/m, respec-
tively. This observation is probably connected with the formation
of multiple 3D aggregates formed by FLU and NPYR after their
expulsion from the monolayer. Such aggregates incrusting the
monolayer can severely affect its elasticity resulting in different
courses of the CS

-1-p curves.
The application of the saturated-acyl-chain phospholipids for

the formation of the M2 model fungal membrane enabled the
effective application of Brewster angle microscopy for the visual-
ization of the M2 monolayer, pure and doped by the investigated
pollutants. The representative images taken at p = 20 mN/m are
shown in Fig. 6.

As discussed above, a plateau ranging from 4 to 6 mN/m and 60
to 47 Å2/mol. is present in the course of the p-A isotherm of the M2
monolayer. At that condition LC domains form in the monolayer
upon its compression. At 20 mN/m the domains are well developed
and dominate the BAM image. These domains are roughly circular,
with a serrated edge and the average diameter of 20 lm. The addi-
tion of 10 mol% of FLU leads to the decrease of the average diam-



Fig. 5. p-A isotherms and CS
-1-p dependences registered for the M2 monolayers doped by POPs at different fractions as indicated in the legend: a) FLU and NFLU, b) PYR and

NPYR, c) BAP and NBAP.
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eter of the condensed domains to ca. 5 lm and to the significant
increase of their number. The darker regions of the monolayer in
the LE state still visible in Fig. 6a are significantly reduced, but
the small LC domains do not coalesce completely to form a homo-
geneous film. The increase of X(FLU) to 20% leads to the formation
of multiple 3D aggregates of FLU molecules which were not incor-
porated into the monolayer. This phenomenon is in accordance
with the characteristics of the p-A isotherms measured at X
(FLU) = 10% and 20%, as both the curves overlapped proving that
the excess FLU molecules were not built into the lipid film. The
addition of NFLU also lowers the average diameter of the LC
domains to ca. 10 lm. These domains are visibly larger and less
numerous than it was observed for FLU. It should be underlined
that some tiny 2D aggregates can be observed in the photo
(Fig. 6e), which can be connected with the successive elimination
of some NPYR molecules at higher surface pressures. At X
(NFLU) = 20% the 3D aggregates were visible in the BAM images
but they were significantly less numerous than for FLU, which cor-
roborates the conclusion drawn from the isotherm analysis, that
the introduction of the nitro group to the FLU molecule facilitates
its incorporation into the lipid membrane. Doping the M2 model
membrane with PYR leads to the further decrease of the diameters
of the LC domains. Now the diameters are in the resolution limit of
the microscope that is below 2 lm, so some interference fringes
can be observed in Fig. 6c illustrating this monolayer. The increase
of X(PYR) to 20% leads to the formation of multiple tiny 3D aggre-
gates formed by the excess PYR molecules which cannot build into
the model membrane. The M2 monolayers doped by NPYR, BAP
and NBAP at X = 10% at 20 mN/m were practically homogeneous,
which proves the condensing effect of these molecules exerted on
these membranes. The mole proportion of 20% of these pollutants
exceeds the limits of the number of the molecules which can be
effectively included into the lipid matrix, so multiple 3D aggre-
gates were observed.

The formation of the M2 model membrane of saturated lipids:
DPPC, DMPE and ergosterol, which are all known to form 2D crys-
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talline periodically ordered Langmuir monolayers [85] enabled the
application of the Grazing incidence X-ray Diffraction technique
for the further characterization of the M2 monolayer. This tech-
nique provides the direct information about the packing of the
film-forming molecules within the monolayer plane with
Ångstrom resolution, that is about the type of the 2D crystal lattice,
the lattice parameters, the collective tilt of the acyl chains from the
monolayer normal and about the range of 2D crystallinity. All the
three lipids forming the M2 model membrane form separately
2D crystalline films, but this does not guarantee the periodical
packing of the acyl chains in their ternary mixture Therefore, the
first question was whether the M2 monolayer was 2D crystalline.
It turned out, that a strong diffraction signal was registered for this
monolayer compressed to 20 mN/m and the resultant GIXD data
are presented in Fig. 7.

Two distinct separate diffraction signals are present in the GIXD
intensity map. One of them centered at Qxy = 1.48 Å�1 has its inten-
sity maximum at horizon, that is at Qz = 0 Å�1. The second signal
centered at Qxy = 1.42 Å�1 has its itensity maximum at Qz = 0.48
Å�1. The intensity of the signal at Qxy = 1.42 Å�1 is approximately
two times greater than that of the signal at Qxy = 1.48 Å�1. Such a
location of the diffraction signals in the reciprocal space as well as
the ratio of their intensities are determinant for the rectangular
centered 2D lattice with the hydrocarbon chains tilted towards
the nearest neighbor (the NN azimuth) [57,58], so the signals were
identified with the Miller indices h,k, as < 0,2 > and < -1,1>, respec-
tively. The lattice parameters a, b and c, the area of the unit cell A,
tilt angle s and the range of crystallinity Lxy were calculated from
these data and are gathered in Table. 1.

GIXD experiments were also performed for the M2 monolayers
doped by the investigated PAHs and nitroPAHs at the mole ratio of
these pollutants of 10%. No experiments were performed at X =
20%, as the nucleation of multiple 3D aggregates in these monolay-
ers excludes the application of this technique. The results obtained
for these monolayers are presented in the form of Bragg peak pro-



Fig. 6. Representative BAM images taken at 20 mN/m upon the compression of the monolayers of the M2 model. a) pure M2monolayer, b-g) M2monolayer with the addition
of the investigated PAHs and nitro-PAHs at X = 10% and 20%. The scale bars denote 100 lm.
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Fig. 7. GIXD results for the M2 model membrane. a) I(Qxy,Qz) intensity map, b) Bragg peak profiles, I(Qxy) and c) Bragg rod profiles, I(Qz). Solid lines in panel b are best fits of
the Lorentz curves to the experimental data.

Table 1
Structural parameters calculated from the results of GIXD experiments performed for the pure M2 membrane and for the membrane doped by the investigated PAHs and
nitroPAHs at X = 10%.

system 2D lattice a, b, c (Å, Å, deg) A (Å2) s (deg) Lxy (Å)

M2 Rectangular centered 5.173, 8.497, 90 43.95 21.8 <-1,1> 79 ± 1
<0,2> 132 ± 6

X(FLU) = 10% Rectangular centered 5.202, 8.479, 90 44.11 23.0 <-1,1> 79 ± 1
<0,2> 135 ± 5

X(NFLU) = 10% Rectangular centered 5.184, 8.451, 90 43.81 22.0 <-1,1> 59 ± 3
<0,2> 108 ± 5

X(PYR) = 10% oblique 4.956, 5.012, 117.47 22.04 21.6 <0,1> 75 ± 2
<1,0> 50 ± 2
<-1,1> 80 ± 5

X(NPYR) = 10% Rectangular centered 5.180, 8.468, 90 43.86 19.5 <-1,1> 92 ± 3
<0,2> 395 ± 28

X(BAP) = 10% oblique 4.874, 5.030, 117.63 21.73 19.5 <0,1> 79 ± 4
<1,0> 58 ± 3
<-1,1> 64 ± 5

X(NBAP) = 10% oblique 4.915, 5.016, 117.17 21.93 19.4 <0,1> 74 ± 6
<1,0> 129 ± 10
<-1,1> 129 ± 7
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files in Fig. 8, whereas all the structural parameters calculated from
these data are gathered in Table. 1.

The analysis of the GIXD results obtained for the M2 monolayer
enriched in the investigated PAHs and nitro-PAHs leads to the con-
clusion that the presence of FLU and NFLU in the monolayer prac-
tically does not affect its 2D structure. The Bragg peak profiles
(Fig. 8 a and b) for these monolayers were practically identical with
the profile for the pure M2 monolayer presented in Fig. 7b, so also
all the structural parameters for the three monolayers presented in
Table 1 are comparable. This is an interesting result as FLU and
NFLU were recognized to be the molecules more easily incorporat-
ing into the M2 monolayer as compared with the other four com-
pounds investigated here. The explanation of this apparent
contradiction can be found in the BAM images. The addition of
FLU and NFLU to the M2 monolayer leads to the noticeable reduc-
tion of the diameter of the LC domains but the darker homogenous
regions in the images being the manifestation of the LE phase are
still present and their total area is comparable with that observed
for the pure M2 monolayer. Thus, it can be inferred from that data
that the FLU and NFLU molecules are located in the LE phase of the
model membrane and are not included into the LC domains. Only
the LC domains can be periodically ordered and diffract the X-
12
rays, so the lack of any noticeable changes in the GIXD data for
M2 monolayer enriched in FLU and NFLU means that these mole-
cules are not incorporated into these domains. The addition of
PYR to the M2 monolayer do not lead to a noticeable change of
the molecular tilt or the lattice parameters, but to the change in
the azimuth of the tilt which was changed from NN to the interme-
diate direction [86]. This reorientation of the acyl chains resulted in
the change of the type of the 2D crystalline lattice from rectangular
centered observed for M2 to oblique in the presence of PYR. The Lxy
parameter describing the range of 2D crystallinity is anisotropic
both in the rectangular centered and oblique lattice, so its values
should be discussed with the indication of the crystallographic
direction. For M2 the Lxy value in the < 0,1 > direction is 132 Å,
whereas the largest value of this parameter in the < -1,1 > direction
in the monolayer enriched in PYR was 80 Å, so it can be stated that
the incorporation of this pollutant to the LC domains decreases the
range of their 2D crystallinity. For the monolayer enriched in NPYR
the crystal lattice was rectangular centered as in the case of pure
M2 monolayer. The structural parameters are also similar, how-
ever, a discernable decrease of the tilt angle can be observed for
the monolayer doped in NPYR. Interestingly, the Lxy value in
the < 0,2 > direction is 395 Å, that is 3 times greater than observed



Fig. 8. Bragg peak profiles I(Qxy) measured for the M2 monolayer doped with 10% of the following pollutants: a) FLU, b) NFLU, c) PYR, d)NPYR, e) BAP, f) NBAP. Solid lines are
best fits of the Lorentz curves to the experimental data.
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for the pure M2 monolayer. Thus, NPYR when incorporated to the
LC domains increases significantly the range of 2D crystallinity.
BAP and NBAP when incorporated to the M2 monolayer change
the azimuth of the molecular tilt from NN to the intermediate
resulting in the change of the 2D lattice from rectangular centered
observed for the M2 monolayer to the oblique observed for M2
enriched in these substances. NPYR, BAP and NBAP are compounds
which profoundly change the morphology of the M2 model mem-
brane in the mesoscale, which was documented by the BAM
images. The large separated LC domains observed for pure M2
model membrane merge in the presence of these pollutants lead-
ing to the homogenization of the monolayer. The GIXD results
proved that all the three substances can build into the condensed
domains, but they differ considerably regarding their effects on
the range of 2D crystallinity. NPYR exerts an organizing effect on
these domains – the manifestation of this are the narrow Bragg
peak profiles observed in the reciprocal space and the threefold
increase of Lxy observed in the real space. On the contrary, BAP dis-
organizes the ordering of the crystalline domains – the Bragg peaks
are wider, and in consequence the range of crystallinity, expressed
in the value of the Lxy parameter, diminishes. Finally, NBAP practi-
cally does not affect the range of 2D crystallinity when built into
the crystalline domains.

The main conclusions from this part of the studies can be sum-
marized as follows. The ability of a PAH molecule to incorporate in
the more organized and condensed domains in the membrane
depends on the structure of a given PAH. Certain PAHs such as
FLU and NFLU prefer more expanded membrane regions and do
not incorporate in condensed domains. Other PAHs and nitro-
PAHs are included into such domains, whereby they change the
ordering patterns of the acyl chain of the domain-forming lipids.
It should be underlined that the fungal plasma membrane is not
a pool of uniformly distributed lipids but multiple lipid rafts or
generally more condensed domains can form in it [70]. The forma-
tion of these domains depends on the development stage of the
fungal cell and its metabolic needs. Typically, such domains are
enriched in ergosterol, sphingolipids and membrane proteins.
When included into such domains, PAHs and nitro-PAHs can dis-
turb their structure or perturb the function of enzymatic proteins
included therein, disturbing the metabolism of the fungal cell.
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4. Summary and conclusions

Our studies were devoted to the interactions of polycyclic aro-
matic hydrocarbons and their mononitro derivatives with models
of fungal plasma membrane. PAHs and nitro-PAHs accumulate in
the soils which can lead to the contamination of vast areas of ara-
ble land [21,24,87]. The perspective means of remediation of PAH
polluted soils is bioremediation based on the application of PAH
degrading non-ligninolytic soil fungi [40,41,88,89]. These fungi
accumulate the molecules of highly hydrophobic pollutants in
their plasma membranes where these compounds are oxidized,
which enables their further metabolism [87]. However, the accu-
mulation of PAHs and nitro-PAH can induce toxic effects resulting
from the perturbations of the membrane structure caused by these
substances [43,45]. In our studies we applied two complementary
membrane models: giant unilamellar vesicles and Langmuir mono-
layers. The interactions of PAHs both with the lipid bilayers as well
as with monolayers depend significantly on the structure of a given
PAH molecule as well as on the presence of the nitro substituent.
Using fluorescence microscopy, we proved that benzo[a]pyrene
effectively incorporate into the lipid bilayer of the GUVs mimicking
the fungal membrane. The incorporation of the native PAHs at the
level of 10 mol% in the vesicle bilayer induced phase separation
and the formation of So domains. This phenomenon could have
negative consequences occurring in real membranes, as the active
plasma membrane of a living cell should be in the liquid crystalline
fluid state [90]. The formation of large solid domains is expected to
drastically affect the membrane functionality with lethal conse-
quences for the microorganisms [91]. On the other hand, nitro
derivatives when incorporated into the membrane do not induce
the So phase formation as the GUVs remained fluid and homoge-
neous. This is an interesting observation as the increased toxicity
of such molecules could be compensated by their limited
membrane-destructive activity. In our studies based on Langmuir
monolayers, two models of fungal plasma membrane were investi-
gated: M1 of the same composition as that applied for GUV forma-
tion and M2 in which the main component POPC was exchanged to
the saturated-chain DPPC. As it was proved by BAM, in contrast to
M1, the M2 model is not homogenous but condensed 2D crys-
talline domains form in this monolayer being in equilibrium with
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less organized LE regions. Thus, this model can simulate the forma-
tion of lipid rafts in the fungal membrane.

The amount of PAH molecules which could be incorporated into
the model fungal membrane depends significantly both on the
membrane composition and on the structure of the PAH molecule.
BAP was most efficiently incorporated in the more expanded M1
model of the membrane, whereas the incorporation of the isomeric
PAHs fluoranthene and pyrene as well as their nitro derivatives
was mutually comparable, and limited compared with BAP. These
trends were partially reversed at the application of the more con-
densed M2 model. There, FLU and NFLU were most efficiently
incorporated into the membrane. However, Brewster angle micro-
scopy and GIXD experiments proved that, depending on its struc-
ture, the PAH molecule can be distributed between the liquid
expanded and liquid condensed domains of the monolayer. FLU
and NFLU preferred the LE regions of the monolayer, whereas
PYR, BAP and their nitro derivatives could be incorporated into
the 2D crystalline domains affecting the packing of the film-
forming molecules. This is an important observation as it indicates
that PAHs and nitro-PAHs can affect the organization of lipid rafts
in the fungal plasma membrane.

Summing up, our results prove that nitro-PAHs, which were
reported to be highly toxic to bacteria [45], are less destructive
to model fungal membranes than the native unsubstituted PAH
counterparts. This holds promise for the application of non-
ligninolytic fungi in bioremediation. Hopefully, future in-vitro
studies will support these results, helping in the search of fungal
species applicable in bioaugmentation.
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