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The multi-decade worldwide application of polychlorinated biphenyls (PCB) leads to the problem of soil pollu-
tion. The production and application of PCB was banned, so the gradual decrease of their concentration in the
soils was expected. On the contrary, novel sources of dichlorobiphenyls as PCB 11 were identified and these
emergent pollutants are still emitted to the environment. Dichlorobiphenyls and some chlorobenzoic acids
(CBA) are known as dead-end PCBmetabolites – they accumulate in the soils and being toxic to microorganisms
lead to the impoverishment of soil decomposer consortia. The toxicity of PCB and CBA is connected with their
membrane activity and accumulation in the bacterial membranes. The correlation between the phospholipid
composition of the bacterial membrane and the toxicity of PCB and CBA is unfortunately unknown limiting the
effective selection of bacterial species for bioremediation of polluted soils. To shed light on these phenomena
we applied binary phospholipid Langmuir monolayers as model bacterial membranes. With these models we
studied the phenomena of dichlorobiphenyls and selected CBA molecules' incorporation and the effects exerted
by these molecules on the ordering of the phospholipid molecules at the molecular scale. For the studies of the
organization of the model membranes we applied Grazing Incidence X-ray Diffraction. It turned out that the
model membranes rich in cardiolipin can accumulate more pollutant molecules than the models containing
phosphatidylglycerols. The accumulation of the pollutants did not cause any significant changes in the 2D crys-
talline structure of the former models whereas the latter were profoundly modified.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Polychlorinated biphenyls (PCB) were industrially applied fluids
produced on large scale during N50 years between the thirties and se-
venties of the previous century [1–3]. Large amount of the estimated
1.3 Mt. of PCB produced globally was released to the environment; ei-
ther to the atmosphere or to the soils [4,5]. PCB are toxic, persistent in
the environment and recalcitrant in the soils, so their production in
the USA was banned in the late seventies [6] and PCB were included in
the first Annex A of the Stockholm Convention regarding persistent or-
ganic pollutants (POP) [7]. PCB were produced as complicated mixtures
of congeners, for example Aroclors in the USA, differing in the number of
chlorine substituents and the mode of their location around the biphe-
nyl frame [8]. The final sink of PCB are the soils in which these chemicals
can be slowly dechlorinated and degraded by some specified soil
towski).

. This is an open access article under
bacteria and filamentous fungi [9,10]. Thus; there was a notion around
the environmental chemists that the concentration of PCB in the envi-
ronment was gradually lowering and that the investigation of PCB and
their influence on living organisms was quite old-fashioned. This atti-
tude changed dramatically in 2008when 3,3′-dichlorobiphenyl was dis-
covered in the air samples collected in Chicago agglomeration and in
other location at the Great Laurentian Lakes [11]. 3,3′-dichlorobiphenyl
known under the abbreviation PCB 11 was not the component of
Aroclors or other commercial PCB mixtures. Thus, it turned out obvious
that therewere different and present sources of PCB contamination. PCB
11 can be a volatilized product of bacterial degradation of other PCB, for
example PCB 77 (3,3′,4,4′-tetrachlorobiphenyl) but it is also a by-
product and degradation product of diarylidene azo-pigments produced
annually on kilotone basis [12–15]. Thus, thepresence of dichloro-PCB in
the environment is also of crucial importance, as these volatile com-
pounds can also adversely affect human and animal health [15–19].
Dichlorinated PCB were not included in the Stockholm Convention of
POP, as they were considered not recalcitrant in the environment and
less lipophilic, so less bioaccumulative, than other PCB congeners.
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However, such an attitude is an oversimplification as dichlorinated PCB
can be divided into two different classes: these having both chlorines
substituted at one ring and these with the chlorines substituted to
both rings. The former class is relatively easily transformed by bacteria
to chlorinated benzoic acids (CBA), whereas the latter class is much
more recalcitrant [20,21]. Finally, both classes can be degraded to differ-
ently substituted CBA. Both dichloro PCB and CBA are also considered
dead-endproducts of PCB degradation in the soil [22]. These compounds
not only accumulate in the PCB-polluted soils but exhibit toxicity toward
multiple soil bacteria [23–25] and can limit plant germination and
growth [26,27] and can be genotoxic to some species [28]. Therefore,
thepresence of dichloro-PCB and CBA in the soils usually leads to the im-
poverishment of the soil decomposer consortia as well as to significant
decrease of the yields of crops. On the other hand, there are some bacte-
rial species knownwhich can strive on dichloro-PCB or CBA as a sole car-
bon source [20,29,30]. Such bacteria can be inoculated into the PCB-
polluted soils for their bioremediation [31,32]. PCB and CBA because of
their chlorination are membrane-active compounds and can affect the
structure and function of the decomposer cellular membranes, which
is probably one of the reasons of their toxicity [33,34]. However, the sus-
ceptibility of a bacterial membrane to environmental toxicants depends
profoundly on its composition [35–37]. The composition of the mem-
brane can be manipulated both by the proper selection of the bacterial
species for bioremediation as well as by the application of the specific
nutrients and fertilizers which also affect the membrane phospholipid
composition [38]. By now the correlation between the bacterial mem-
brane composition and its susceptibility to PCB or CBA incorporation is
vastly unknown. To shed light on these environmentally important phe-
nomena in the present studies we applied the multicomponent phos-
pholipid Langmuir monolayers as model bacterial membranes to
investigated their interactionswith dichlorinated PCB andCBA. It should
be underlined here that the behavior of PCB and CBA in the soil environ-
ment is much different. PCB are hydrophobic and in the soil remain
adsorbed to the clay minerals or to the humus-like matter [39,40].
Such a polluted niche can be colonized by the bacteria, which would
later have a stationary supply of PCB. On the other hand CBA are water
soluble, so they aremobile in the soil environment and can suddenly ap-
pear changing the conditions in a niche colonized already by some de-
composer consortium [41]. In our studies we tried to emulate both
situations. Thus, the hydrophobic dichloro-PCB were already added to
the phospholipid mixture at the stage of Langmuir monolayer forma-
tion; whereas the CBAwere injected into the subphase below a particu-
lar monolayer condensed to the required degree of order. It was
mentioned in multiple articles that the toxicity and recalcitrance of iso-
meric PCB or CBA depends on the substitution pattern [23,42]. Therefore
in our studies we applied three different recalcitrant dichloro-PCB: 3,3′-
dichlorobiphenylwhich is the emerging environmental pollutant and its
two isomers 2,2′-dichlorobiphenyl and 4,4′-dichlorobiphenyl. Regard-
ing CBA we applied 2,5-dichlorobenzoic acid and 3,4-dichlorobenzoic
acid. The former is the degradation product of PCB 52 and the latter of
PCB 77 – two important components of the Arochlor mixtures [43]. Ad-
ditionally we also investigated 2,4,6-tichlorobenzoic acid, which is a
degradation product of more chlorinated PCB congeners. In our studies
we investigated how the presence of dichlorobiphenyl, its substitution
pattern andmole ratio affect themechanical, microscopic and structural
properties of the model bacterial membranes. On the other hand in the
penetration experimentswe studied how the sudden appearance of CBA
in the subphase below the model membranes affects their physical
properties and how it is connected with the membrane composition.
In our studies we applied the Langmuir technique that is registered
the surface pressure (π)-mean molecular area (A) isotherms and per-
formed the penetration tests in which π vs time dependence after CBA
injection was monitored. The texture of the monolayers during the ex-
perimentswas visualizedwith the application of Brewster anglemicros-
copy (BAM); whereas the structural changes were monitored with the
application of Grazing Incidence X-ray (GIXD) technique.
2. Experimental

2.1. Chemicals

The phospholipids applied for the model membranes' preparation:
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE), 1,2-
dimyristoyl-sn-glycero-3-phospho-(1′rac-glycerol) (sodium salt)
(DMPG) and 1′,3′-bis[1,2-dimyristoyl-sn-glycero-3-phospho]-glycerol
(sodium salt), that is tetramyristoyl cardiolipin (TMCL)were purchased
from Avanti Polar lipids as lyophilized powders of the purity N99%.
These phospholipids were kept refrigerated at−20 °C to avoid any de-
composition. The dichlorobiphenyls: 2,2′-dichlorobiphenyl (PCB 4),
3,3′-dichlorobiphenyl (PCB 11) and 4,4′-dichlorobiphenyl (PCB 15) as
well as chlorinated benzoic acids: 2,5-dichlorobenzoic acid (2,5-CBA),
3,4-dichlorobenzoic acid (3,4-CBA) and 2,4,6-trichlorobenzoic acid
(2,4,6-CBA) were bought from Sigma Aldrich as analytical standards of
the purity N99%. The structural formulas of the investigated pollutants
are shown in (Scheme 1). The solvents applied in the studies: spectro-
scopic grade chloroform (99,9%) stabilized by ethanol, HPLC grade
methanol (99,9%) and HPCL grade ethanol (98%) were also purchased
from Sigma-Aldrich. Milli-Q water of the resistivity of 18.2 MΩ·cm
was produced in our laboratory with the application of Merck-
Millipore Synergy water purification system.

2.2. Stock solutions

Thephospholipid samples of ca 2–2.5mgwereweighted onMettler-
Toledo semi-micro trough (with the accuracy of 10 μg) and dissolved in
10 cm3 volumetric flasks in the chloroform/methanol 9/1 v/v mixture.
The concentration of these solutions was ca. 0.3 mM for DMPE and
DMPG and ca. 0.15 mM for TMCL (due to its dimeric structure). The
stock solutions were kept refrigerated at −20 °C. Regarding the iso-
meric dichlorobiphenyls ca. 1 mg of their samples were weighted and
dissolved in chloroform/methanol 9/1 v/vmixture in 10 cm3 volumetric
flasks – corresponding to the concentrations of ca. 0.45 mM. 0.05 M
stock solutions of the investigated CBAs for penetration experiments
were prepared in ethanol. All the stock solutions were kept refrigerated
at−20 °C.

2.3. Model membranes

Soil bacteria can be both Gram-negative and Gram-positive, which
means that theirmembranes differ considerably. Gram-positive bacteria
have a thickmurein-rich cellular wall protecting one bilayer membrane
[44,45]; whereas Gram negative bacteria do not have such a cellular
wall, but their cells are surrounded by two double layer membranes –
the outer rich in lipid A and the inner [46]. In our studies we intended
to emulate themembrane of Grampositive bacteria and the innermem-
brane of Gramnegatives. The dominating phospholipid class in the gram
negative bacteria inner membranes is phosphatidylethanolamine (PE)
which constitutes usually about 70% of the phospholipid molecules;
whereas the anionic phospholipids: phosphatidylglycerols (PG) and
cardiolipins (CL) constitutes the remaining 30% [47,48]. In contrast in
the membranes of Gram-positive bacteria negatively charged phospho-
lipids dominate constituting around 80% of all phospholipid molecules,
while PE are in minority [49,50]. To emulate the phospholipid matrix
of soil bacteria membranes we prepared four different model systems:
two of them modeling the Gram-negative bacteria inner membranes
and two of them the Gram-positive membranes. The composition of
these models is summarized in Table 1.

The mixed binary phospholipid solutions were prepared from the
stock solutions just before the experiments. The membranes doped
with PCB were prepared by mixing the appropriate volumes of phos-
pholipid and PCB stock solutions in glass vials just before the
experiments.
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2.4. Techniques

2.4.1. Langmuir technique
Three different Langmuir troughs were applied during the experi-

ments. The isotherms measurements and penetration tests were per-
formed on a double barrier KN2002 Langmuir Blodgett trough (KSV-
NIMA) of the nominal area of 275 cm2 and the volume of 250 cm3. In
the BAM experiments a larger double barrier KSV-NIMA LB trough
(KN 1006) of the area of 841 cm2 was used. The GIXD experiments
were performed on a custom-ordered Riegler&Kirstein (R&K) single
barrier Langmuir trough of the area of approx. 500 cm2. The manage-
ment of the troughswas identical in all the experiments. After a finished
experiment the monolayer material and the subphase were removed
from the trough, which was later on washed with a tissue soaked in
chloroform, followed by 2-propanol and rinsed with plentiful of MilliQ
water. The troughs prepared to the experiment were filled by MilliQ
water which we applied as the subphase. Appropriate volume of the
pre-mixed chloroform solutions was drop-wise deposited at the air/
water interface with the application of Hamilton analytical syringes.
10 min were left for chloroform evaporation after which the Langmuir
monolayers were compressed with the compression rate of
20 cm2·min−1. All the experiments were performed at 20 °C with the
application of Julabo water circulating bath for temperature control.
Surface pressure was measured by w Wilhelmy-type electrobalance
(NIMA-KSV) with a rectangular filtration paper plate (Whatmann) ap-
plied as surface pressure sensor. The accuracy of the measurement
was 0.05 mN/m, whereas the uncertainty of the mean molecular area
(A) was 1 Å2/molecule. Each π-A isotherm was measured at least
three times to guarantee the reproducibility of the experimental data.
Compression modulus CS−1 was calculated from the π-A isotherm data

according to its definition: C−1
S ¼ −A

∂π
∂A

[51].

2.4.2. Penetration tests
In penetration tests the model membranes were compressed to the

required surface pressure value of 10, 20 or 30 mN/m, after which the
compression was stopped and the monolayers were left for 20 min. to
stabilize. After this time 500 μl of the 0.05 M ethanol solutions of 2,5-
CBA, 3,4-CBA or 2,4,6-CBA were injected deep into the deposition well
Table 1
Composition of the applied model membranes expressed in mole proportions of the
components.

Bacteria type model X(DMPE) X(DMPG) X(TMCL)

Gram negative GNC 0.7 – 0.3
Gram negative GNG 0.7 0.3 –
Gram positive GPC 0.2 – 0.8
Gram positive GPG 0.2 0.8 –
of the Langmuir trough via an injection port. The subphase in the depo-
sition well was stirred by themagnetic stirrer to guarantee the uniform
diffusion of the CBA molecules below the monolayers. In a set of blank
experiments 500 μl of pure HPLC grade 98% ethanol were injected
below the model membranes compressed to the above mentioned sur-
face pressures. The injection of 500 μl of ethanol to the 250 cm3 of the
aqueous subphase had no measurable effect on the surface pressure
value. After the injection of the CBA ethanol solutions the value of sur-
face pressure was monitored during at least one hour and the results
of the penetration tests were first presented in the form of the π-t
curves.

2.4.3. Brewster angle microscopy
UltraBAM instrument (Accurion GmbH, Goettingen, Germany)

equippedwith a 50mW laser emitting p-polarized light at awavelength
of 658 nm, a 10×magnification objective, polarizer, analyzer and a CCD
camera was used. The spatial resolution of the microscope was 2 μm.
The foregoing apparatus and the Langmuir trough were placed on the
table (Standa Ltd., Vilnius, Lithuania) equipped with active vibration
isolation system (antivibration system VarioBasic 40, Halcyonics,
Göttingen, Germany).

2.4.4. Grazing Incidence X-ray Diffraction (GIXD)
The experiments were performed on the SIRIUS beamline at SOLEIL

synchrotron (Gif-sur- Yvette, France) using the dedicated liquid surface
diffractometer. The detailed construction of the diffractometer working
at the SIRIUS beamline and the parameters of the synchrotron beam ap-
plied in the GIXD experiments are described on the SOLEIL web site
(www.synchrotron-soleil.fr) and in our previous papers [52,53]
whereas the foundations of the technique are summarized in the excel-
lent review articles [54,55].

3. Results and discussion

3.1. Interactions with dichlorobiphenyls

In thefirst step of our experimentswe focused on the effects exerted
on themodelmembranes by the isomeric dichlorobiphenyls: PCB 4, PCB
11 and PCB 15. The stock solutions were mixed to achieve the mole ra-
tios of the investigated PCB of 0.1 and 0.3. It should be underlined that
PCB are not amphiphilic; thus, do not exhibit surface activity and form
neither adsorptive Gibbs nor deposited Langmuir monolayers. If added
to a phospholipidmixture in a relatively lowmole ratio and then depos-
ited at the air/water interface they can build between the hydrophobic
chains being an additional component of the model membrane or
they can phase separate forming for example multilayer aggregates. In
all the experiments the number of the phospholipid molecules depos-
ited at the air/water interface was constant and to achieve the required
mole ratios the total number of the molecules (phospholipid plus PCB)

http://www.synchrotron-soleil.fr
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was increased. In first experiments the π-A isotherms of the model
membranes, that is sole phospholipid binary mixtures were measured.
In the next step the isotherms at X(PCB) = 0.1 and X(PCB) = 0.3
were collected. As it was mentioned two options were possible: the in-
corporation of the PCBmolecules into themonolayer or the formation of
a separate phase. In the former situation the π-A isotherm should shift
to larger mean molecular areas and possibly change its course as the
number of film-forming molecules is higher. In the latter situation the
isotherm should remain unchanged, that is the same as for the sole
phospholipid monolayer as the PCB molecules are separated and do
not interact with the components of the model membranes. The π-A
isotherms and compressionmodulus – surface pressure (CS−1-π) depen-
dences for the four model membranes – pure and doped with PCB are
presented in Fig. 1.

There are some common features that can be observed for the four
investigated model membranes regardless their composition. At X
(PCB) = 0.1 in all the systems the isotherms are shifted toward the
larger mean molecular area from the starting isotherm measured for
the binary phospholipid mixtures. Thus, it can be inferred from that ob-
servation that all three investigated dichlorobiphenyls build into the
model membranes. The second common feature is the overlapping of
the isotherms at X(PCB) = 0.1 regardless the location of the chlorine
atoms around the biphenyl frame. This fact can be explained assuming
that at the low mole ratio of X(PCB) = 0.1 all the applied
dichlorobiphenyl molecules were incorporated between the phospho-
lipid molecules. The situation changes dramatically at X(PCB) = 0.3.
First of all at this PCB mole ratio the investigated model membranes
can be divided on two categories: these containing TMCL (GNC, GPC)
and these containing DMPG (GNG, GPG). In the former systems much
higher shifts of the isotherms toward greater mean molecular areas
are observed than in the latter. Another trend can also be observed –
the isotherms at X(PCB) = 0.3 shift to the larger mean molecular
Fig. 1. π-A isotherms and ΔA-π plots (insets) for the investigated
areas following the sequence: PCB 4 b PCB 11 b PCB 15. This trend is vis-
ible for all the investigatedmodel membranes; however, in the systems
with TMCL it is much pronounced. The incorporation of
dichlorobiphenyls into the model membranes can be interpreted as
the dissolution of these molecules in the microenvironment of the hy-
drophobic myristoyl chains. Thus, first of all it seems that it is easier to
dissolve the PCB molecules in the monolayers containing TMCL than
DMPG. It should be underlined that cardiolipins can be treated as bis-
phosphatidylglycerols; that is dimeric phospholipids containing four
hydrocarbon chains [56]. Therefore, even if themole ratio of the anionic
phospholipids is the same – as for example 0.3 in the systems GNC and
GNG the one with cardiolipin contains more myristoyl chains. Thus as-
suming that the PCBmolecules are packed in the voids between the hy-
drophobic moieties of the phospholipid molecules it seems logical that
more PCB molecules can be incorporated to the monolayers with
TMCL than to these with DMPG. The system most rich in TMCL is GPC;
thus, if the location of the chlorine atoms around the biphenyl frame
is important for the packing of the PCB molecules between the hydro-
phobic chains, this system should much discriminate over the pollut-
ants. As it is visible in Fig. 1 it really happens: PCB 4 shifts the
isotherm ca. 10 Å2/mol., PCB 11 ca. 15 Å2/mol and PCB 15 N 20 Å2/mol.
PCB 4 is an example of the ortho,ortho-disubstituted PCB. PCB can be di-
vided onto two classes: dioxin-like PCB in which no chlorine atom is
substituted in the ortho, ortho' position and non-dioxin like PCB in
which at least one chlorine atom is substituted therein. Only 12 conge-
ners belong to the first class, whereas the remaining 197 congeners be-
long to the second [57]. The dioxin-like PCB are practically flatwith both
benzene rings located approximately in the sameplane. If only one chlo-
rine atom is present in the ortho position the planes of the benzene
rings are twisted due to the steric interaction. It should be underlined
that in PCB 4 both chlorine atoms are located in the ortho,ortho' position
so the steric repulsion achieves its maximum leading to severe twist of
model bacterial membranes doped with dichlorobiphenyls.
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the benzene ring planes. PCB 4 is themost bulky of the investigated here
isomers, so its packing possibilities in the voids between the hydrocar-
bon chains are limited. The emerging environmental pollutant PCB 11
has its chlorine atoms located in the 3,3′ (metha,metha') positions. No
ortho position is occupied so it can be assumed that the benzene rings
can be nearly coplanar. Similar conclusion can be drawn for the 4,4′-
dichloro isomer. However, in PCB 15 both chlorine atoms are located
in the para,para' positions, that is lying on the main axis of the biphenyl
moiety. PCB 15 is less bulky than PCB 11, which seems to be the reason
of its best incorporation into the model membranes. It happens often
that during the compression of a pollutant doped monolayer at a
given surface pressure the pollutant is squeezed out of the phospholipid
matrix. In such a situation starting from this surface pressure the π-A
isotherm starts to overlap with the curve measured for an undoped
model system. In the model membranes containing DMPG the iso-
therms really approach each other at higher surface pressure so it can
be implied that at least a fraction of the PCB molecules is separated
from the model membranes. On the contrary, nothing like this can be
observed for GNCandGPC as atX(PCB)=0.3 theΔAvalues remain con-
stant and N0 (between10 and 20Å2/mol. dependingon the PCB) even at
high surface pressure value. Thus, the investigated dichlorobiphenyls
seem to be permanently incorporated to the GNC and GPCmodel mem-
branes and remain therein till the monolayer collapse.

To discuss the effects of PCB incorporation on the condensation of
the model membranes we also calculated compression moduli upon
the monolayers' compression (Fig. 1. insets). Differences between the
CS−1-π curves for the model membranes and the membranes doped by
PCB can be observed especially at higher surface pressures between
30 and 40 mN/m. In the systems with cardiolipin (GNC and GPC)
these changes are not significant and not systematic, and taking under
consideration the CS

−1 value the state of the monolayers can be de-
scribed as solid [51]. More significant changes can be observed for the
systems with DMPG, especially for the more bulky PCB 4. At X(PCB 4)
= 0,3 for both GNG and GPG the maximal value of CS

−1 is lowered
from 300 mN/m to ca. 200 mN/m, so it can be stated that according to
the CS−1 criterion the state of the monolayers was changed from solid
to liquid condensed [51].

The evolution of the texture of the investigated monolayers was
monitored upon their compression with the application of Brewster
angle microscopy and the representative BAM photos are presented in
Fig. 2.

At 10 mN/m dendritic condensed domains are present in the model
membranes GNC, GNG, and GPC, whereas in the GPG monolayers first
nuclei of such domains start to appear at 10 mN/m. The doping of the
model membrane with dichlorobiphenyls considerably changes the
monolayer textures. The introduction of PCB 4 leads to significant re-
duction of the domain diameters to ca. 10 μm from ca. 50 μm observed
for the GNC model membrane. Similar trends can also be observed for
the GNG and GPCmodels. In the case of themodel membranes contain-
ing cardiolipin the introduction of PCB 4 leads tomuch closer packing of
the smaller domains at the air/water interface. It should be underlined
that the other two dichlorobiphenyls: PCB 11 and PCB 15 affect the do-
main morphology quite similarly – the domains are still dendritic, but
their diameters are smaller than in the case of the pure model mem-
branes. Thus, it is visible here that the structural difference between
the ortho,ortho'-substituted PCB 4 and the other two dichlorobiphenyls,
finds also itsmanifestation in themeso scale in the BAM images. Regard-
ing theGPGmodelmembrane the addition of PCB donot help thenucle-
ation of the domains and the BAM images are homogeneous and dark
proving the liquid expanded (LE) state of thesemonolayers. The images
registered at π = 20 mN/m prove that the presence of PCB molecules
profoundly affects the texture of the model membranes. The GPC
model membranes doped with the PCBs are nearly homogeneous;
whereas for the GNC and GNG model the fusion of the domains is also
progressed. At 20mN/m large liquid condensed domains (LC) of the di-
ameter of ca. 50–70 μm are also present in the GPG model membrane;
so at this pressure it is possible to observe the effects of PCB presence.
Similarly to the previously discussed model systems also for GPG the
doping with PCB lowers the diameter of the LC domains and changes
their shape. Also here the textures of the monolayers doped by PCB 4
differ considerably from these doped with PCB 11 and PCB 15. The
BAMmicroscopywas also applied for the observation of themonolayers
at the higher X(PCB) of 0.3. The resultant photos taken at 10 and 20mN/
m are shown in the supporting materials. Qualitatively the images are
very similar to these presented in Fig. 2, so the reorganization of the
phospholipid chains takes place already at the appearance of PCBmole-
cules in the model membrane and the further increase of their concen-
tration does not lead to further evolution of the texture. The only
difference between X(PCB) = 0.1 and 0.3 is the presence of multiple
3D aggregates visible in the photos taken at π = 20 mN/m and X
(PCB) = 0.3 proving that at this PCB proportion some fraction of the
molecules is eliminated from the monolayers upon their compression.
The presence of the aggregates neither depends on the substitution
mode of the chlorine atoms around the biphenyl frame nor the applied
model of the bacterial membrane, so it can be inferred that the limit of
PCB solubility within the model membranes lies somewhere between
X(PCB) = 0.1 and X(PCB) = 0.3.

Themodel bacterialmembraneswere deliberately composed only of
saturated phospholipids. It is of course a simplification of the real fatty
acid chains distribution inwhich the cis-unsaturated and these contain-
ing cyclopropane ring are also widely populated [50,58]. On the other
hand, such a selection of the phospholipids for our models enables the
studies of the packing of the phospholipid molecules in the Ångstrom
molecular scalewith the application of the diffraction of synchrotron ra-
diation. Indeed, PE, PG and CL withmyristoyl chains form 2D crystalline
monolayers as it was proved by multiple GIXD studies [59–61]. In our
previous publication we proved that the applied here model bacterial
membranes GNC, GNG, GPC and GPG are also 2D crystalline [62]. In
thefirst three cases the packing of themyristoyl chains can be described
by a hexagonal 2D crystalline lattice; whereas in the case of GPG the
chains are collectively tilted from the monolayer normal which leads
to the lowering of the lattice symmetry to centered rectangular. For con-
sistence of the experimental results the GIXD data for the four model
membranes were repeated and the results are presented in the
Supporting Materials (SFig. 2 and SFig. 3).

In the present contribution we studied the effects of doping these
model membranes with the investigated dichlorobiphenyls on their
2D crystallinity. For these studies we selected PCB 4 and PCB 15 as
they profoundly differ in the chlorine substitution pattern. It turned
out that the introduction of PCB 4 and PCB 15 to the closely packed
GNC, GNG and GPC model membranes did not lead to noticeable
changes in the diffraction data. The myristoyl chains were still hexago-
nally packed and there were no important differences in the lattice pa-
rameters or the ordering parameter Lxy. Therefore, the most interesting
model membrane in this part of experiments was the GPG model, as
only in this case significant differences were observed in the presence
of dichlorobiphenyls. The GIXD results for these systems are presented
in Fig. 3 whereas the calculated parameters are gathered in Table 2.

As it was already mentioned the packing of the myristoyl chains in
the GPG model membrane is described by the centered rectangular 2D
lattice with the chains tilted by the angle of 10.9o from the monolayer
normal. The introduction of PCB 4 or PCB 15 into the monolayer leads
to the condensing effect and in the presence of both molecules the
myristoyl chains are oriented perpendicularly at the air/water interface.
This results in the disappearance of the off-horizon signal in the I(Qxy,
Qz) diffraction map. The only one diffraction signal with its intensity
maximum located at Qz=0 visible in the B and C intensitymaps proves
the hexagonal packing of the scatteringmoieties. This result contradicts
the conclusion drawn from the CS−1-π curves, that is the expansion ef-
fects observed for the GNG and GPG doped with PCB 4. However, it
should be underlined that the compression modulus regards the
whole monolayer treated as an elastic body; whereas the GIXD data



Fig. 2. Selected BAM images for the investigated systems at X(PCB) = 0.1. Upper panel – π = 10 mN/m, lower panel – π = 20 mN/m.
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regard 2D crystalline nanodomains. Usually not all the monolayer is 2D
crystalline and the crystalline domains are frequently in the equilibrium
with amorphic entities [63]. In the global scale of the whole monolayer
the presence of PCB 4 leads to the lowering of monolayer condensation.
On the other hand in the nanoscale the presence of PCB 4 leads to the
elimination of the tilt of the myristoyl chains, by which the mixed 2D
crystalline domains achieve a more condensed arrangement.

3.2. The effects of the water soluble dichloro and trichlorobenzoic acids

In the subsequent part of our studies the effects of PCB metabolites,
di and tri-chlorobenzoic acids were investigated. CBA are water soluble
and can migrate in the soil solution and in the ground water within the
aquifer. Therefore, the option of choice here were the penetration tests
emulating the situation when the environmental niche (lacking of any
chlorinated nutrients) is colonized by the decomposer consortium and
suddenly the inflow of chlorinated substances occurs. The monolayers
were compressed to the required surface pressure: 10, 20 or 30 mN/
m, which enabled to achieve different degree of the phospholipid mol-
ecules ordering. Then the compression was stopped, the monolayer
was relaxed at the required surface pressure value for 20 min after
which the ethanol solution of the investigated CBA was injected deep
into the well of the Langmuir trough. The evolution of surface pressure
was monitored during at least one hour. At the beginning, just after the
injection of the CBA solutions the experimental conditions were far
from equilibrium, so usually a rapid increase of surface pressure was



Fig. 3.GIXDdata: Intensitymaps I(Qxy,Qz) and Bragg peaks I(Qxy) for the investigated systems: A)GPG, B) GPG doped by PCB 4 at X(PCB 4)=0.3, C) GPGdoped by PCB 15 at X(PCB 15)=
0.3. The experiments were performed at π = 25 mN/m.
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observed in the first minutes after the injection. Then the systems grad-
ually equilibrated approaching to the equilibrium surface pressure (πeq)
value. It can be inferred from theΔπ-t curves presented in Fig. 4 that the
interactions of the CBAs with model membranes depend both on the
monolayer composition as well as on the substitution pattern of the
chlorine atoms. The second conclusion is especially interesting because
it is in accordancewith the biodegradation experiments' results proving
exactly the same: for a given bacterial species its effectiveness in the
degradation of isomeric CBA or vice versa the toxicity of the CBA toward
the bacteria depends strongly on the substitution pattern of the chlorine
atoms [23,42]. The resemblance between the in vitro biodegradation
tests and Langmuir monolayer experiments proves that the model
membrane approach is a valuable tool in the studies of the bacterial
membrane – xenobiotic interaction. In our studies we tested two
Gram negative and two Gram positive bacteria membrane models. For
the Gram negative models: GNC and GNG compressed only to 10 mN/
m 3,4-CBA turns out to incorporate most effectively as after the initial
increase of 10 mN/m the surface pressure achieved finally the equilib-
rium value of 15 mN/m (Δπ = 5 mN/m) proving that the molecules
of 3,4-CBA were incorporated permanently to the model membrane.
The compression of the GNC and GNG monolayers modified the mem-
brane environment changing the orientation and packing density of
the myristoyl chains. This differentiated the GNC and GNGmodels con-
siderably. GNC was susceptible to CBA incorporation whereas for GNG
Table 2
Structural parameters calculated from the GIXD data.

Sample Qxy, Qz (Å−1, Å−1) a, b, γ (Å, Å, deg)

GPG Qxyb−1,1≥ 1.440
Qzb−1,1≥ 0.24
Qxyb0,2≥ 1.453
Qzb0,2≥ 0

5.054, 8.649, 90

GPG, X(PCB 4) = 0.3 Qxy = 1.459
Qz = 0

a = b = 4.973, 120

GPG, X(PCB 15) = 0.3 Qxy = 1.461
Qz = 0

a = b = 4.966, 120
the Δπ values after equilibration were close to 0. For the GNC model
3,4-CBA and 2,4,6-CBA turned out to be more membrane active than
2,5-CBA as the equilibrium Δπ value of 5 mN/m proves the permanent
built up of these metabolites to the membrane, whereas for 2,5-CBA
Δπwas close to 0. At 30 mN/m the permanent incorporation of the in-
vestigated CBA molecules to the GNC and GNG model membranes was
impossible. Regarding the models of the membranes of Gram positive
bacteria, GPC and GPG, their behavior and the differences and similari-
ties between them depended considerably on the experimental condi-
tions. For the monolayers compressed to 10 mN/m the injection of the
3,4-CBA solution into the subphase perturbed considerably the organi-
zation of the GPC membrane, as initially the surface pressure rose to
25 mN/m (Δπ = 15); however, after equilibration Δπ stabilized at the
level of 5 mN/m for both 3,4-CBA and 2,5-CBA, whereas the trisubsti-
tuted CBAwasnot effectively incorporated in these conditions. In subse-
quent experiments the model membranes were compressed to 20 mN/
m. In these conditions for both GPC and GPG the injection of 3,4-CBA
and 2,4,6-CBA caused significant and rapid increase of surface pressure
(Δπ=15mN/m). After equilibration 3,4-CBA turned out to be most ef-
fectively detained in themembrane environment, as for this compound
Δπ equilibrated at the level of 10 mN/m, whereas for the two other on
the lower value of ca. 5 mN/m. Important differences between the
GPC andGPGmodelswere observed at 30mN/m. It should be reminded
that in these condition no incorporation of CBAwas observed for the GN
A (Å2) Lxy (Å) τ (deg)

43.71 (A/2 = 21.88) Lb-1,1≥ 213
Lb0,2≥ 325

10.9

21.42 291 0

21.35 325 0



Fig. 4. Penetration experiments. The temporal (Δπ-t curves) evolution of surface pressure after the injection of 500 μl of 0.05M ethanol solutions of the investigated CBAs to the subphase.
The monolayers were stabilized at 10, 20 or 30 mN/m as indicated in the figure. Green dashed line denotes Δπ= 0.
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models. Here the injection of the 3,4-CBA and 2,4,6-CBA solutions in-
duces a strong perturbation to the GP model membranes and the in-
crease of surface pressure to 40–45 mN/m. Later on during the
equilibration process profound differences between the GPC and GPG
model membranes occurred. For 3,4-CBA and 2,4,6-CBA Δπ stabilized
at the level of ca. 10 mN/m proving permanent incorporation of a con-
siderable number of CBA molecules to the GPC model membrane,
whereas for GPG Δπ stabilizes at ca. 2 mN/m for all three investigated
CBA proving their limited built up into the membrane environment.

The above discussed penetration experiments proved that the inter-
actions of CBAmolecules withmodel bacterialmembranes depend con-
siderably on the substitution pattern of the chlorine atoms. The course
of the Δπ-t curves and the values of equilibrium surface pressures indi-
cate that in most of the investigated cases some CBA molecules remain
permanently incorporated in the model membrane. Being located be-
tween the myristoyl chains the CBA molecules can also affect the
packing of the phospholipid molecules in the molecular scale. To inves-
tigate these effects the GIXD method was applied. In the penetration
tests 3,4-CBA turned out to be the most membrane active of all the in-
vestigated metabolites. Thus, in first turn the GIXD experiments were
performed on 10−4 M 3,4-CBA solution. It turned out that for GPC and
GNC model membranes the results were identical as on pure water;
therefore they are not discussed here but presented in the supplemen-
tary materials (SFig. 4). In the systems GPG and GNG the presence of
3,4-CBA in the subphase lead to important structural changes; therefore
these model membranes were also tested on the 10−4 M 2,5-CBA and
2,4,6-CBA solutions. The resultant GIXD data are presented in Fig. 5 for
the GPG model membrane and in Fig. 6 for the GNG model. It should
be underlined that the GIXD experiments were performed in different
conditions than the penetration tests. During the GIXD experiments
the Langmuir trough is closed in a helium flashed container and the in-
jection of any solution into the subphase is impossible. Thus, the



Fig. 5. GIXD data: I(Qxy,Qz) intensity maps, I(Qxy) Bragg peak and I(Qz) Bragg rod profiles for the GPG model membranes spread on the 10−4 M solutions of: A) 3,4-CBA, B) 2,5-CBA,
C) 2,4,6-CBA. The green, blue and red curves are Lorentz fits of the experimental data. The maxima are indexed with the Miller h.k indices. All the experiments were performed at 25
mN/m.
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monolayers were spread already on a 10−4 M solutions of CBAs. Of
course it can be supposed that it is easier for CBA molecules to build
into the model membranes at low surface pressures at the beginning
of their compression. However, as it was proved in the penetration
tests after the initial sudden jump in the Δπ-t curves Δπ fell usually to
much lower values and during the equilibration process multiple CBA
molecules left the model membranes. In the GIXD experiments the
monolayers were compressed to 25 mN/m and equilibrated for
20 min before the beginning of the diffraction experiment. Thus, it can
be supposed that the conditions in the monolayers were comparable
both in the penetration teste and the GIXD experiments regarding the
presence of CBA in the monolayer.

The resultant GIXD data are presented in Fig. 5. Whereas the struc-
tural parameters extracted from the GIXD data are summarized in
Table S1 in the supplementary materials.

The presence of both dichlorobenzoic acids in the subphase and its
subsequent incorporation into the GPGmembrane leads to the increase
of the tilt of the myrisoyl chains from 10.9° observed on water via 17.4°
on the 10−4 M 2,5-CBA to 18.6° on the 10−4 M 3,4-CBA solution. The in-
crease of tilt angle is followed by the change of its azimuth from the next
neighbor NN to the intermediate orientation. Consequently three dif-
fraction signals can be seen in the intensity map – onewith its intensity
maximum very close to the horizon and two with their intensity max-
ima at higher Qz values. Such a sequence of the diffraction signals is
typical to the oblique 2D lattice [54,55]. Interestingly the observed ef-
fects are similar for both the isomeric dichlorobenzoic acids. This is in
contrast to the penetration tests results which proved that 3,4-CBA
is accumulated in the GPG model membrane more effectively than
2,5-CBA. The GIXD results prove that even if the number of the incor-
porated 2,5-CBA molecules is smaller than for 3,4-CBA they can still
affect profoundly the packing of the myristoyl chains. On the con-
trary, the results obtained for the GPG model membrane spread on
the 10−4 M 2,4,6-CBA solution are very similar to the results ob-
tained on pure water. In both the cases two separate diffraction sig-
nals can be observed in the intensity map identifying the centered
rectangular lattice. The presence of 2,4,6-CBA in the subphase leads
to the increase of the tilt angle from 10.9° to 14.0° but the other
structural parameters remain practically unchanged. This result is
especially interesting. It was reported in scientific literature that
the degradation products of PCB and chlorinated pesticides can be
more toxic to soil bacteria than the mother compounds [22]. More-
over, some of them turn out to be the dead-end products which are
not further degraded by the bacteria and accumulate in the soil. It
is highly probable that the less chlorinated CBA fit better to the phos-
pholipid hydrocarbon chains than the more bulky trichloro counter-
parts. Thus, the dichlorobenzoic acids migratemore effectively to the
membrane and incorporated therein can lead to significant changes
of the acyl chains ordering affecting the fluidity of the monolayer.



Fig. 6.GIXD results: I(Qxy,Qz) intensitymaps, I(Qxy) Bragg peak and I(Qz) Bragg rod profiles for the GNGmodelmembranes spread on the 10−4 M solution of: A) 3,4-CBA; B) 2,5-CBA. The
blue and red curves are Lorentz fits to the experimental data.
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In both the cases there are two partially overlapped diffraction sig-
nals: one with its intensity maximum at Qz = 0 Å−1 and the second
with the intensity maximum at Qz of ca. 0.25 Å−1. This sequence of dif-
fraction signals defines the rectangular centered 2D crystal lattice. The
presence of the 3,4-CBA or 2,5-CBA in the subphase and their subse-
quent incorporation to the GNG model membrane induces the tilt of
the myristoyl chains from the monolayer normal. Thus, it can be con-
cluded that at the molecular level the model membranes containing
DMPG are more easily rearranged by the presence of CBA than the
cardiolipin-rich systems. On the other hand; the penetration tests
proved significant accumulation of the CBA molecules also in the sys-
tems containing TMCL: GPC and GNC. TMCL has four hydrocarbon
chains that pack tightly forming the hexagonal arrangement. In the
presence of CBA this arrangement is preserved and the range of crystal-
linity (Lxy) is also similar onwater and on the CBA solutions. Thus, it can
be postulated that in the systems containing cardiolipin phase separa-
tion takes place at the nano scale and that some nanodomains form in
the GPC and GNC model membranes, that is these containing
cardiolipin. The nanodomains enriched in CBA are tightly packed but
amorphous; whereas the phospholipid nanodomains are still 2D crys-
talline with hexagonally packed myristoyl chains. Such a phase separa-
tion in the nano scale cannot be postulated for the model membranes
containing DMPG. In these systems CBA molecules are uniformly dis-
tributed between the myristoyl chains leading to the changes of their
orientation at the air/water interface.

4. Conclusions

The interactions of emergent soil pollutants: dichlorobiphenyls and
chlorinated benzoic acids withmodel bacterial membranes were inves-
tigated. Binary phospholipid Langmuir monolayers with their composi-
tion simulating Gram-negative and Gram-positive soil bacteria were
applied. It turned out that themodel membranes containing cardiolipin
could host larger amounts of PCB or CBA pollutants than their
counterparts containing phosphatidylglycerol. This observationwas ex-
plained by the structural difference between CL and PG: cardiolipin is a
dimeric phospholipid containing four hydrocarbon chains in its mole-
cule. In the model membrane composed of phosphatidylethanolamine
(PE) and CL or PG at the same mole ratio there is more hydrocarbon
chains in the model containing CL than in this containing PG. Assuming
that PCB or CBA are accumulated in the voids between the hydrocarbon
chains there is more space for them in the CL-richmembrane. However,
discussing biodegradation of persistent pollutants in the soils two fac-
tors should be considered. For their biodegradation the pollutants
have to be transported to themembranes to enter the cell of the decom-
poser organism, so some accumulation of such hydrophobic nutrients in
themembrane is unavoidable. On the other hand, the accumulated pol-
lutants should not modify the structure of themembrane, especially re-
garding its fluidity. To assess the effects of PCB and CBA accumulation in
the model membranes in the molecular scale the GIXD technique was
applied. It turned out that the organization of the tightly packed CL-
containingmodels: GPC and GNCwere not affected neither by the pres-
ence of PCB nor by the presence of CBA molecules. On the contrary, the
PG-containing models were susceptible to pollutant-caused rearrange-
ments. The doping of the Gram positive bacteria membrane model
GPG with dichlorobiphenyls (PCB 4 and PCB 15) lead to the change of
the tilt angle of themyristoyl chains from 110 to 0. The 2D crystal lattice
was changed from centered rectangular to hexagonal,which in themeso
scale means the transition from the liquid condensed to the solid state
of the monolayer. Thus, this experiment proves the possibility of mem-
brane rigidification by the accumulated PCBmolecules. On the contrary,
the dichlorobenzoic acids: 3,4-CBA and 2,5-CBA caused the increase of
molecular tilt and change of its azimuth when accumulated in the
model membrane environment. The 2D lattice was changed from rect-
angular centered to oblique, which generally can be interpreted as the
lowering of the myristoyl chains ordering. The experiments concerning
both the PCB and CBA proved that the effectiveness of the pollutant in-
corporation in the membrane environment and the number of
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accumulated molecules depend strongly on the substitution pattern of
the chlorine atoms. Moreover, it was proved that dichlorinated CBA
can exert a more disorganizing effect on the model membrane than
their more chlorinated predecessors. This observation was in accor-
dance with scientific literature as dichlorobenzoic acids are often
dead-end products of PCB degradation in the soils, which is connected
with their membrane activity and toxicity to decomposer organisms.
From the perspective of the remediation of PCB-contaminated soils it
can be inferred from our results that the bacteria, both Gram positive
and negative, with large proportion of cardiolipin in their membranes
could be effective in biodegradation processes. Such organisms could
assimilate considerable amounts of chlorinated hydrophobic pollutants
from their surrounding and accumulate them temporarily in their
membraneswithout anynegative effects for themembrane functioning.
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