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A B S T R A C T

Novel antimicrobial agents are focused to interact with the bacterial membrane whose lipid composition
(number and position of unsaturations and lipid headgroup) is adapted according to environmental signals. The
anticipation of the adapted membrane properties is of high relevance to increase the targetability of such drugs.
Herein, natural lipids extracted from Escherichia coli -phosphatidylethanolamine (PE), phosphatidylglycerol (PG)
and cardiolipin (CL)- are used to form biomimetic membranes constituted by several PE:lipid ratios using the
Langmuir and Langmuir-Blodgett techniques. The use of these techniques and the natural myriad of each lipid
structures that constitute the biological E.colimembrane establishes a simple and reproducible model to evaluate
the lipid-lipid interactions. PE and PG present similar shape and size, thus establish ideal and fluid -liquid
expanded (LE) state - mixtures, whereas the differences between PE and CL motivate the formation of non-ideal
and fluid (LE state) mixtures. The same physical state and the minor differences in elasticity (differences in the
inverse of the compressibility modulus< 15mN·m−1) between both systems regardless the PE content in the
(PE:lipid) mixture suggest that the changes in the lipid composition influence the membrane proteins function
rather than affecting the rigidity of the bacterial membrane.

1. Introduction

The appearance of bacterial strains with resistance to conventional
antibiotics is a major global healthcare problem prompting research on
novel therapeutic approaches. (Ivanova et al., 2017) Currently, dif-
ferent strategies are followed to eradicate bacteria, involving most of
them the disruption of the bacterial membrane structure (Ferreres et al.,
2018; Salat et al., 2018) causing osmotic damage and flow of cyto-
plasmic components out of the cell causing the cell death. Bacteria
regulate their membrane lipid composition and the degree of un-
saturation of their hydrocarbon chains as a response to environmental
signals (Larsson and Törnkvist, 1996; Shokri and Larsson, 2004). For
instance, Escherichia coli (E.coli) balances the quantity of phosphati-
dylglycerol (PG) in detriment of cardiolipin (CL) according to the
growth rate and increases the content of CL to save energy and carbon,
(Shokri and Larsson, 2004) and Pseudomonas aeruginosa increases the
length of the lipid chains when changing from planktonic to sessile form
resulting in a decrease of the membrane fluidity. (Benamara et al.,

2011) These changes affect the activities of membrane proteins by in-
fluencing the chemical and physical membrane properties or affecting
the annular lipids in direct contact with integral membrane proteins
(Lee, 2004). Therefore, a deeper knowledge of the physical states and
elasticity of these lipid membranes is necessary to anticipate their tar-
geting and destabilization by any novel antimicrobial agent.

Gram-negative bacteria such as E.coli have an outer membrane –
mainly composed of lipopolysaccharides - and a cytoplasmic membrane
which is composed by proteins and the following phospholipids
(Scheme 1):∼ 77% phosphatidylethanolamine (PE),∼ 13% PG, and∼
10% CL. (Shokri and Larsson, 2004; Yeagle, 2016) PE is a zwitterionic
phospholipid with a headgroup formed by a phosphate (negative
charge) and a free amine (positive charge). Two hydrophobic acyl
chains constitute its tail. (Lee, 2003) PE is the most abundant phos-
pholipid in bacterial membranes and the second most abundant in
mammalian (∼ 20%), (Vance, 2015) plants and yeast membranes. PE is
essential for E.coli growth, and in addition to be the membrane main
constituent, interacts with several membrane proteins such as lactose
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permease. (Dowhan and Bogdanov, 2012) PG is an anionic phospho-
lipid that contains two acyl chains esterified to glycerol and a phos-
phate headgroup (Yeagle, 2016). The diphosphatidylglycerol lipid (CL)
presents a dimeric structure with two negative phosphate charges on its
small headgroup and a large hydrophobic part built from four acyl
chains (Schlame et al., 2000; Khalifat et al., 2011) and is mainly found
in the inner mitochondrial membrane (10–15%) (Horvath and Daum,
2013). PG and CL are scarcely found in mammalian cell membranes
(< 5%) (Vance, 2015) and are involved in the binding of transmem-
brane proteins. (Yeagle, 2016)

Biomimetic membranes have been designed to mimic biological
membranes, based on supported planar bilayers (SPB) and Langmuir
monolayer films. (Hoyo et al., 2012; Castellana and Cremer, 2006) The
high reproducibility and versatility of Langmuir films make them a

convenient model system to investigate the properties of such mem-
brane models. (Hoyo et al., 2015a, b) The Langmuir and Langmuir-
Blodgett (LB) film techniques have been applied to elucidate the in-
teractions between major thylakoid membrane lipids (Hoyo et al.,
2016), lipid-polymer interactions (Purrucker et al., 2004; Kowal et al.,
2015), lipid-peptide interactions (Dennison et al., 2014, 2009) and the
interplay between redox molecules and lipid biomimetic membranes
(Hoyo et al., 2015a, 2013). Model bacterial inner membranes obtained
by these techniques have been successfully applied in our group to
study the interaction of sonochemically generated antibiotic (Fernandes
et al., 2017) and layer-by-layer coated nanoparticles (Ivanova et al.,
2018).

In the current work, the Langmuir and LB techniques are used to
study the physical states and thermodynamic properties of PE:PG and

Scheme 1. Representative chemical structure of the myriad of lipid structures that shares the same headgroup: phosphatidylethanolamine (PE), phosphatidylglycerol
(PG) and cardiolipin (CL) in lipid extracts from E. coli (see Section 2.1).

Fig. 1. π-A isotherms for PE, PG and PE:PG mixtures on PBS subphase. Inset: Inverse of the compressibility modulus vs. surface pressure corresponding to the
described π-A isotherms.
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PE:CL monolayers at the air/water interface by using natural lipid ex-
tracts from E. coli. LB films of these systems transferred to mica sheets
are used to characterize their topography. The range of interactions that
may occur in natural bacterial inner membranes as a response to ex-
ternal stimuli are of major relevance for the design of new anti-
bacterials.

2. Materials and methods

2.1. Materials

The lipids used herein -Avanti Polar Lipids, Inc. (Alabama, USA)-
are extracted from E. coli and are designed as PE, PG and CL to englobe
all the present structures containing the same headgroup. The precise
composition of the myriad corresponding to each headgroup can be
found at www.avantilipids.com PE (♯ 840027), PG (♯ 841188) and CL (♯
841199). All other reagents were obtained from Sigma-Aldrich (Spain)
and used without further purification. Ultrapure MilliQ water with a
resistivity of 18.2MΩ · cm−1 was used in cleaning procedures and for
phosphate buffer solution (PBS) at pH 7.4 preparation. Mica sheets
were purchased from TED PELLA Inc (CA).

2.2. Langmuir and Langmuir-Blodgett films

Stock solutions of PE, PG, and CL were prepared by dissolving the
corresponding lipid in chloroform. Afterward, the appropriate amount
of each stock solution was mixed to obtain the corresponding lipid
mixture, named in molar ratio. The lipid solutions were used within 15
days and kept at - 20 °C.

The bacterial inner membrane model was assessed using Langmuir
monolayer films of the PE:PG and PE:CL systems in PBS subphase; using
a Langmuir trough equipped with two mobile barriers (KSV NIMA
Langmuir-Blodgett Deposition Troughs, model KN2002, Finland) with a
total area of 273 cm2 and total volume 120 cm3 mounted on an anti-
vibration table and housed in an insulation box at a temperature of
23 ± 1 °C. The surface pressure (π) was measured by a Wilhelmy
balance and registered during the course of the π – Area (A) isotherm.
All π – A isotherms and LB films were performed by triplicate for re-
producibility control.

2.3. Langmuir monolayer compression measurements

The Langmuir trough was cleaned with chloroform, water and by

Fig. 2. A) Mean area per molecule vs. molar fraction and B) mixing energy vs. the molar fraction at several surface pressures for the PE:PG system. Discontinuous
straight line represents the ideal behaviour for each surface pressure.
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surface suctioning until the baseline of the subphase (PBS) ensured
cleanliness. Afterward, 25 μL (0.5 mgmL−1) of the lipid or lipid mixture
solution are dropwise added into the trough by the use of a gas-tight
syringe. The barrier closing speed was set at 25 cm2min-1 and the re-
cording of the π – A isotherm started after lagging 10min for complete
evaporation of chloroform and homogeneous spread of the lipids on the
trough surface area.

2.4. Langmuir-Blodgett monolayer transfer

LB monolayers of the single lipid constituents and the 11:4 PE:PG
and 11:4 PE:CL mixtures, corresponding to the average biological
composition of E. coli membranes8 were transferred to mica surface at
π=3 and 33mN·m−1. Firstly, freshly cleaved mica was dipped through
the air/liquid interface on the subphase before adding the lipid solu-
tion. Afterward, the barriers compressed until the setpoint was
achieved and 20min were lagged prior rising the mica at 1mm·min-1

linear velocity.

2.5. Topography characterization

Atomic force microscopy (AFM) topographic images of LB films
transferred to mica were acquired in an air tapping mode using a
Multimode AFM controlled by Nanoscope IV electronics (Veeco, Santa
Barbara, CA) under ambient conditions. Triangular AFM probes with
silicon nitride cantilevers and silicon tips were used (SNL-10, Bruker)
with a nominal spring constant of 0.35 N·m−1 and a resonant frequency
of 50 kHz. Images were acquired at 1 Hz line frequency and at
minimum vertical force to reduce sample damage.

2.6. Data analysis

2.6.1. Physical states
The inverse of the compressibility modulus −C( )s

1 provides in-
formation about the elasticity and the compressibility of the corre-
sponding monolayer and is used for physical state identification. −Cs

1 is
obtained from the π-A isotherms calculated according to Eq. (1), where
A is the mean area per molecule (Å2·molecule−1), π the surface pressure
(mN·m−1) and T the absolute temperature (K).

= − ⎛
⎝

⎞
⎠

−C A dπ
dAs

T

1

(1)

2.6.2. Thermodynamic study
The stability of the mixture is correlated to its mixing energy

(ΔGmix) and is obtained from the following equation in which AE re-
presents the excess area, A1 and A2 the area per molecule for the in-
dividual components, A12 the mean area per molecule for the mixture,
x1 and x2 the molar fraction for each component, GE the excess free
energy of mixing, NA the Avogadro’s number, R the gas constant and T
the absolute temperature.

= − +A A X A X A( )E
12 1 1 2 2 (2)

∫=G N A dπE
A

π E
0 (3)

ΔGmix = ΔGid + GE (4)

AGid = RT (x1 ln x1 + x2 ln x2) (5)

3. Results and discussion

3.1. π-A isotherms, physical states and mixing behaviour

PE and PG showed the lift-off area at 110 and 140 Å2·molecule−1

respectively, and both presented a monotonic increase until the collapse
region, at π=49mN·m-1 (Fig. 1). The −Cs

1 curves show the maximum
( −Cs max

1 ) at ≈ 105 and 90mN·m−1 for PE and PG respectively. These
observations indicate that both phospholipids are in liquid-expanded
(LE) physical state until the collapse of the monolayer. (Vitovič et al.,
2006) Similar isotherms and −Cs

1 curves in terms of shape, collapse
pressure and physical state were observed for the PE:PG mixtures and
the corresponding pure phospholipids. This similar performance was
anticipated based on the close size and shape of both phospholipids, in
particular of their hydrocarbon tails. The differences observed are
correlated with the slightly higher PG headgroup size than that of PE,
thus affecting the lift-off area which increased with the PG content in
the PE:PG mixture.

The mean area per molecule vs the PG molar fraction curves
(Fig. 2A) showed a monotonic increase from pure PE to pure PG and
exhibited practically negligible deviation from the ideal behaviour
(dashed line), indicating that both phospholipids form ideal monolayers
at the air/water interface. Negative values of the ΔGmix curves (Fig. 2B)
were obtained for all the mixtures and surface pressures. Moreover,

Fig. 3. π-A isotherms for PE, CL and PE:CL mixtures on PBS subphase. Inset: Inverse of the compressibility modulus vs. surface pressure corresponding to the
described π-A isotherms.
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minor increase of ΔGmix is observed upon scaling the surface pressure
indicating that PE and PG are ideally mixed and form stable mono-
layers. (Roche et al., 2006) As explained above, the similar shape and
size of both phospholipids favour the formation of ideal mixtures. These
results are in agreement with the molecular dynamics simulation of a
hydrated mixed palmitoyloleoylphosphatidylethanolamine (POPE) and
palmitoyloleoylphosphatidylglycerol (POPG) membrane in a molecular
ratio similar to the biological one, which showed water bridging, direct
H-bonding and ion bridging between POPE and POPG. (Murzyn et al.,
2005) The authors claimed that POPE interacts primary with POPG
molecules and secondary with other POPE molecules whereas POPG
rarely interacts with other POPG molecules (Murzyn et al., 2005). In
this line, phosphatidylethanolamine and phosphatidylglycerol phos-
pholipids with their hydrocarbon chains fully saturated (dipalmitoyl-
phosphatidylethanolamine (DPPE) and dipalmitoylpho-
sphatidylglycerol (DPPG)) showed also DPPE-DPPG associates between
molecules being favored by the similar shape and size coupled to the
absence of unsaturations (Wydro et al., 2012).

The CL π-A isotherm (Fig. 3) presented a regular increase until the
collapse of the monolayer at π=49mN·m−1, the lift-off area at
220 Å2·molecule−1 and the −Cs max

1 ≈ 98mN·m−1 (inset of Fig. 3),

confirming28 the LE physical state of CL film. Oppositely, Langmuir
films of cardiolipin from bovine heart (CLP) at 30mN·m-1 formed LC
state, (Chen et al., 2011) which is attributed to the differences in the
unsaturations number and position between CL and CLP.

The PE:CL mixtures and the corresponding pure phospholipids show
high similarities both in isotherms and −Cs

1 curves: shape, collapse
pressure and physical state. The similar length and unsaturation degree
of the hydrocarbon tails of both phospholipids explains these observa-
tions. However, the lift-off area fairly increases as the CL content in the
PE:CL mixture is scaled. CL bears four hydrocarbon chains linked to the
headgroup, unlike the two chains of PE, which induces a larger base of
the conical shape of the CL molecule compared to PE. (Baumgärtner
et al., 2007; Boyd et al., 2017).

The mean area per molecule vs. molar fraction curves (Fig. 4A)
showed an increase from pure PE to pure CL and exhibited positive
deviations from the ideal behaviour (dashed line) indicating that both
phospholipids form non-ideal monolayers at the air/water interface.
The negative values of the ΔGmix curves (Fig. 4B) at low surface pres-
sures indicated the stability of the lipid mixture monolayer. Never-
theless, positive values were observed for most of the mixtures upon
increasing the surface pressure, although their magnitude is small. In

Fig. 4. A) Mean area per molecule vs. molar fraction and B) mixing energy vs. the molar fraction at several surface pressures for the PE:CL system. Discontinuous
straight line represents the ideal behaviour for each surface pressure.
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addition, the ΔGmix corresponding to each mixture increased scaling the
surface pressure, and changed from negative to positive values.
Therefore, PE and CL are non-favoured mixtures (20–80 % of CL) at
surface pressure close to that of real biological membranes (≈
33mN·m−1) (Cevc and Marsh, 1987) suggesting the possibility of lat-
eral phase separation (Sanchez and Badia, 2003).

The net repulsive interactions predominate in the films that is cor-
related to the shorter intermolecular distances associated with high
surface pressures and the structural differences of the phospholipids.
(Bottier et al., 2007) Previous atomic-scale molecular dynamics simu-
lations confirmed our empirical observations revealing no influence of
CL in membrane condensation or hydrocarbon chain order in PE

bilayers, where the PE-PE hydrogen bonds are more stable and frequent
than the PE:CL ones (Róg et al., 2009). On the other hand, multi-
lamellar vesicles and LB monolayers constituted by DPPE and CLP
showed the presence of lipid domains (Lupi et al., 2008) and SPB
formed with mixtures containing POPE and CLP showed also the for-
mation of such domains (Domènech et al., 2007). In both cases, the
differences in the number and position of the unsaturations in the hy-
drocarbon chain facilitated the lateral phase separation. AFM topo-
graphic images were performed (Section 3.2) to elucidate the presence
of lateral phase separation in the current systems, in particular the
corresponding to the average biological PE:lipid ratio 11:4.

Fig. 5. AFM images (5× 5 μm) of LB monolayers of the single lipid constituents (PE, PG, CL), 11:4 PE:PG mixture and 11:4 PE:CL mixture transferred to mica at
π=3mN·m−1.

Fig. 6. Topographic AFM images (5× 5 μm) of LB monolayers of the single lipid constituents (PE, PG, CL), 11:4 PE:PG mixture and 11:4 PE:CL mixture transferred to
mica at π=33mN·m−1.
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3.2. Topography characterization

AFM images of LB films on mica of single lipid constituents PE, PG
and CL, and the selected mixtures were studied at the very fluid phy-
sical state (π=3mN·m−1), see Fig. 5, and at the internal lateral surface
pressure (π=33mN·m−1), (Cevc and Marsh, 1987) see Fig. 6, of nat-
ural cell membranes. Most of the images showed mainly one shade that
indicated the presence of only one physical state corresponding to LE
phase, as was observed in the insets of Figs. 2 and 4. PE at
π=33mN·m−1 presents two shades (light and dark) that are related to
the LE phase (dark shade) and liquid condensed (LC) phase (light
shade). Such assignment was based on the different tilting of the
phospholipid molecules for each physical state. The presence of LC
phase is not strictly anticipated in the inset of Fig. 2, but the proximity
of the observed −Cs max

1 value to the lower limit for the LC formation
(Vitovič et al., 2006) and the mica-lipid interaction suggested the for-
mation of ordered domains (LC phase) once the surface pressure
achieved that of the natural cell membranes. On the other hand, the
AFM images of the PE:PG and PE:CL mixtures show absence of lateral
phase separation both at π=3 and 33mN·m-1 in spite of the thermo-
dynamic results for the PE:CL system at π ≥ 30mN·m−1 (Fig. 4B) that
pointed the possibility of phase segregation. The no observation of such
domains may be related to the LE state of the films that mask their
presence, as will be discussed later.

3.3. The role of the lipid composition in real bacterial inner membranes

In a basic model membrane, biological membranes are composed of
membrane lipids and membrane proteins, thus establishing lipid-lipid,
protein-protein and lipid-protein interactions, which in turn, are de-
pendent on each other. (Yeagle, 2014) In the current article, we studied
the lipid-lipid interactions through monolayers films formed both at the
air/liquid (Figs. 1–4) and air/mica (Figs. 5 and 6) interface as models of
bacterial inner membranes. Guidalevitz et al. (Gidalevitz et al., 2003)
and Clausell et al. (Clausell et al., 2007) engineered a simple model for
mimicking both layers of the bacterial membrane. The outer layer was
made of lipopolysaccharide (LPS) whereas the inner one was DPPG or
POPG. The absence of the zwitterionic lipid (PE) that counts for the ≈
77% of the total lipid content of the inner membrane (Yeagle, 2016)
reduced the reliability of the system. Recently, Michel et al. (Michel
et al., 2015; Michel et al., 2017) mimicked the outer and inner leaflets
by the use of, respectively, LPS and a ternary mixture of phospholipids
containing monounsaturated lipids with the headgroups PE, PG and CL.
Even these works studied a more realistic membrane model; they lack
on the use of the different lipid structures that constitute the bacterial
membrane and share the same headgroup, thus reducing the elasticity
of the biomimetic membranes and consequently, the reliability of the
model. López-Montero et al. (López-Montero et al., 2010, 2008) pre-
pared more reliable inner bacterial membranes by using the E. coli polar
lipid extract (PLE) that is constituted by the lipid structures that shares
the same headgroup. In line with the model of Lopez-Montero et al., we
have used the myriad of each lipid structures that constitute the bio-
logical E.coli membrane rendering a fluid membrane that correlates
with the natural (de Mendoza and Cronan, 1983) one and establishes
similar lipid-lipid interactions. Additionally, the current work presents
two binary lipid systems comprising one zwitterionic and one anionic
lipid and studies different lipid ratios, including the biologically re-
levant one, thus the lipid-lipid interactions observed in our binary
system can anticipate those occurring in the natural ternary one. The
use of several ratios permit the evaluation of the lipid-lipid interactions
mimicking the bacterial membrane adapted to external stimuli. Even at
non-biological ratios, the biomimetic membranes show similar rigidity
indicating that within biological ratios the rigidity of the inner mem-
brane is very little changed upon bacterial adaptation to the environ-
ment.

PE and PG lipids with their hydrocarbon chains fully saturated show

an almost cylindrical shape. However, the bacterial PE and PG contain
unsaturations that wide the base of the cylinder, thus achieving a
conical shape. (Baumgärtner et al., 2007) The intrinsically conical
shape of CL lipid molecule with saturated acyl chains wides the base of
the cone upon increasing the number of unsaturations. The cone shape
motivates steric hindrances in the lipid packing upon compression of
the monolayer due to the reduction of the van der Waals and hydrogen
bonding forces, thus preventing the lipid mixture monolayer from
achieving the ordered LC state (Figs. 1, 3 and 6). (Hoyo et al.,
2016;Popova and Hincha, 2003) The base of the cone of PE and PG
molecules, comparably smaller than the one of CL, and the similar size
of both lipids caused stable and ideal monolayers (Fig. 2). On the other
hand, the PE and CL difference in size yielded non-ideal mixtures with
tendency to phase separation and formation of enriched domains
(Sanchez and Badia, 2003) at a surface pressure close to that of bac-
terial membranes. The formation of enriched domains, however, is not
observed in AFM images of the PE:CL films at π=33mN·m−1 (Fig. 6)
most probably due to the high elasticity of the mixture film (LE state).
Our images agree well with the AFM observations of Mitchel et al.
(Michel et al., 2015, 2017) for a lipid system that contained PE, PG and
CL headgroups with monounsaturated chains that also established
elastic films. Lopez-Montero et al. (López-Montero et al., 2010, 2008)
however did observe the presence of lipid domains by Brewster angle
microscopy and fluorescence microscopy for the single ternary mixture
PLE, which presented comparable elasticity. Most probably, the use of a
fluorescent probe favoured the differentiation of such lipid domains in
the above-mentioned techniques. The presence of the myriad of lipid
structures led to slight topographic differences inappreciable by AFM.

The overall similar physical state and elasticity of all the studied
PE:PG and PE:CL mixtures, points out that bacteria modify their lipid
composition upon environmental changes to modify the membrane-
protein interaction. The PE headgroup establishes strong intermolecular
hydrogen bonds with neighbouring bilayer stabilizing phospholipids,
forming an ion pair between the positively charged amine of one
phospholipid and the negatively charged phosphate. (Yeagle, 2014)
Therefore, it reduces the polar character of the membrane surface and
facilitates the interaction with membrane proteins, being its extent
dependent upon protein conformation, which may be influenced by the
bindings of the phospholipids (Yeagle, 2014). In this line, it was de-
monstrated that the physiological activity of many transmembrane
proteins is governed by their intermolecular hydrogen bonding with
surrounding lipids containing PE headgroup. (Bazzi et al., 1992;
Cronan, 2003) Romantsov et al. (Romantsov et al., 2009) demonstrated
the influence of PG and CL on the functions of the osmosensor and
osmoregulatory proteins in E. coli. Additionally, CL presents the possi-
bility of resonance structures of its headgroup that can easily absorb or
release a proton, which may play a role in membrane protein function.
(Yeagle, 2014)

Therefore, it has been concluded that minor changes in membrane
elasticity and physical state are achieved because of bacterial adapta-
tion to external stimuli. Consequently, it is suggested that the changes
in the lipid composition, e.g. lipid nature may regulate the activity of
membrane proteins rather than modulate the physical properties of the
membrane. The targettability of new antibacterial agents could be ac-
cordingly enhanced.

4. Conclusions

Biomimetic membranes composed of lipid mixtures (PE:PG and
PE:CL) and the individual lipids extracted from E.coli were prepared
using the Langmuir and LB techniques. PE:PG system showed ideal
mixing behaviour and LE state at all the molar ratios studied, whereas
PE:CL system presents the same physical state with non-ideal mixing
behaviour. The PE:CL mixtures were non-favoured when the amount of
PE or CL was between 20 and 50% and π ≥ 30mN·m−1, in which the
presence of domains was not observed by AFM. The presence of several
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unsaturations in the lipids structures confers to the biomimetic mem-
branes high elasticity that slightly vary as a function of the lipid com-
position. Therefore, bacteria adaptation to environmental signals by
changing its lipid composition negligibly affect the rigidity of the bac-
terial inner membrane, suggesting that such changes might influence
the membrane proteins activity.
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